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Executive Summary
In the last several years, the international high energy physics community has come to a
consensus that the next large project should be a TeV-scale linear collider. In the U.S.
this is evidenced by the consensus reached at the Snowmass 2001 workshop and the
subsequent statement by HEPAP:
We recommend that the highest priority of the U.S. program be a
high-energy, high-luminosity, electron-positron linear collider,
wherever it is built in the world. This facility is the next major step in
the field and should be designed, built and operated as a fully
international effort.
We also recommend that the United States take a leadership
position in forming the international collaboration needed to develop
a final design, build and operate this machine. The U.S.
participation should be undertaken as a partnership between DOE
and NSF, with the full involvement of the entire particle physics
community....*
This document is part of an effort to pursue a large-scale, national program of research
and development leading to the design of the International Linear Collider. It has been
written by groups from a large number of universities in collaboration with national and
industrial laboratories as well as foreign institutions. The proposed research is intended to
extend the ongoing work being done at labs and universities around the world.
The large participation and spontaneous assembly of many groups to form this research
program expresses both the high level of interest in the university community to
participate in this work and the desire to work together in a coordinated fashion to
accomplish a common, important goal.
The Department of Energy and the National Science Foundation are supportive of
university participation in accelerator and detector projects for the ILC. From this
document, which describes a coherent national research program in a fashion independent
of funding source, are derived the proposals submitted to the agencies in 2002, 2003, and
2005.
The authors have worked closely with the American Linear Collider Physics Working
Groups and the laboratories doing accelerator research to ensure that the most important
issues were addressed.
Nearly half the proposed work is related to advancing accelerator technology. This is a
change from the recent past when the vast majority of high energy physics R&D work
performed at universities concerned detector development. In general, the critical path
accelerator research needed for the International Linear Collider is already underway at
*

DOE/NSF High Energy Physics Advisory Panel Subpanel On Long Range Planning For U.S. High Energy
Physics, january 2002. Their report is available at http://doe-hep.hep.net/lrp_panel/.
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the national laboratories. Some of the work proposed here supports these critical path
items. However, most of the proposed projects concentrate on the next level of
development: issues that must be resolved in order to build the ILC in a timely fashion,
based on a solid design and reliable cost estimates.
There has been ongoing Linear Collider research and development work at laboratories
and universities for the last twenty years. As the accelerator nears construction, more
resources will be needed to finalize its design. The work proposed here will not only
accomplish the short-term goals described above, but will also will train new scientists
and engineers, contributing to the pool of talent and expertise that will be needed to
accomplish the large task of building the International Linear Collider accelerator and
detector.
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Introduction
A worldwide consensus that the next large facility in particle physics should be an
international high energy electron-positron collider has emerged in the last several years.
The strong recommendation from the U.S. High Energy Physics Advisory Panel that a
high energy, high-luminosity, electron-positron linear collider be the highest priority of
the U. S. program was paralleled in Europe and Asia. Each region recognized the central
importance of the physics to be studied, as well as the maturity of accelerator designs
being simultaneously advanced (and proposed) at laboratories in the United States,
Germany, and Japan, and the necessity for international cooperation.
Response to this consensus has been swift. Regional Steering Committees, charged with
organizing and coordinating Linear Collider activities in Asia, Europe, and the Americas,
have been formed, as has their international counterpart, the International Linear Collider
Steering Committee. Under the auspices of the ILCSC, technical reviews of the two
competing collider technologies have been completed and an International Technology
Recommendation Panel recommended the development of the superconducting design.
At the national level, the U.S. Department of Energy announced inclusion of the Linear
Collider in its 20 year plan for new facilities, according it highest priority among the midterm projects under consideration.
The response from the U.S. High Energy Physics community has been equally swift. In
early 2002, physicists from U.S. universities and laboratories organized a series of
workshops at Chicago, Fermilab, Cornell, SLAC, and U.C. Santa Cruz aimed at
understanding fruitful directions for research and collaboration towards the Linear
Collider. The hundreds of technical issues involved in the design and construction of the
accelerator and detector emerged as an organizing theme. The University Consortium for
Linear Collider R&D (UCLC) organized itself to consider these issues in the context of
NSF support, and the Linear Collider Research and Development Working Group
(LCRD) did likewise in the context of DOE support. The two groups are naturally
intermingled with each other, and with the preexisting American Linear Collider Physics
Group (ALCPG). All concerned are working together to coordinate their activities to the
single task of building the linear collider.
The result was the production of a joint UCLC/LCRD document, A University Program
of Accelerator and Detector Research for the Linear Collider, which collected the
combined NSF and DOE proposals into a single program for LC related R&D. The
Working Groups of the American Linear Collider Physics Group provided guidance,
coordination, and advice to the individual proponents of both detector and accelerator
R&D. They were joined by an ad hoc Accelerator Working Group that did the same for
the accelerator proposals. In all, 71 proposals were collected from 47 U.S. universities,
which addressed the full range of detector and machine/detector interface concerns, and
complemented existing accelerator R&D efforts. A group of UCLC and LCRD
organizers assembled a coherent document that was submitted for rigorous review to
separate Detector and Accelerator Review Panels which met at Fermilab in
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September, 2002. After allowing for minor changes in the sub-proposals in response to
comments from the reviewers, the UCLC /LCRD organizers assembled the final
document on October, 22, 2002, and then formally submitted it to the NSF and DOE.
DOE funded the highest ranked detector R&D sub-proposals in March, 2003, and, after
further internal review, the chosen accelerator proposals in May. Roughly $400k was
allotted to each of detector and accelerator R&D. The NSF began funding the UCLC
consortium with $150k in late Spring, with the understanding that the full proposal
should be resubmitted for reconsideration early in the FY04 budget process.
The following year, Volume II of A University Program of Accelerator and Detector
Research for the Linear Collider, presented the continuation of the Linear Collider R&D
proposal process for FY04. As in year one, it described a nationally coordinated program
of university based linear collider research reaching across both funding agencies. Fortyeight U.S. universities from 25 states, working with five national and industrial labs and
eleven foreign institutions, wrote 68 proposals in a broad coverage of the previously
identified R&D needs of the linear collider. Accelerator R&D maintained the prominent
role it took in Volume I.
The present volume continues this program, describing the progress of projects that had
received multiple-year funding, as well as presenting new proposals to the funding
agencies. There are a variety of administrative differences in the proposal process this
year: most notably that DOE and NSF are going to share a common panel of reviewers in
order to increase the efficiency of the proposal process.
The agencies have asked that new proposals consider a three-year horizon. Within this
time frame, key detector and accelerator R&D issues critical to the success of the Linear
Collider will be addressed, and a growing community of high energy physicists will be
initiated into the study of physics at the Linear Collider.

Physics Goals at the International Linear Collider
The physics goals of the Linear Collider are ambitious and compelling. The Linear
Collider is needed to address the central issue in particle physics today, the origin of mass
and electroweak symmetry breaking. Over the past decade, a wide variety of experiments
has shown that elementary particle interactions at the TeV scale are dictated by an
SU(3)×SU(2)×U(1) gauge symmetry. The non-zero masses of the W and Z particles
imply, however, that the electroweak SU(2)×U(1) symmetry is broken spontaneously. We
do not know how the symmetry is broken, and we will not know until the agents of
electroweak symmetry are produced directly in the laboratory and, also, are studied in
precise detail. But we have every reason to believe that whatever is responsible for
electroweak symmetry breaking will be accessible at the Linear Collider.
Although we do not know the mechanism of electroweak symmetry breaking, we have
some good hypotheses. In the so-called Standard Model, one doublet of scalar fields
breaks the symmetry. This model has one physical Higgs particle, which is the window to
electroweak symmetry breaking. The global consistency of precision electroweak
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measurements gives this model credence, and suggests that the Higgs boson is relatively
light, mH ≤ 200 GeV. However, we know this model does not work well beyond TeV
energies. A theoretically preferable scenario is based on supersymmetry (SUSY) at the
expense of a whole new spectrum of fundamental particles and at least five Higgs states.
But the lightest of these states looks much like the Standard Model Higgs, with nearly
standard model couplings and a mass less than 200 GeV or so. Nature may break
electroweak symmetry through some other mechanism, of course, but most realistic
mechanisms we have imagined result in a Higgs boson or some related phenomena
accessible to the Linear Collider.
The TeV scale is the natural place to look for the agents of electroweak symmetry
breaking. Thus, the ongoing Run 2 at Fermilab's Tevatron has a chance of getting the first
glimpses of these phenomena. Starting later in the decade, CERN's LHC, with seven
times the energy, will almost certainly observe the Higgs boson, and has a very good
chance of discovering something else. Most high-energy physicists believe, however, that
the LHC will not unravel the mysteries of symmetry breaking on its own.
Experimentation at a linear e+e- collider (LC) provides information that cannot be
obtained by other means. Let us just cite two examples. First, a series of cross section and
branching ratio measurements will trace out a detailed profile of the Higgs boson, in a
model-independent way, and incisively test whether its couplings are proportional to
mass. Second, if SUSY is at play, the LC can determine the lightest superpartners' masses
with exquisite precision. Since the LHC measures mass differences more precisely than
the masses themselves, one sees that a single LC measurement will significantly improve
and extend the whole program of SUSY measurements at the LHC. In both these cases,
the Linear Collider adds critical information to what will be learned at LHC. The Linear
Collider is the right next step for experimental high energy physics, and now is the time
to take it in order to maximize the interplay of its results with those of the LHC.
The full scientific case for the Linear Collider can be found in the Resource Book
prepared for Snowmass 2001 or the physics chapter of the Tesla Technical Design
Report. We believe the essential elements of the physics case have been made
persuasively, and we are responding by banding together to meet the technical challenges
that remain, so that the device can be built in a timely and cost-effective fashion.

The Need for Detector and Accelerator R&D for the Linear Collider
The physics goals of the Linear Collider require a starting energy of 500 GeV,
upgradeable to 1 TeV or more and a luminosity of about 2 × 1034 cm-2 s-1, an ambitious
four orders of magnitude larger than the luminosity achieved by the first linear collider,
the SLC. Achieving the high energy and ultra-low emittance of the Linear Collider
requires significant advances in accelerator physics and technology: end-to-end
simulation of the entire accelerator complex; mastery of the consequences of strong
wakes; ultra-fast beam manipulation; nanometer stability of the beams at the crossing
point; extreme stability in beam energy, luminosity and polarization; handling
unprecedented beam power; and the development of instrumentation to monitor the beam
on a bunch-by-bunch basis. A construction start in 2010 requires that the basic R&D
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required for a full technical design be complete by 2006. Much R&D remains to be done,
and is urgently needed. The International Linear Collider Technical Review Committee
concluded its 2003 report with a list of high priority R&D items in the areas of:
accelerator simulation and design; accelerator experiments; the development and test of
radio-frequency systems, instrumentation, and other hardware; and operational issues.
To exploit the full physics potential of a 500 GeV Linear Collider, the detector must
move well beyond the designs of the LEP/SLC era, and beyond the current state of the
art. The detector development which has gone on in preparation for the LHC experiments
has certainly advanced the art, particularly in terms of extreme rate capability and
radiation hardness, and also in terms of dealing with the TeV energy scale in tracking and
calorimetry. But it has not pushed detector performance to the level required for high
precision measurements at the LC, or to the level allowed by the very different
experimental environment found at the LC: low event rates, a relatively benign radiation
field, and events clean from the debris of the underlying event or multiple interactions.
R&D is required for each of the major detector subsystems. High performance vertex
detection is a necessity at the LC, to extract the full precision from measurements of the
Higgs branching fractions into b quarks, c quarks, and gluons. Development is needed to
boost CCD readout speeds and radiation hardness and/or to develop fast, thin, high
resolution alternatives. Very high momentum resolution in the tracking detector, which
will permit the Higgs to be tagged in recoil with a Z, will require new readout techniques
and improved spatial resolution in the TPC, or precision alignment in a silicon tracker.
Further studies are needed to guarantee full coverage in the forward region, to study
backgrounds and thinning requirements and evaluate pattern recognition capabilities for
different designs. LC calorimeters must distinguish W and Z bosons, and improve energy
resolution by a factor of two over today’s designs. Energy flow calorimetry must be fully
simulated and detector parameters optimized. Since lepton ID involves the interplay of
the tracking detector and both the electromagnetic and hadronic calorimeters, overall
system performance must be evaluated and optimized. The case for hadron ID, besides its
obvious application for quark flavor tagging in Giga-Z running, hasn’t yet been made, so
it needs further study. Precision threshold measurements will depend on a determination
of the machine energy to an accuracy well beyond what has been so far achieved and
precise knowledge of the differential luminosity spectrum, a new variable at colliders.

University Participation in Accelerator and Detector Research and Development
The community of High Energy Physics experimentalists, as well as other members of
the scientific community, can bring expertise and a fresh perspective to many of these
problems. The engagement of HEP experimentalists in accelerator physics has often
played an important role in the development of new accelerator technologies, and was an
essential part of the development of the SLC. The machine/detector interface grew less
distinct as particle physicists learned to measure beam sizes from deflection scans and
beam energies with synchrotron light, and came to play a significant role in developing
accelerator controls and instrumentation, fast kicker magnets, and beamstrahlung
monitors. Many of the most fundamental experimental challenges in studying high
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energy e+e- collisions reside with the accelerator, so it is natural to direct part of the
intellectual resources of the HEP community in this direction.
The design, construction, and utilization of the Linear Collider offers profound
opportunity for the engagement of university based physics and engineering groups, and
will pay back large dividends of intellectual stimulation and scientific discovery.
The LCRD/UCLC proposal marks a fundamental change in the level of engagement of
U.S. universities in the Linear Collider (LC). In the year 2001, LC work was supported
at fifteen U.S. universities, and the work was largely confined to physics and detector
simulation studies. Almost all of the accelerator-related work was performed at national
laboratories. In this proposal, the number of institutions has increased by almost a factor
of four, with most participants having had no prior affiliation with the any LC effort. The
detector sub-proposals request support to move beyond simulation, into prototyping of
real devices. In a significant broadening of focus, nearly half of the sub-proposals are for
work on accelerator issues. The increase in numbers and breadth of focus follows on the
Snowmass consensus, and the excitement and commitment of the U.S. university physics
community toward making the Linear Collider a reality.
One of the organizing principles of this proposal is that the task of designing and building
the collider and detectors contains, a priori, hundreds of research and development issues
that are excellent fits to the mission and resources of university physics and engineering
groups. Although critical path issues are already under investigation at the major
laboratories, many important technical issues remain unaddressed and unresolved.
Solutions to these problems will yield essential instrumentation for the Linear Collider,
reduce its cost, increase its reliability, and contribute to the selection of optimal
technologies. University–laboratory collaborations will disseminate knowledge of the
issues, bring fresh perspectives, and perhaps lead to breakthroughs.
The study and control of dense beams of electrons requires a scientific and engineering
infrastructure that starts in electrodynamics and beam physics, but spills into many other
fields, including lasers, optics, interferometry, motion stabilization, superconductivity,
materials science, acoustics, plasma physics, microwaves, and power and control
systems. Problems in these areas are ideal foci for interdisciplinary collaborations with
other university departments beyond physics, which can build a support base for the
Linear Collider, and fulfill its potential as a broad stimulant for all science and
technology. Some of this collaboration-across-boundaries has already been realized in the
research projects presented here, and we expect to see more of it arise as the work
progresses.
We wish to stress that universities bring a very important resource to any research and
development program: students. In engaging our graduates and undergraduates, we serve
to train the next generation of scientists and engineers in all of the fields described above.
Our students participate as more than just a skilled and enthusiastic labor pool: when the
facility is operating, many of these student “builders” will have become members of the
next generation of high energy physicists. Their research will be conducted
simultaneously at the Collider facility and in the academic departments of every
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collaborating institution, carrying forth the excitement and stimulation of science and
technology into the larger community.

Structure of the Document and Coordination Between LCRD and UCLC
This document has been written in collaboration by members of LCRD and UCLC, and
describes the combined set of research projects that members of both groups are planning
to pursue. We have found it most natural to organize the research around the topics to be
studied, and this is reflected in the order in which projects appear in the body of A
University Program of Accelerator and Detector Research for the International Linear
Collider (vol. III).
The material is divided into sections covering accelerator physics and technology;
luminosity, energy, and polarization measurements; vertex detectors; tracking detectors;
calorimetry; muon system. Each section begins with a brief overview of some of the
technical issues, followed by descriptions of the R&D projects written by the
participating groups. Appendices at the end of the document provide additional
information about the level of total funding requested.
One of our concerns was to develop an effective set of projects with easy collaboration
across the boundaries of geography and funding agency in order to avoid unnecessary,
and inefficient duplication of effort. We have been aided greatly in this by the ALCPG
and its working group leaders, capably led by Jim Brau and Mark Oreglia. To balance the
ALCPG’s focus on detector issues, Tom Himel, Joe Rogers, and Dave Finley formed The
American Working Group on Linear Collider Accelerator Technology in order to play a
similar role in the accelerator physics sphere. Shekhar Mishra stepped in after Joe’s
untimely death in 2004, assuming even larger obligations concerning the ILC than before.
They have all done us a significant service. We have found that the combination of
shared goals, common sense, and the excitement of beginning something new have made
the process go remarkably smoothly.
The U.S. Linear Collider Steering Group, chaired by Jonathan Dorfan, has played a
significant role in coordinating the review and submission process for the proposals.
After negotiating a sensible timeline and review process with the funding agencies and
participants, the Steering Group assembled the review panels, received their reports, and
provided guidance on the dissemination of results to proponents. The Steering Group
continues to provide guidance concerning direction and organization to both UCLC and
LCRD.
Budgets shown in this document are expected to reflect accurately the ultimate budgets
submitted to the funding agencies. For UCLC project descriptions the budget tables are
identical to those used to generate the UCLC proposal transmitted to NSF. However,
LCRD subproposal budgets have not yet been reviewed by the various offices of
sponsored research at the proponents' home institutions. It is possible that further scrutiny
of the algorithms governing calculation of indirect costs will necessitate minor
corrections to some of the LCRD subproposal budgets.
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The greatest part of the work associated with the generation of the proposals has come
from the participating groups. The present set of organizers (from both LCRD and
UCLC) who have been working to smooth the way for the proponents are listed below.

Dan Amidei
Dhiman Chakraborty
Dave Cinabro
Gerry Dugan
George Gollin
Tom Himel
John Jaros
Usha Mallik
Shekhar Mishra
Ritchie Patterson
Slawek Tkaczyk

(Michigan: amidei@umich.edu)
(Northern Illinois: dhiman@fnal.gov)
(Wayne State: cinabro@physics.wayne.edu)
(Cornell: gfd1@cornell.edu)
(Illinois: g-gollin@uiuc.edu)
(SLAC: thimel@slac.stanford.edu)
(SLAC: john@slac.stanford.edu)
(Iowa: usha-mallik@uiowa.edu)
(Fermilab: shekhar@fnal.gov)
(Cornell: ritchie@lns.cornell.edu)
(Fermilab: tka@fnal.gov)
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Overview of Proposed Projects on Accelerator R&D
The linear collider is an ambitious project. The center of mass energy will be a factor of
5 to 10 larger than that achieved at the SLC, and the required luminosity is four orders of
magnitude larger than the SLC luminosity. The reliability required for performing high
energy physics places difficult demands on the accelerating structures and their
associated RF systems. The need for high luminosity places extreme demands on all of
the accelerator systems due to the need to produce and maintain a very low emittance
beams with very large bunch energy and beam power.
Two technological solutions have been extensively developed. One uses an innovative
RF source at X Band with a normal-conducting structure design (NLC/GLC), and the
other uses a more conventional RF source at L band with a superconducting RF structure
design. It is the superconducting option which will undergo further development. Most
of the research and development work has been done at the large laboratories, which have
the engineering resources for large-scale prototyping (of, for example, accelerating
structures, modulators, klystrons, and RF distribution systems) and the resources to build
large test facilities (e.g., FFTB, NCLTA and ASSET at SLAC, ATF at KEK, and TTF at
DESY).
These test facilities have partly demonstrated that the concept of a Linear Collider may be
feasible in reality. However, considerable additional work is required before a 0.5 to 1.0
TeV cms linear collider can be successfully constructed and operated. Challenges exist
in beam dynamics, source technology, RF technology, magnet and kicker technology,
ground motion characterization, vibration suppression and compensation, instrumentation
and electronics, and control systems.
Summary of R&D Covered by the Proposal
The sub-proposals presented here represent an initial overlap of what university groups
can do and what the lab groups have suggested is needed. Since linear collider
construction is expected to be underway in less than about ten years, these sub-proposals
are expected to bear fruit on a commensurate time scale.
Although these sub-proposals represent an early step in the development process, they
span a rather significant part of the work that needs to be done. We present below a brief
summary, organized by major topic, of the how the sub-proposals meet the R&D needs of
the Linear Collider program.
Among the topics still needing attention are ultra precise (~1 nanometer) beam size
monitors for the interaction point, cryogenic sensors (for superconducting final doublet
vibration control), and superconducting quadrupole vibration system tests.
Beam simulations and calculations
The linear collider must produce and maintain a beam with unprecedented low emittance,
with low jitter, low losses, and few halo particles. It must also preserve the polarization
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of the electrons (and possibly positrons). Beam dynamics simulations and calculations
are needed to learn to control the effects that cause emittance growth, jitter, particle and
polarization loss, and halo production. The beam in the injector system, comprising
source, damping rings and bunch compressors, is susceptible to space charge effects;
dynamic aperture limitations from damping wigglers and chromaticity correction;
emittance growth from misalignments and intrabeam scattering; instabilities from
electron clouds, ions, and wake fields; and coherent synchrotron radiation. In the main
linac the emittance must be preserved in the presence of wake fields and alignment
errors. The transport and collimation of the beam halo is a serious concern for detector
backgrounds. Each of these areas requires substantial additional calculational work
before a linear collider can be successfully built and operated.

Electron and positron source technology
Positron sources for the linear collider could be of the conventional type, with several
operating in parallel to avoid fracturing targets, or could be based on undulator radiation
striking a thin target. The latter idea has advantages including the possibility of producing
polarized positrons, but suitable undulator prototypes must be produced, and a beam test
of the principle is desirable. Other work includes studies of photocathodes.

RF Technology
The gradient performance of superconducting cavities is limited by the Q of the cavities.
Understanding the limitations of superconducting cavities and extending their
performance will allow for an enhanced energy goal for the TESLA main linacs, reduced
cost, or both.

Kicker and Magnet Technologies
One of the novel and controversial features of the TESLA design is its large damping
rings which require fast kickers to inject and eject bunches one at a time. The
circumference (and presumably the cost) could be reduced if faster kickers were
available.
Permanent magnet technology is attractive for many parts of any linear collider complex.
These include the fixed energy damping rings, beam transport lines, and the X-band main
linacs. This technology offers the possibility of eliminating costs associated with
electromagnets which require power supply systems, and may require cooling water
systems. The performance capabilities of magnets based on permanent magnet materials
(especially their radiation resistance) must be understood before considering them for
reducing the costs of several subsystems throughout linear colliders.

Ground Motion, Vibration, and Mechanical Support Systems
30

The choice of a site for a linear collider will include consideration of the vibrations
inherent at the site. The characterization of ground vibrations as a function of depth will
help determine the depth at which a linear collider will have to be located.
The rf structures and magnets in the NLC main linacs will have to be accurately moved
and, due to their great number, the development of an inexpensive system to do this will
reduce costs. The final focus magnets in NLC and TESLA also require movers with even
greater accuracy but their number is smaller.

Instrumentation and electronics
The very small vertical and longitudinal emittances of a linear collider beam are near or
beyond present beam size resolution limits. The linear collider will require the
development of monitors surpassing the performance of present designs. Sensitive
monitors for transverse-longitudinal beam “tilt” would improve the ability to minimize
emittance growth. Control of the beam halo requires a monitor which can detect low
intensity halo despite the presence of a high intensity beam core.
The linear collider will have special requirements for electronics: radiation hardness,
speed and depth of data acquisition, and reliability.

Control Systems
The international nature of the linear collider collaboration lends itself to the possibility
of a truly global accelerator network for controlling the machine. Exploration of the
capabilities of such a network and its basic unit (the virtual control room) will help
demonstrate the feasibility of this technique.
Non-e+e- collisions
A major facility like the Linear Collider should enable a broad spectrum of physics
programs. In addition to the high energy e+e- operation, other possible programs include
Z-pole studies at a separate collision region, e-e- or γγ at the high energy region, or
Compton backscattered photons from the spent beams. In the latter case, there is a novel
program with polarized photons on fixed target, and also a platform for prototyping the
laser-beam issues for γγ without disrupting the initial high energy e+e- program.
We now present the accelerator R&D sub-proposals.
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Progress Report on FY04 activity
Project name

Beam Test Proposal of an Optical Diffraction Radiation Beam Size
Monitor at the SLAC FFTB

Classification

Accelerator

Contact Person Yasuo Fukui
fukui@slac.stanford.edu (650) 926-2146
Institutions and Personnel
University of California at Los Angeles, Department of Physics and Astronomy :
David B. Cline, Yasuo Fukui, Feng Zhou
Stanford Linear Accelerator Center :
Marc Ross, Paul Bolton
KEK, High Energy Accelerator Research Organization, Japan :
Junji Urakawa, Makoto Tobiyama, Toshiya Muto, Pavel V. Karataev, Alexander S.
Aryshev
Tokyo Metropolitan University, Physics Department:
Ryosuke Hamatsu
Tomsk Polytechnic University, Russia:
Alexander P. Potylitsyn, Gennady A. Naumenko, A. Sharafutdinov

FY04 Activity Overview
This proposal was awarded $40K in FY03, and $40K in FY04 by DoE. In FY2003,
progress has been made in the theoretical and simulation work which has been mostly
done by the collaborators at the Tomsk Polytechnic University. A part of the approved
budget in FY2003 was carried over to FY2004 on works on making the target slit and the
alignment system of the target, a vacuum chamber modification, recycling a gamma
calorimeter, a part of the optics and laser alignment system. A paper was published on
the design of this experiment and submitted to the PAC2003. [Pub. 1]
In FY04, we have completed our calculation and simulation of the ODR beam size
monitor for the beam test at the SLAC FFTB through two collaboration meetings, one at
KEK in March 2004 and another at SLAC in August 2004. Because of the higher beam
energy at the SLAC FFTB(28.5 GeV), compared with that at KEK ATF(1.3 GeV), we
need modification of the target and utilizing a lens optics system in order to overcome the
difficulty due to the larger g factor and the pre-wave zone effect, and the beam
divergence effect. At KEK ATF, we have started testing the idea of using the dis-phased
conductive slit target and the lens system in a pre-wave zone as supporting beam test for
this proposal, by making changes in the existing ODR beam size monitoring system for
the 1.3 GeV electron beam. [Pub. 2]
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FY2004 Project Activities
Two collaboration meetings were held in FY2004. The first meeting was held on
March 19th at KEK ATF. The agenda at the KEK meeting was:
1) Overview plan (15 min)
Yasuo Fukui
2) Baseline theory and calculation
Gennady Naumenko
and the ATF proposal (60 min)
3) Development of the ODR beam size monitor
Pavel V. Karataev
at KEK-ATF (30 min)
4a) Diffraction radiation of 30-GeV
Alexander P. Potylitsin
electrons in the VUV and soft X-ray region. (15 min)
4b) Diffraction radiation interferometry
Alexander P. Potylitsin
and bunch length determination. (15 min)
5) Discussion on the Letter of Intent (30 min)
All members
Talk files are posted at:
http://www.physics.ucla.edu/hep/ODR_FFTB/Meeting/March19_KEK/talk_files/. Basic
experiment plans have been developed and the ODR photon yield was calculated.
The second meeting was held on August 10th at SLAC. The agenda at the SLAC
meeting was:
1) Overview of the FFTB beam test proposal of the ODR beam size monitor
30 min
Yasuo Fukui
2) Review of the ODR beam size monitor experiment at KEK ATF
60 min
Toshiya Muto
3) Beam size measurement and the ODR photon yield at FFTB
90 min
Gennady Naumenko
4) Comments on the Beam size measurement at FFTB
30 min
Alexander Potylitsin
5) Discussion on the Experiment plan
60 min.
All members
Talk files are posted at:
http://www.physics.ucla.edu/hep/ODR_FFTB/Meeting/Aug10_SLAC/.
Step by step plans were discussed in this collaboration meeting, in order to solve
problems due to large γλ (sensitivity/measurability issue of the beam size), due to
γ2λ (pre-wave zone effect), and due to small 1/γ (beam divergence issue).
ODR transverse beam size measurement with the electron beam energy at 28.5 GeV at
the SLAC FFTB is completely different from that at 1.3 GeV at the KEK ATF or at the
lower energy electron beam experiment. The advantages and disadvantages (and
solutions for those) of the ODR beam size measurement at the SLAC FFTB are the
following:
Advantage 1) Because of the larger γλ, the slit opening can be much larger, which
reduces the beam halo background.
Disadvantage 1) Because of the larger γλ, conventional method of measuring the ratio of
ODR photons in the valley and that in the peak with a simple slit
opening does not work. Because the ratio is too small to measure.
(Solution: This can be solved by using the dis-phased target.)
Disadvantage 2) Because the γ2λ is much larger than the distance of the detector from the
target, so-called near field effect distorts the ODR photon yield as a
function of the opening angle.
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(Solution: This can be solved by using an lens optics system which
restores the relation of the photon emitting angle to the offset at the
detector.)
Disadvantage 3) Because the 1/γ, the typical peak opening angle of the ODR photon, is
comparative to the beam divergence at the SLAC FFTB, the opening
angle distribution of the ODR photons is distorted/smeared.
(Solution: This can be solved by using the curved slit target surface and
make the ODR emitting angle larger than the beam divergence.)
These solutions are under the beam test at the KEK ATF by using the existing set-up
of the ODR transverse beam size measurement experiment.
Manufacturing test samples of the dis-phased flat conductive target has been initiated
at Tomsk, Russia. Figure 1 shows samples of the dis-phased target which are used in the
supporting ODR experiment at the KEK ATF. The target configuration in the Figure 1 is
to measure the vertical beam size.

Figure 1 Dis-phased targets

Because there exists an ODR beam size measurement set-up and the beam time is
available at the KEK ATF, supporting R&D experiments have been initiated at the KEK
ATF to demonstrate the effectiveness of planned solutions for the ODR transverse beam
size measurement, by using only non-US funding. The experimental set-up at the KEK
ATF is shown in Figure 2. Figure 3 shows the preliminary ODR photon yield
measurement data as a function of the beam offset position at the KEK ATF. Twodimensional interference picture was measured with the dis-phased target at the KEK
ATF which agrees well with the calculation.
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Figure 2 Beam test set-up at the KEK ATF
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Figure 3 Preliminary ODR yield as a function of the beam position

Figure 4 shows the curved dis-phased slit target which makes the opening angle of the
ODR photons induced on the conductive target larger than the beam divergence. At the
SLAC FFTB, beam divergence is comparative to the 1/γ, the typical opening angle of the
ODR photons at the peak.

Figure 4

a dis-phased conductive slit target with curved surface

Figure 5 shows the lens optics system which can restore the relation of the ODR
photon opening angle at the target to the offset at the detector, for the curved disphased
target. Figure 6 shows the min/max ratio of the ODR photon yield as a function of the
transverse beam size with this target and the lens optics system.

38

5

Figure 5

Figure 6

Lens Optics system for a dis-phased conductive slit target with curved surface

min/max ODR photon yield ratio as a function of the transverse beam size with the
curved dis-phased target

The SLAC FFTB beam line is scheduled to be converted to an injection beam line for
the LCLS project in the calendar year 2006. The SLAC beam has been off due to the
stand-down since the end of 2004, but it will resume the FFTB operation in May 2005.
Currently three experiment groups at the FFTB, STTS, E166 and E167, are scheduled to
use the beam time. And the procedure is going on to obtain the beam time for this ODR
beam size monitor test experiment before the shutdown of the FFTB beam line. This
experiment requires much shorter beam time than those three beam experiments, and
beam time can be easily assigned, once the approval procedure is completed. Figure 7
shows the drawings and a picture of the moving system of the target and the wires for the
auxiliary transverse beam size measurement at the same z location. The transverse size of
the dis-phased slit target can be as large as 60 mm. The slit opening width are 1 mm and
2.5 mm which gives the ratio of ODR intensity to OTR one as 0.98 and 0.9, respectively.
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Figure 7

target moving system

We studied the recoil effect of the beam bunch due to the beam’s passing through
conductive slit target and generating/inducing diffraction radiation, and we concluded
that the recoil effect was negligible and it was too small to measure in the ODR beam
size monitoring at the SLAC FFTB. [Pub. 3]

As stated in the FY04 Activity Report, UCLA has supported the travel cost of Tomsk
collaborators to give talks in the August 2004 SLAC collaboration meeting. The purchase
is underway to obtain the dis-phased conductive slit targets which are manufactured in a
company in Tomsk, Russia. The ODR beam size measurement will be initiated with a
photo tube and a lens optics system by using multi bunches of the beam. For the single
bunch measurement of the transverse beam size, a triggerable CCD camera will be used
which will be covered by the FY05 funding.

40

7
Budget
Institut
ion
UCLA

Item

FY2003

FY2004

FY2005

FY2006

FY2007

FY Total

$ 16,000

$ 21,200

$ 21,000
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$

0
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0
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0
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$ 3,000
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$ 6,300

$ 9,000

$ 16,000

$ 18,000

$ 52,300

$ 40,000

$ 40,000

$ 70,000

$ 70,000

$ 70,000

$ 290,000

Experi. set-up
Data
taking/analysis
SLAC
KEK
Experi. set-up
Data
taking/analysis
KEK
Tokyo
Experi. set-up
Met.
Data
Univ.
taking/analysis
Tokyo M. U.
Tomsk
Experi. set-up
Poly.
Data
Univ.
taking/analysis
Tomsk Pol. U.
Total Other Inst. Support by
UCLA
UCLA Grand Total

0

0

0

1,000
1,000
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Publications
1. Y. Fukui, et al., “Design of an Optical Diffraction Radiation Beam Size Monitor at
SLAC FFTB”, a contr. paper to the PAC2003 Conference, 2003, Portland, Oregon.
2. G. Naumenko, “Some features of diffraction and transition radiation at the distance
less than γ2λ.”, Nucl. Inst. and Meth., B227(2005)87-94
3. Potylitsyn, et al., “Coherent Radiation Recoil Effect for the Optical Diffraction
Radiation Beam Size Monitor at SLAC FFTB”,
Nucl. Inst. and Meth., B227(2005)170-174
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Contact: K.K. Gan, 614-292-4124, gan@mps.ohio-state.edu

The digitizer chip is very challenging: large bandwidth (500 MHz), high precision (11
bits), and fast sampling speed (2 G samples/s). We capitalize on the experience of our
engineering staff that, over the last ten years, has designed radiation hard chips for
ATLAS, CLEO III, and CMS. Our most recent design of the DORIC and VDC chips for

Project Plans

We propose to continue the design of an 11-bit (effective) digitizer with 500 MHz
bandwidth and 2 G samples/s. The digitizer is somewhat beyond the state-of-the-art and
hence not commercially available. Moreover we plan to design the digitizer chip using
the deep-submicron technology that has proven to be very radiation hard (up to at least 60
Mrad). We use enclosed layout transistors and guard rings developed for high-energy
physics applications to increase the radiation hardness. This mitigates the need for costly
shielding and long cable runs while providing ready access to the electronics for testing
and maintenance. Once a digitizer chip has been successfully developed via several
prototype runs, an engineering run at a cost of ~$150,000 will produce all the chips
necessary for the ILC, including those BPMs that require less demanding digitizers. We
have extensive experience in chip design using Cadence2. This proposal was reviewed by
the Holtkamp Committee in 2002 and 2003 and awarded, for both years, a rank of 2 on
the scale of 1 to 4 with 1 having the highest ranking. This proposal was funded by DOE
in FY03 and has been reviewed for three more years, FY04-6. Most of the circuit blocks
in the chip have been designed and simulated and we plan to submit the first prototype
chip for some of the circuit blocks soon. We request continue funding for FY05 and
FY06 to continue the design work and submit more prototype chips to evaluate and
improve the design.

The proposed International Linear Collider (ILC) will use tens of thousands of beam
position monitors (BPMs) for precise beam alignment. The signal from each BPM is
digitized and processed for feedback control. The demand on the digitizers depends on
their location at the accelerator complex. The two large damping rings require the fastest
high-precision and high-bandwidth digitizers. We propose to continue the development
of the digitizers that were originally designed for the warm linear collider. The
specification of the digitizers for the ILC is not yet finalized but we expect similar
digitizers are needed1.

Project Summary

S. Smith
Stanford Linear Accelerator Center

K.K. Gan*, M.O. Johnson, R.D. Kass, J. Moore, C. Rush
Department of Physics, The Ohio State University

Design and Fabrication of a Radiation-Hard 500-MHz Digitizer
Using Deep Submicron Technology
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Submicron CMOS does not allow large power supply voltages, 2.5 V is common. This
limits the internal signal swing. We can estimate the necessary precision by assuming that
a 3 V full scale range can be achieved for the differential internal signals. This means the
LSB is 3 V/4096 or 732 µV. Thus comparator thresholds must be stable and accurate to
one half the LSB or 366 µV. Amplifier and sample/hold gains must be stable and
accurate to about the same precision, 0.01% (~ 0.5/4096) of full scale. Charge injection
errors in the sample/hold circuits must also be controlled to the same level of precision.

Precision

Figure 1. Schematic of a 12-bit pipelined digitizer.

The 12-bit digitizer is somewhat beyond the state-of-the-art. However, there is one
characteristic of the BPM that may ease the design requirements. The input from each
bunch to this system is a sequence of doublets. We currently design the digitizer for a
bunch spacing of 1.4 ns. The bunch spacing is expected to be somewhat larger for the
dumping rings of the ILC and this will improve the feasibility of the project. Only one
parameter is needed to completely specify a doublet. Thus the requirements could be met
with a digitizer sampling at the bunch frequency (1/1.4ns or 714 MHz). By interleaving
three digitizers, we can have a chip with 2 G samples/s to provide more redundancy. In
the following, we first discuss the required precision of some of the circuits in the
digitizer and then the control of the errors in order to achieve the desired precision.

We propose a 12-bit pipelined digitizer as shown in Fig. 1. In this scheme the input is
crudely digitized in the first stage (3-bit cell). The digitized value is then subtracted from
the sampled input value, amplified by eight and presented to the second stage. This
identical process is repeated for each of the four stages. A one-bit comparator follows the
last stage so the final result can be rounded to 12 bits.

the ATLAS pixel detector uses the IBM deep submicron technology with feature size of
0.25 µm to achieve radiation hardness3. In addition, we have extensive experience
designing fast analog electronics systems such as those used in high-resolution drift
chambers.

-3-

We continue on the design and simulation of the 3-bit cell, which is the heart of the
digitizer. The internal structure of the 3-bit cell is shown in Fig. 2. The status of the
design is as fellow:

Progress Report

The proposed digitizer requires several amplifiers with a gain of eight. Let us assume that
we allow half the bunch period (0.7 ns) to sample and the other half to hold. To settle to
12 bits with a precision of one half the LSB requires nine time constants (e-9 ~ 0.5/212) or
a rise time of 171 ps (2.2! with ! = 700 ps/9). To accomplish this the fabrication process
must provide a product of gain (8) and bandwidth (1/2"!) of 16.4 GHz. The IBM process
SiGe BiCMOS 6HP/6DM is available through MOSIS and features 40 GHz NPN bipolar
transistors along with 0.25 µm CMOS.

Process

Dynamic errors will be controlled by careful design. By means of simulation and
prototyping we will design each of the internal functions to have sufficient bandwidth to
settle in the required time.

Offset and Gain errors will be measured as part of the qualification test on raw chips.
These errors do not have to be measured individually. For example the offset error from
the comparator, the charge injection offset and amplifier offset will be measured as a
single number. These values will be loaded into an on-chip memory. The raw digitized
numbers will be used only as indices to tables of “correct values”, which will be used to
calculate the true input value. The maximum number of these calibration values is
estimated to be 72. With this scheme, we only require stability in the design and process.
Based on experience, this level of stability should be achievable over a modest
temperature range. In addition these devices can be recalibrated in the field.

There are three types of errors in the digitizer:
1. Offset errors: uncertainties in the comparator thresholds, fixed charge injection from
the sample/hold, and amplifier offset.
2. Gain errors: uncertainties in the gain stages and sample/hold gain.
3. Dynamic errors: uncertainties in the timing and amplifier and sample/hold settling
times.

Error Control
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We have designed an AC amplifier to be the heart of the sample/hold circuit. The
sampling circuits need an amplifier with a gain of one for buffering and gain of eight for
error amplification. The amplifier is stable and has a smooth closed-loop frequency
response. The amplifiers settle to the desired voltage within the hold time. The unity gain

The switch on resistance is proved to be small enough to allow 9 time constants of
charging in 700 ps. A second, half-size dummy sampling switch has been added to cancel
the injected charge from the first switch. However, the injected charge depends on the
input signal size. We are investigating more complex topologies with switches on the
input plus switches in the feedback loop of the amplifier in order to reduce the injected
charge to an acceptable level to achieve the desired precision.

Figure 3. Schematic of a sample/hold circuit.

The sample/hold circuit is the most critical component of the 3-bit cell. The latest design
of the sample/hold is shown in Fig 3. We use AC coupled stages internally since the
waveforms to be digitized have no DC component. This allows for a very simple
sample/hold circuit with gain that is set by a capacitor ratio, C1/C2. The DC operating
point of the circuit is maintained by a slow feedback loop. The output of the feedback
amplifier is driven by MOS transistors biased in the sub-threshold region. This results in
very high output impedance.

Sample/Hold Circuit:

Figure 2. Schematic of a 3-bit cell.

Goals for the Year 2004–5

-5-

In FY04 we were supposed to submit for fabrication a prototype chip for the 3-bit cell.
However, the approved total budget of $60K was not sufficient for the cost of $54K for a
prototype run via MOSIS given that some funds need to be allocated for engineering
design. We therefore concentrate on improving the design of the 3-bit cell. We are
currently laying out a three-bit cell to test the major blocks (sample/hold switches and
amplifier, and comparators with latches). On our last chip design project we were able to
use component libraries and Cadence rules files developed at LBNL, CERN, and
Rutherford, but this is not available for the BiCMOS process we have chosen for this
ADC. We are in the process of converting or creating PCELLS (resizable transistor
layouts) for the radiation-resistant enclosed transistors. We have converted some of the
transistor layouts to the new semiconductor process, but must then add to or rewrite the
Cadence rules files for layout, extraction and design rule checks. We will simulate the
chip from the extracted layout including parasitic capacitance to verify the design before
the submission. The chip will allow us to test the accuracy of the simulations and
provides feedback on the needed improvements.

The encoder circuit has been designed and performs satisfactorily.
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Inst.
OSU
OSU
OSU
OSU
SLAC

Grand total

Item
Engineering Time
Travel
Digitizer
Indirect costs
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FY03
25,695
1,259
0
13,046
0
$40,000

FY04
25,695
1, 259
20,000
13,046
0
$60,000

FY05
FY06
25, 695
21,681
1, 259
1, 259
95,000 101,000
13,046
11,060
0
0
$135,000 $135,000

The op-amp subtracts the digitized value from the sampled input value to produce the
residual for the next stage. The circuit has been designed but has not yet achieved the
desired precision.

Budget

The design work is performed by an electrical engineer paid for by the Department of
Physics of The Ohio State University. He is assisted by a technician paid for by this
project. The technician has a Bachelor degree in electronic engineering technology from
DeVry University and is currently studying part time for a Bachelor degree in electrical
engineering at The Ohio State University. He has worked on the optical electronics for
the pixel detector of the ATLAS experiment over the last few years. The travel budget
allows the designers to make one trip per year to SLAC to discuss the design with our
SLAC collaborator. The MOSIS cost for the prototype digitizer using the IBM 0.25
Micron SiGe BiCMOS 6HP/6DM process is now $54,000. This is about $9,000 more
than what was in the three-year proposal. Given that the actual funding is below the
proposed budget, we have to split the cost of the four submissions over three years.

Op-amp Circuit:

Encoder Circuit:

Budget Description

The multiplexer circuit has been improved. The digital logic portion works at full speed
and the analog part is also fast but somewhat noisy. Some more improvements are
desirable.

Goals for the Year 2005-6

The design and development activities will include:
1. Continued improvement of a prototype 12-bit digitizer
2. Testing of a 3-bit cell, including radiation hardness tests
3. Layout, submission and testing of a prototype 12-bit prototype
We plan to have one submission in this funding cycle.

We will evaluate the 3-bit cell chip from the first prototype run to test the accuracy of the
simulations. This will provide the much-needed feedback for further improvements. We
plan to irradiate the chip to test the radiation hardness. We know from previous
experience that the CMOS part of this process is rad-hard but the radiation hardness of
the SiGe NPN transistors is unknown.

The design and development activities will include:
1. Continued improvement of a prototype 12-bit digitizer
2. Layout, submission and testing of a prototype 12-bit prototype
3. Continued system design of the full 12-bit digitizer
We plan to have two submissions in this funding cycle.

MUX Circuit:

We have improved the design of the comparator that uses fully differential BiCMOS,
including the output latching circuits. The design uses bipolar transistors for the actual
comparisons and FET’s for current control and active loads. The circuitry is fast and
hence adequate for 714 MHz operation.

Comparator Circuit:

Simulations of the sample/hold circuit indicate that we have achieved a precision of about
10 bits with a fully differential circuit. With the problems/solutions identified above, we
hope to improve the design to achieve the desired precision.

amplifier has fast rise time but the amplifier with a gain of eight still requires some
improvements. The gain-bandwidth still needs another factor of two improvements.

-7-

3. K.K. Gan et al., “Radiation-Hard ASICs for Optical Data Transmission in the ATLAS
Pixel Detector”, Nucl. Phys. B (Proc. Suppl.) 125, 282 (2003).

2. www.cadence.com

1. Marc Ross, private communication.
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Precision RF Beam Position Monitors for Measuring Beam Position and Tilt
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1. Objectives
Controlling beam emittance is important for future linear colliders as well as high-brightness light
sources. Transverse wakefields (from beam-to-RF-structure misalignments) and dispersion (from beam-toquadrupole misalignments) in the linac could lead to an emittance dilution that is correlated along the bunch
length (i.e., the tail of the bunch is deflected relative to the head). The ability to detect beam pitch is important in order to identify the primary sources of emittance dilution. For single beam bunches at the ILC,
2 − 15 mrad beam tilt would correspond to 10% emittance growth. [1]
In addition to measurements of the transverse beam offsets along the linac, measurements of the beam
position and energy near the interaction point are of great importance for the physics program of the future
linear collider. Energy spectrometers at the interaction point aim at measuring the energy of the colliding
beams with the precision of 10−4 or better.[2] Such precision will require a measurement of the beam position
before and after the spectrometer magnets with the resolution of O(50 nm), and comparable stability.
Resonant RF cavity beam position monitors [3] can be used to measure the average position of the bunch
train with high precision, as well as determine the bunch-to-bunch variations. In a single-bunch mode, i.e.
in the mode where the time interval between the bunches is larger than the fill time of of the cavity, the
same cavities can be also used to measure the head-to-tail position differences, or bunch tilts. The cavity
BPMs are a good match for the precision beam diagnostics at the ILC due to their narrow bandwidth and
clean separation between resonant modes. In the following, we will briefly describe the RF beam position
monitors, report our R&D activities last year, and outline plans for the cavity system.

2. Beam Position Monitors
A typical beam position monitor consists of three copper cavities, two (X and Y ) cavities for monitoring
the horizontal and vertical displacements of the beam, a Q cavity to provide an in-situ measurement of beam
charge and phase. The position cavities are typically tuned to the dipole TM 210 mode while the Q cavity
1
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Fig. 1. Tilt of the bunch relative to the z axis of the cavity.

uses the monopole TM110 mode. The BPMs constructed at SLAC in 1960s [3] use three independent cavities
which are easy to manufacture and tune. On the other hand, new C- and X-band monitors constructed at
KEK and BINP as a prototype for the NLC use a more compact single-cavity design. [4]
The resonance frequency of the cavities is typically a multiple of the carrier RF frequency. To achieve
good position resolution and stability, the cavities are tuned to a high value of Q > 1000 which increases the
resonant pickup. Custom RF electronics with I/Q demodulation [5] provides information on both amplitude
and phase of the beam-induced signals. Measuring both amplitude and phase of the RF signals reduces
systematic effects and increases position sensitivity.

3. Beam Tilt Measurement
One of the main objectives of this proposal is to demonstrate that the RF cavities can be used for measuring small tilts of individual beam bunches. This can be done my measuring the imaginary part of the
beam-induced RF pulse, or a phase difference between the RF signals from a dipole and Q cavities.
A short beam bunch of charge q centered the distance x 0 from the electrical center O of the cavity (point
O in Fig. 1) induces an RF pulse with voltage
V (t) = Cqx0 exp(jωt)

(1)

where C is some calibration constant, ω is the resonant frequency of the cavity, and time t is computed from
the time the center of the pulse passed through the cavity. If the bunch is pitched by amount δ from head to
tail, the RF voltage is instead


δσω
V (t) = Cq exp(jωt) x0 − j
(2)
16c
The beam tilt introduces a phase shift
∆φ =

∆x
δσω
=−
x0
16cx0

(3)

equivalent to an offset of ∆x ≈ 10 nm for a typical ILC beam size of σ = 300 µm and a tilt of δ = 2 µm.
For small offsets of x0 ∼ 1 µm, the phase shifts of ≈ 0.7o should be measurable. It is clear that for this
measurement the phase information is vital: it would be hard to extract the small offset from the amplitude
signal alone (e.g. by measuring the RF power). For the phase measurement, the challenge is to be able to
keep the beam centered at the cavity with high accuracy, and to be able to maintain the phase stability. The
former requires being able to position the electrical center of the cavity near the beam axis (by either moving
the beam or the cavity), and the latter requires precise temperature and environment control, as well as good
cancellation of the dominant monopole mode in the dipole X cavity. [5]

4. Scope of the Project
A set of high-resolution C-band beam position monitors have been constructed at BINP and is currently
being tested at the Accelerator Test Facility (ATF) at KEK by the NanoBPM Collaboration. [6] The monitors
2
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Fig. 2. C-band position monitor constructed at BINP for the NanoBPM collaboration.

use a single-cavity circular design, with transverse coupling slots for the position-sensitive X- and Y-dipole
modes (see Fig. 2. The demodulation scheme employed by the SLAC group involves down-mixing the RF
pulse to an intermediate frequency of 15-20 MHz and digitizing the IF signals with a 100 MHz sampling
ADC. Information on the amplitude and phase of the RF pulse is then obtained in the offline analysis of the
IF data, shown in Fig. 3.
We are taking part in the NanoBPM project, and are responsible for the online monitoring and offline
analysis of the data. The main objective of the work at KEK is to gain operational experience with the
precision BPM hardware and demonstrate nanometer-scale position resolution and sensitivity of the beaminduced RF signals in the position cavities to beam tilt.
Application of the precision RF BPMs to measuring beam parameters (e.g., beam energy) near the interaction point of the linear collider requires high position resolution and high stability, possibly in the presence
of synchrotron radiation from the spectrometer dipoles and other adverse environmental effects. These aspects of the precision monitor operation will be tested in the test experiments being developed at SLAC. [9]
Berkeley group is part of the experiment T-474 [10] which aims to develop a working prototype of the energy spectrometer with resolution and stability suitable for achieving a 100 part per million measurement of
beam energy at the ILC. We are also contributing to the design and optimization of the BPM hardware and
electronics for the beam tests being planned in FY06-07.

5. Progress Report and Future Schedule
This project is part of the national Linear Collider R&D program which is described in detail in “A
University Program of Accelerator and Detector Research for the Linear Collider” [7] by the US Linear
Collider Research and Development Group. [8] The project received funding from DOE for FY03 and FY0406 under DOE contract DE-FG02-03ER41279.
In the first two years of the project (2004-2005), we are working in collaboration with groups at SLAC,
LLNL, and KEK in developing the prototype of the nanometer precision beam position monitor. The
NanoBPM Collaboration[6] has completed several beam tests at the ATF facility at KEK with the precision C-band cavities constructed at BINP. The present structure consists of a reference (charge-sensitive)
3
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Fig. 3. Intermediate frequency signals produced by a single beam bunch at the ATF from BINP position cavities. A fit
to the data produces information about the amplitude and phase of the beam-induced signals.

cavity and three pairs of (X, Y ) BPMs [4] mounted on precision movers, and allows for the measurement of
the position and tilt resolution. The best resolution from the latest run in December 2004 was found to be in
the range of 20 − 30 nm
The position and tilt sensitivity of each cavity was calibrated against known mover offsets, as shown in
Fig. 4. After calibration, the position error for the middle cavity is computed for each pulse as
∆y2 = y1 ·



z3 − z 2
z3 − z 1



+ y3 ·



z2 − z 1
z3 − z 1



− y2

(4)

where z1,2,3 are z locations of electrical centers of the BPMs, and y 1,2,3 are BPM measurements. The RMS
of the distribution in Eq. (4) measures the BPM resolution, while the mean of the distribution is a measure
of relative misalignments and electronic and mechanical stability.
Fig. 5 shows the measured resolution as a function of time in during a two-hour run. The top plot shows
the resolution computed form Eq. (4), and it ranges typically between 50 and 100 nm. The raw resolution
is limited by the cross-talk between X and Y dipole modes in the cavities. Linear regression against tilt
signals and X positions improves the resolution in Y direction to 20 − 40 nm (bottom plot in Fig. 5),
although occasional outliers, possibly due to changes in beam conditions, are visible.
More beam tests are scheduled for 2005 at the ATF. In addition to the existing NanoBPM structure, three
more position monitors have been installed approximately 5 meters downstream. Build by the KEK group,
these cavities employ a completely different mechanical support system and electronics, and as such present
an independent option for precision beam monitoring. More importantly however, demonstrating stability of
electrical and mechanical offsets between the two systems would go a long way towards achieving stringent
requirements for the energy spectrometry at the linear collider.
The milestones for the future KEK tests include
• Demonstrating sensitivity of the BPMs to beam tilts in 10 mrad range.
• Demonstrating the stability of the BPM position measurements of below 50 nm over several hours.
• Demonstrating the stability of the relative offset between the SLAC-LLNL and KEK structures.
A related project of demonstrating the performance of BPM-based energy spectrometer in the presence
of large beam-induced backgrounds and other systematic effects has been proposed at End Station A (ESA)
4
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at SLAC for FY05 and beyond.[9,10] We will be involved in assembling a set of precision cavities with
associated RF processing electronics for beam tests in 2005-2006. The resolution and stability requirements
for the energy spectrometer are similar to what is aimed at by the NanoBPM project. However, the beam
and environmental properties in End Station A, in particular RF interference, beam-induced backgrounds,
beam spot size and beam energy, are more closely matched to the ILC design. In addition, we plan to use
rectangular S-band cavities,[3] which suppress X/Y coupling. Thus, ESA tests are complementary to the
NanoBPM program at the ATF. Ultimately, the two beam test programs will converge on the common design
of the beam position monitors suitable for precision linac beam diagnostics and for the energy spectrometer.
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Non-intercepting electron beam diagnostics using diffraction radiation
Personnel and Institution(s) requesting funding
B. Feng, W. E. Gabella, W. M. Keck Foundation Free-Electron Laser Center, and S. Csorna,
Department of Physics and Astronomy, Vanderbilt University
Project Leader
Bibo Feng
bibo.feng@vanderbilt.edu
(615)-343-6446
Project Overview
The Linear Collider presents new challenges for beam instrumentation. Some of the beam
dimensions are of the order of a few nm (at the i.p.), and to be able to reach these small
sizes, the beams have to be tightly controlled and understood from their very inception onward. A number of different techniques are available in the arsenal of beam size and beam
emittance measurements (e.g. transition radiation, metal wire, laser wire, laser interferometry, cavity BPM). Experiments of electron bunch profile measurements have been conducted
using coherent synchrotron radiation (CSR), coherent transition radiation (CTR), as well as
coherent diffraction radiation (CDR) [1, 2, 3, 7]. Because the CDR perturbs the electron
beam less than CTR, it is a better choice for monitoring the electron beam bunch shape.
The use of diffraction radiation (DR) for measuring the transverse beam dimension is a new
non-invasive technique, only partially investigated at the present time [4, 5]; for example
transverse beam size and emittance measurements have not been performed even though it is
apparently possible to make precision measurements of bunch length, emittance at low energies, and the transverse size. (A recent experiment at KEK, by a Japan-Russia collaboration,
has presented vertical beam size measurements using optical diffraction radiation[9].
This collaborative effort involving physicists and facilities from Cornell and Vanderbilt is
aimed toward a comprehensive investigation of the potential use of DR over the broad spectrum of energies to be found at the Linear Collider. A graduate student, Tamas Sashalmi, at
Vanderbilt University has started on this project. He does his doctoral dissertation on this
topic and we anticipated he will be done in about two years.
Diffraction radiation is emitted from relativistic electron bunches passing through an aperture
in a metal screen. The simplest aperture is a circular hole or a slit. The DR, like the transition
radiation, is in the forward direction along the electron path, and in the backward direction
along the direction of specular reflection from the the metal screen. The DR intensity is
proportional to the square of γ, and it is distributed in angle as 1/γ, where γ is the electron
energy factor (Ebeam /me c2 ); thus, both the intensity and the angular distribution can be used
to deduce the beam energy [6]. The DR technique can be developed as a low cost, compact,
and non-intercepting monitor which can be very useful for each element of the Linear Collider,
starting with the injection linac, the damping rings and the main linac. DR has the potential
capability to diagnose multiple beam parameters such as longitudinal and transverse beam
sizes, energy, position, divergence and emittance. The DR technique also can be developed
as a single shot measurement. As the DR technique measures the spectrum and angular
distribution in the frequency domain, it has very high spatial and time resolution, and it is
easy to satisfy the requirements of the Linear Collider facility. The goal in spatial resolution
1
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in this proposal is less than 1 µm in the longitudinal and transverse beam size measurement.
From the analysis of measured data, the error on bunch length is estimated to be of the order
of about 20%.
The coherent properties are included in the DR spectrum in which the radiation wavelength
is nearly equal to the beam bunch length. In the case of the LC, 100 µm bunch lengths would
produce radiation in the 0.1 mm wavelength region. The CDR has a fixed phase relative to the
electron bunches, and the measurement of the coherent radiation gives the longitudinal bunch
form factor f (ω) and hence provides information about the longitudinal bunch distribution
function S(z). Therefore, the electron distribution in a bunch can be obtained from the
inverse Fourier transformation of the form factor. In addition, the angular distribution of the
DR from an electron passing through a slit in a metal foil has polarization properties because
of the interference effects between the two half-planes of the radiator. The electron beam
transverse dimension can be measured through the analysis of the angular distribution of the
diffraction radiation [4, 5].
Broader Impact
The budget for this project is mostly for a graduate student and two summers of undergraduate help. The graduate student has been invaluable in motivating experiments and data
analysis. He is also being trained as an accelerator physicist with talents needed by many
existing and planned particle beam machines. Vanderbilt University has a joint physics and
astronomy training program with Fisk University, an historically black college. It is part
of the plan to be more active in this collaboration and hire undergraduates from Fisk for
summer work.
Results of Prior Research
The UCLC collaboration and NSF have kindly supported this effort over the last two years.
First with seed money and most recently with a year of salary for a shared graduate student in
the study of coherent diffraction radiation electron diagnostics. This and other linear collider
efforts receive broad support from the FEL Center director Dr. David Piston, in the form of
support staff, vacuum hardware, and other materials and supplies.
Seed Money for Non-Intercepting Electron Beam Diagnostics
Award: NSF PHY-0303702
Award period: September 15, 2003 to August 31, 2004
Award amount: $11,020
This was awarded by the NSF for UCLC work and is administered as a sub-contract with
Cornell University. The money was used to purchase a Golay cell detector(QMC Instru.
Ltd, Model OAD-7). The detector was received in July 2004 and is planned to measure the
coherent diffraction radiation in the Center. The grant also paid for the very valuable trips
to the 2004 Beam Instrumentation Workshop and the 2004 Free Electron Lasers Conference,
where we published our initial experiment results [7]. It was very helpful to see the state of
the international research.
Non-Intercepting Electron Beam Diagnostics
Award: NSF PHY-0355182
Award period: September 1, 2004 to August 31, 2005
Award amount: $9,040
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This is also an award by the NSF for UCLC work and is administered as a sub-contract with
Cornell University. The money is being used to pay a graduate student. He is shared with
Dr. W.E. Gabella and is working on electro-optic and diffraction radiation diagnostics.
Recently, we have accomplished several of our research tasks. We designed and built a DR
radiator, modified a Martin-Puplett type interferometer, and carried out preliminary electron
bunch length measurements using coherent diffraction radiation from a slit. As an application, we investigated the effects of changing linear accelerator parameters such as phase and
cathode heating on the electron bunch length. The research results were published on the
26th International Free Electron Laser Conference [7].
The CDR experiments were carried out at the Vanderbilt FEL Center on a Mark III type linear
accelerator. The electron beam energy is variable between 25 and 45 MeV. The electron beam
macropulse duration is about 8µs, and the average beam current is about 150 mA. The pulse
contains 23,000 bunches, each with approximately 50 pC and a bunch length of approximately
1 ps.
The diffraction radiator is mounted at an angle of 45◦ to the electron beam. The diffraction
radiator consists of two separated screens and a stepping motor to adjust the width of slit.
The resolution of the stepping motor is 5 µm per step. We select a polished silicon wafer as
the screen because of its flatness. The thickness of screen is about 500 µm and its size is about
75 × 50mm2 . One of the silicon screens is mounted on an adjustable frame, so the reflection
angle can be changed in order to keep both screens coplanar. The gap of the radiator is
adjustable, when closed it operates as a transition radiator. DR or TR is emitted as the
electron beam passes through the radiator. This radiation passes through a quartz window
and is reflected by a parabolic mirror and a couple of flat mirrors into an interferometer to
measure the radiation spectrum. The experimental system was aligned using a HeNe laser
injected upstream into the beam line.
The interferometer is a wire grid Martin-Puplett type. The incident light is split onto orthogonal polarization components by a 45◦ tilted polarizing grid splitter. One component is
reflected and focused onto a reference detector; the other is incident onto another vertical polarizing grid where the light is split into two beams, reflected by the roof mirrors, and finally
recombined and focused onto a pyroelectric detector(P4-45, Molectron Inc.). A second Golay
cell detector (ODA-7, QMC Instrument ltd) was purchased but is not currently functioning;
it will be repaired and tested. The frequency limitation of the interferometer is determined
by the diffraction losses, the finite aperture of the detector and the grating constant of the
wire grid. The frequency range is estimated between 2 cm−1 and 50 cm−1 (wavelengths of 5
mm to 200 µm).
A typical CDR interferogram is shown in Fig. 1. The electron beam had an energy of 25 MeV
and an average macropulse current of 135 mA. It was focused and centered between the edges
of the two screens. The transverse beam size was about 2.5 mm and the slit width was set to 5
mm. The CDR spectrum is obtained by Fourier transformation of the interferogram as shown
in Fig. 2. We observed relative strong power peak at the frequency of 0.13 THz (wavelength
of 2.3 mm). The low frequency part of the spectrum is suppressed by the detector and the
interferometer.
A simpler technique to extract the electron beam bunch length from the CDR interference
spectrum was introduced in reference [8]. Assuming a Gaussian longitudinal electron distribution of pulse length σ and the low frequency suppressed by the interferometer at cut-off
frequency 1/ξ, the time domain interferogram of the coherent radiation is described as
3
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The bunch length σ can be obtained by fitting this two parameter formula to the time-domain
interferogram. For example, a fit is shown in Fig. 1,which gives the electron bunch length
σ ≃ 0.87 ps.
Facilities, Equipment and Other Resources
We propose the measurement of the coherent DR spectrum from a slit in a metal foil. The
longitudinal profile will be evaluated from the fast Fourier transform of the autocorrelation
function and the use of the minimal phase approximation. The results will be compared to
that of intercepting CTR (Coherent Transition Radiation) and non-intercepting electro-optic
measurement experiments conducted in the same environment.
In addition, we propose to measure the electron beam transverse dimension through the
analysis of the angular distribution of DR. A simple CCD camera can measure the angular
polarization of DR. The total intensity of angular distribution has a minimum value when
the beam passes through the center of slit. In practice, this property can be used to center
the electron beam in the slit, and it may be a useful tool with which a cavity BPM can be
centered on the beam.
It should be noted that much more accurate angular information of DR can be obtained by
4
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placing two slits. We also propose to measure interference from the forward radiation off one
slit as it interferes coherently with the backward radiation from the other. Analyzing the whole
angular distribution in the normal plane and fitting it to the theoretical prediction allows us
to determine the transverse dimension of electron beams, beam energy and emittance.
The bulk of the design and construction of the apparatus will be done at the Vanderbilt FEL
Center, where there are available experienced scientists, mechanical and design engineers and
where, importantly, a minimum of eight hours of beam time per week will be made available
to this project. The undergraduate and graduate students at Vanderbilt University will also
join to accomplish this project.
FY2005 Project Activities and Deliverables
In the first year, We will design and build a radiator as well as its housing chamber for the
experiments. The two pieces of thin metal foils or aluminum coated silicon plates can be used
as the radiator. The slit of the radiator should be moved to intercept the electron beam by
an actuator. The slit width will be adjusted by moving the two half foils in the same plane.
It emits transition radiation when the slit is closed, thereby allowing us to directly compare
the results from DR and TR techniques.
We will also measure the DR angular distribution from the radiator to yield the beam transverse dimension according to the angular distribution theoretical calculation. We will measure
the interference image from two DR screens with slits to obtain more detail information of the
angular distribution of DR, and derive the electron beam properties such as beam transverse
size, beam energy and beam angular spread.
The first year deliverables will be a DR radiator,a technical report describing the coherent
DR and incoherent DR experimental results at Vanderbilt.
FY2006 Project Activities and Deliverables
During in the second year, we will carry out the beam property experiments using coherent DR
and incoherent DR at the Cornell accelerator facility with higher electron beam energy. The
device for measuring the angular distribution will be designed and built for accommodating
different wavelengths and radiation bandwidths corresponding to different beam energy and
slit width of the radiator.
The third year deliverables will be a technical report describing the coherent DR and incoherent DR experimental results at Cornell accelerator facility.
Budget justification
We expect that this year will be primarily devoted to studying the properties of the DR
under varying beam conditions at Vanderbilt. The graduate student will have the primary
responsibility for scheduling runs, acquiring data and doing a significant portion of the data
analysis.
We expect that the second year will be primarily devoted to studying the properties of the DR
under varying beam conditions at Cornell and Vanderbilt. Low energy running ( 50 MeV)
can be efficiently performed at Vanderbilt, high energy running will be at Cornell (CESR).
The graduate student will have the primary responsibility for scheduling runs, acquiring data
and doing a significant portion of the data analysis.
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A minimal amount of travel funds is included to cover collaboration meetings. We expect
that on the basis of what we learn during this year, we will need to buy additional specialized
equipment and electronics.
Two-year budget, in then-year K$
Institution: Vanderbilt University (Indirect costs are calculated at 52% rate for the first year
and at 53% rate for the second year on total salaries, fringe benefits,travel, and materials and
suplies )
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Optics Calib. System
CCD Camera System
Total Equipment
Tuition
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
20.5
2.6
23.1
1.6
24.7
8
0
8
6
4
2
0
44.7
15.9
60.6

FY2006
0
21.2
2.7
23.9
1.6
25.5
0
7
7
6
4
3
0
45.5
17.2
62.7

Total
0
41.7
5.3
47
3.2
50.2
8
7
15
12
8
5
0
90.2
33.2
123.4
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Electro-optic measurement of picosecond bunches in a bunch train
Classification (subsystem)
Accelerator Instrumentation: non-destructive electron bunch length measurement, broadly applicable
Personnel and Institution(s) requesting funding
William E. Gabella, Bibo Feng, John Kozub, Tamas Sashalmi, W. M. Keck Free-electron Laser Center,
Vanderbilt University, Nashville, TN 37235
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Court Bohn, Department of Physics, Northern Illinois University
Project Leader
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b.gabella@vanderbilt.edu
615-343-2713, (F) 615-343-1103
Project Overview
In next linear collider designs, the effort to create and maintain short electron/positron bunches requires a robust technique to measure bunch lengths. Superconducting technology, next generation
linear collider (ILC) designs have bunch lengths as short as 300 µm, or 1 ps, and a desirable goal is
to measure the length to 10% or better. Short bunches have the advantage of avoiding the “bow-tie”
degradation of the luminosity from the depth of focus while using strong focusing and small spots
at the interaction region. The bunch length also needs to be short compared to the RF wavelength
in the linac to avoid nonlinear effects from the accelerating gradient. Control of the bunch length in
the magnetic bunch compressor after the damping rings requires accurate measurement of the length.
The variation of length with position in the bunch train is also important to create uniform luminosity
over the collision time and to correct any “long-range” wakefield or other effects on the bunch train
which could lead to worsening of the effective emittance of the train. In the superconducting linear
collider designs, the bunch train can be very long with 2800 to 4900 bunches spaced every 340 ns
to 180 ns. Measurement and control of the bunch train becomes all the more important and difficult
with so many bunches spaced over the relatively long time of 1 ms. Measurement and control of the
bunch train quality is important to free-electron lasers which, for example, generate a laser pulse in
an oscillator with bunch 1, amplify it with bunch 60, and bunch 120, all the way to bunch 18000, say.
The bunches need quite a tight tolerance to have effective amplification and saturated energy.
Currently measuring electron bunch lengths with coherent transition radiation (or coherent diffraction radiation, or coherent synchrotron radiation), requires scanning a mm-wave interferometer and
thus acquires signal over many electron pulses[1]-[2]. A technique using the perturbing effects
of the passing electron bunch’s electric field on a crystal (electro-optic, or EO, effect) measured
by a fast Ti:sapphire laser has been demonstrated at the free-electron laser center (FELIX) in the
Netherlands[3]-[6]. A non-destructive, single shot measurement of a 1.7 ps long electron beam is
performed with an estimated accuracy of 0.37 ps. The wakefields behind the electron beam are also
measured with this technique. The SLAC SPPS facility has demonstrated the generation and measurement of very short electron bunch lengths of 50 to 80 fs for single bunches.
The goal of this proposal is to perform EO measurements of the length of the electron bunches in the
Vanderbilt free-electron laser (FEL). A short pulse Ti:sapphire laser, approximately 15 fs will be used
1
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as the probe laser. This should yield an error of less than 240 fs on a single-shot measurement of a 1 ps
electron beam (assuming a chirped pulse length of about 4 ps for good signal to noise); chirped for a
shorter electron pulse of 0.3 ps (assuming a chirp of 1.2 ps) this would result in a resolution of less
√
than 130 fs. Ref. [6] gives the minimum intrinsic resolution as ∆t = t0tc , where t0 is the unchirped
pulse length and tc is the chirped pulse length.
A Ti:sapphire oscillator will be installed at the Vanderbilt Free-electron Laser Center. It will be
synchronized with the electron beam (and FEL laser beam). A laser with a 15 fs pulse length and
approximately sub-100 fs synchronization is available. This should happen before the end of the
calendar year. The EO crystal holder and the laser beamline to the electron beamline will be designed
and built. There is currently operating a diagnostics chamber on the FEL that measures coherent
transition radiation and coherent diffraction radiation from the FEL electron bunches[2]. With the
electro-optic measurement in the same chamber, this will give three complementary bunch length
diagnostics.
For linac physics reasons, as well as for free-electron laser physics reasons, it is interesting to measure
the evolution/change of the electron bunch through the bunch train. As mentioned above, FEL’s need
good quality bunch trains: the electron bunches throughout the train need to be evenly spaced and of
equivalent length. The bunch train is affected by the RF fill time in the linac, the quality of the RF
pulse, the long range wakefields, and any variation in the electron source.
Single-shot EO measurements will be compared to coherent transition radiation measurements of the
bunch length, as well as sampling measurementswith the EO technique (using an unchirped pulse and
stepping through the electron bunch) . The electron beam at the FEL has a single pulse charge of
50 pC, however the Compton xray machine at the Center has single bunch charges of 1-5 nC in 8 ps
and is available for experiments.
The Vanderbilt FEL Center has the needed expertise for these experiments. The Center routinely runs
a 45 MeV electron linac with high average power as a driver for the FEL. The Center also runs a
tunable, back-scattered xray source that uses a high-charge, 45 MeV electron bunch and a Ti:sapphire
driven glass laser capable of 20 TW in 8 ps. The electron bunch and the laser are synchronized on the
picosecond level. An optical parametric generator system capable of tunable light from UV to mid-IR
is also run by Center personnel. That system is based on a Ti:sapphire oscillator and amplifiers driving
nonlinear interactions in crystals to generate tunable wavelength light.

Broader Impact
The budget for this project is mostly for a graduate student and two summers of undergraduate help.
The graduate student has been invaluable in motivating experiments and data analysis. He is also
being trained as an accelerator physicist with talents needed by many existing and planned particle
beam machines. Vanderbilt University has a joint physics and astronomy training program with Fisk
University, an historically black college. It is part of the plan to be more active in this collaboration
and hire undergraduates from Fisk for summer work.
Results of Prior Research
The UCLC collaboration and NSF have kindly supported this effort over the last two years. First
with seed money and most recently with a year of salary for a shared graduate student with Dr. Bibo
Feng’s efforts in the study of coherent diffraction radiation electron diagnostics. This and other linear
collider efforts receive broad support from the FEL Center director Dr. David Piston, in the form of
support staff, vacuum hardware, and other materials and supplies.
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Seed Money for Electro-optic bunch length measurements
Award: NSF PHY-0303702
Award period: September 15, 2003 to February 28, 2005
Award amount: $11,209
This was awarded by the NSF for UCLC work and is administered as a sub-contract with Cornell
University. The money was used to purchase a pulse-picker to reduce the 80 MHz Ti:sapphire output
to the 30 Hz needed for the probe laser. This will reduce the background on the spectrometer or
other detection device. The pulse-picker was received in December 2004 and is being tested with
another 80 MHz Ti:sapphire laser in the Center. The grant also paid for a very valuable trip to the
Victoria Linear Collider Workshop in July 2004. It was very helpful to see the state of the international
research. The remaining portion is being used to purchase electro-optic crystals.
Single-shot, electro-optic bunch length measurement of a picosecond electron bunch length
Award: NSF PHY-0355182
Award period: September 1, 2004 to August 31, 2006
Award amount: $18,082
This is also an award by the NSF for UCLC work and is administered as a sub-contract with Cornell
University. The money is being used to pay a graduate student. He is shared with Dr. Bibo Feng and
is working on electro-optic and diffraction radiation diagnostics. The diffraction radiation experiment
is currently taking data[2].
Facilities, Equipment and Other Resources
The FEL Center is a world-class free-electron laser facility at Vanderbilt University. Within the Center there are ten staff engineers, scientists and technicians. Their specialties include mechanical engineering and mechanical design, high-vacuum engineering, operation and maintenance of high power
pulsed lasers, RF/microwave engineering, data acquisition, electronics and pulsed power, data analysis, and more. The Center houses the FEL which is based on a 45 MeV, a Compton backscattered xray
source which uses a photocathode RF gun and a 20 J, 8 ps laser, and an optical parametric amplifier
laser system. Center staff operate, maintain, and upgrade these machines.
Vanderbilt University has very good talent and equipment in the scientific machine shop which the
Center routinely uses and has subsidized access to.
FY2005 Project Activities and Deliverables
This year the fast Ti:sapphire laser will be installed. There will be a variety testing and diagnostics
performed. The detector for the electro-optic measurement will be rehabilitated and tested. It is an
older, but high quality CCD spectrometer.
First bunch length measurement could occur on the Compton xray machine due to easy accessibility.
It is a self-shielded linear accelerator, with staff working around the machine while it is pulsing. This
gives easy access to optics near the beamline.
The design and start of construction for the laser beamline from the second floor to the first floor (FEL
vault) will occur. This is a longer run and will involve several remote controlled mirrors. It has the
added difficulty of maintaining the fast laser pulse, and large bandwidth which is easily disturbed even
by passage through air.
These activities will be reported on at the linear collider and collaboration workshops. Students will
be collaborating on all linear collider experiments with analysis work on the coherent diffraction
radiation and coherent transition radiation measurements.
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Graduate students will attend the U. S. Particle Accelerator School.
FY2006 Project Activities and Deliverables
The electro-optic measurements of bunch length of the FEL electron beam will be carried out. Multipulse measurement, stepping through the electron bunch train will be performed. With other electron
bunch length monitoring, and FEL laser bunch length monitoring, there will exist a plethora of measurements to compare.
These activities will be published in appropriate journals and reported on by the students at conferences and workshops. Students will attend the U. S. Particle Accelerator School.
Budget justification: Vanderbilt University
The budget is dominated by support for a graduate student and for summer students. This will train
new accelerator physicists at a time when there appears a current and future need. The summer students will be introduced to a research intensive environment and to linear collider and laser activities.
Currently, there exists a joint scientific training grant between Fisk University, an historically black
college, and Vanderbilt University. This relationship is being explored for possible summer students
and collaborators.
The new graduate student will need a computer for data analysis.
At the FEL Center travel budgets are small, so for the students and this author to report on activities,
two to three trips are budgeted. The graduate student should attend the U. S. Particle Accelerator
school each year. This is not only instructive, but it allows her to make connections and to appreciate
the breadth and depth of accelerator physics and beam dynamics.
The materials and supplies envisioned are for fast laser optics, i.e. lenses, mirrors, vacuum windows,
all must have very small dispersion.
Three-year budget, in then-year K$
Institution: Vanderbilt University, Nashville, TN
Item
FY2005 FY2006 Total
Graduate Students
13.7
21.2 34.9
Undergraduate Students
2.6
2.7
5.3
Total Salaries and Wages
16.3
23.9 40.2
Fringe Benefits, Health Insurance
1.6
1.6
3.2
Tuition Share (no overhead)
4
0.6
4.6
Total Salaries, Wages and Fringe Benefits
21.9
26.1
48
Computer
2
0
2
Travel
4
4
8
Materials and Supplies
4
3
7
Total direct costs
31.9
33.1
65
Indirect costs(1)
14.5
17.2 31.7
Total direct and indirect costs
46.4
50.3 96.7
(1) Vanderbilt University has 52% rate FY05 and 53% FY06.
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Design for a Fast Synchrotron Radiation Imaging System for
Beam Size Monitoring
Classification (accelerator/detector: subsystem) Accelerator: Beam Monitoring.
Personnel and Institution(s) requesting funding
Jim Alexander, Mark Palmer, Cornell University
Jesse Ernst, State University of New York, Albany
Project Leader Jim Alexander
email: jima@lns.cornell.edu
phone: 607-255-5259

Overview of Project
With the high intensity, low emittance beams needed to reach the luminosity goals of the linear
collider, beam size monitoring will play an important role in machine operation. In the damping rings
synchrotron radiation (SR) emitted by the bunch can provide a means of measuring transverse bunch
size and shape. With suitable imaging and high speed detection of the SR, bunch size, shape, and
position may be determined with single bunch discrimination and minimal disturbance to the passing
beam. A system fast enough to capture such a ”snapshot” of a single beam bunch would be a useful
addition to the Linear Collider diagnostics package and also be a valuable contribution to general
accelerator physics and technology.
We propose to develop imaging and detection techniques that could be used to directly image the
synchrotron radiation.
Although the details of the damping ring of the future ILC are not known yet, the older NLC and
TESLA designs indicate a range of possibilities. In the NLC(TESLA) damping ring designs, the vertical
bunch size at the midpoint of the dipole magnets is ∼ 5(7)µm and the horizontal size is ∼ 35(45)µm.
Beam energy is ∼ 2(5) GeV and the critical energy is about 3γ 3 ~c/ρ = 8(6) keV. Synchrotron radiation
is cast forward in a narrow cone of opening angle 1/γ. An imaging system working in the optical
region would be diffraction limited and incapable of resolving the small vertical size of the beam, but
wavelengths below 1nm (ie X-rays above ∼1keV) will provide sufficient resolution. An optimal choice
for the working energy is thus constrained from below by diffraction, from above by critical energy, and
must be chosen to permit maximal transmission by the optical components yet maximal absorption by
the detector.
Imaging and detecting these photons poses interesting technical challenges. A system suitable for
damping ring use requires three principal components:
1. A point-to-point imaging optical system suitable for ∼ 1 − 10 keV X-rays. Several technologies
exist, including grazing angle mirror systems, diffracting aluminum or beryllium lenses, and Fresnel zone plates. Each has advantages and disadvantages. Grazing angle systems are inherently
achromatic, but require high precision control of the surface figure. Diffracting lenses and zone
plates are wavelength specific and would require a monochromator upstream, but are mechanically less demanding. (A monochromator has the useful side-effect of reducing flux and therefore
minimizing thermal load on the dimensionally sensitive optical elements.) Diffracting systems
also introduce absorption which must be kept low by suitable choice of material.
2. A low-noise, high speed, high resolution two-dimensional detector with sufficiently fast response
to cleanly separate the closely spaced bunches that one will encounter in a Linear Collider damping ring (1.4 ns for NLC, 20ns for TESLA). Solid state pixel detectors are a plausible detector
choice, offering 2-dimensional imaging and high granularity, as well as a low capacitance, low noise
source adaptable to the needs of high speed readout. Careful study of the signal transmission
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characteristics, starting from the absorption processes, through the drift, diffusion, and charge collection in the detector, and the subsequent transport, switching, amplification, and measurement
of the signal charge must be undertaken to fully understand the factors that determine achievable
bunch resolution time. 1ns resolution may be achievable in silicon, but subnanosecond resolution
likely demands higher mobility materials such as GaAs. (Commercial photodiode receivers for
10GBit/sec ethernet systems exhibit 30ps rise and fall times.) Initial calculations indicate that
radiation hardness is also likely to be a significant factor. The intrinsic spatial resolution of the
detector and the magnification of the optical system must be optimized together to achieve best
resolution.
3. A high speed data acquisition system to extract signals from the detector, perform signal processing and pass results to accelerator control systems in real time. Appropriate software would be
required to render the results in a form easily interpreted by an operator.
A well developed literature exists for X-ray optics of the varieties mentioned above [see for instance
Handbook of Optics, Vol III, Michael Bass, Ed. and references therein]. Applications are typically
related to focussing X-rays to maximize intensity, and high speed time-resolved detection of an imaged
low emittance beam will require additional development. Conventional detection systems use flourescent screens to convert X-rays to optical photons which are then detected by a standard CCD camera,
offering no useful time resolution.
A system that would offer 10ns resolution could usefully image single TESLA bunches, and is within the
range of today’s technology but not actually available. A system that would offer 1ns resolution could
image single NLC bunches, but may require some technological development. A system that would
offer 10ps resolution could permit intrabunch resolution, i.e., bunch tomography, but will demand both
technological advance and a deep understanding of the physical processes of the detection mechanism.
We propose to investigate a range of technologies applicable to Xray imaging in the appropriate energy
range, and to the development of a high speed bunch imaging device. We will explore in detail the
fundamental physical processes that determine its ultimate time resolution.
We build on our ten year’s experience with silicon detectors and high speed data acquisition technology.
We also have ready access to appropriate facilities, including the Cornell Nanofabrication Facility
(CNF), the X-ray lines at the Cornell High Energy Synchrotron Source (CHESS), and of course the
CESR storage ring itself, whose energy and beam size parameters, and bunch spacings are relevant
to the existing LC damping ring designs. Readily available simulation tools include PISCES (for
signal development and transport in solid state detectors), SPICE (for general electronics design), and
SHADOW (for xray optics design). We will use these, or others as necessary, and develop our own
Monte Carlo simulation of the entire chain from the point of radiation to the final step of detection. We
also have available an extensive stock of small prototype silicon detectors and a well equipped detector
development laboratory (including probe station, wire bonder, etc.) which can be used to empirically
study general properties of signal development in silicon detectors and cross check the simulations and
calculations.
Results from Prior Support
Prior research in this area has been supported as part of the current grant NSF PHY-0355182, entitled “University-based Accelerator R&D for a Linear Collider”, in the amount $128,315, covering the
period 9/1/04-8/31/06. Under this grant, the specific activity entitled “Design for a Fast Synchrotron
Radiation Imaging System for Beam Size Monitoring” is supported at the level of $21,082. Results of
this prior research are described below.
In the past year we have developed simulation and calculational tools for studying key issues and
optimizing design features of a high-speed xray camera and associated xray optics. In particular we
have investigated the impact of xray energy choice, which in our design is a tunable parameter to be
determined by a monochromator, on signal size, S/N ratio, achievable precision in beam size, shape,
and centroid parameters, and radiation damage. A serious issue emerging from this study is that of
radiation damage, and we have mapped out the ratio of signal size to radiation dose as a function of
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xray energy to find optimal conditions. As a function of energy, both the xray flux and the absorption
characteristics are changing, and a problem for radiation dose arises as xray energies decrease and the
energy deposition in the semiconductor, though smaller per photon, is nevertheless more and more
concentrated in smaller and smaller volumes of material and leads to serious dose rate issues. For
silicon the signal/dose ratio is maximized just below the K-shell edge at 1.836 keV, but in absolute
terms the dose rate remains very high. In GaAs the situation is similiar but the absolute dose rate is
even more severe. We are now developing concepts for a mechanical shutter system to limit the duty
cycle of exposure since the natural signal acquisition duty cycle in a damping ring application will be
low and radiation impinging on the detector outside the signal acquisition times contributes only to
damage. In the proposed activities for FY05 (see below) we will deploy a real detector in CESR and
among other things be able to explore the radiation damage issues.
Broader Impact
We are involving graduate students in this project – including a theory student working on his thesis
in general relativity – and intend to bring in undergraduates starting in the summer. Commissioning
the device and analyzing the data are excellent projects for students, and overall this enterprise is
like an entire HEP experiment in miniature, comprising signal detection, signal processing and data
acquisition, calibration, data quality control and monitoring, data analysis, quantitative results – and
a publication at the end. In these days when HEP experiments are multi-decade endeavours, this kind
of project offers excellent short term training opportunity.
FY05 Project Activities and Deliverables
We propose a one year program to build and install a prototype beam size monitor in the CESR
accelerator to acquire hands-on experience with this kind of system.
Because the timing constraints in CESR are relatively relaxed (14ns between bunches) we can use
existing silicon strip detectors for the front end. We need to build readout electronics for the detectors,
and for this purpose we have designed and submitted for fabrication a circuit board which will hold the
detectors and the frontend preamplifiers, and we will build a backend digitization and data acquisition
system which is cloned directly from existing designs that currently are used to process bunch-by-bunch
signals from fast BPMs and other beam monitoring devices in CESR. The silicon strip detectors are
6.4mm × 6.4mm prototypes left over from old CLEO III detector development projects. Their size and
response characteristics are well matched to the CESR parameters. We have designed and are building
a new analog front end preamp to match the detector output to the 72MHz digitization system. In
this initial prototype study we will use simple pinhole optics for imaging the synchrotron radiation
on the detector and will deploy the apparatus in an existing CHESS xray beamline. As this system
is built primarily from existing designs and existing hardware where-ever feasible, the costs are well
understood and have been kept as low as possible. The details are laid out in the budget justification
below.
Budget justification
We ask for funding for the following electronics components needed for a 32-channel readout system.
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preamp board
analog boards (4)
timing board
I/O board
digital board
power supply
timing pickup module
cables, connectors and misc.
xray pinhole structures (3)
xray filters
beryllium vacuum window
miscellaneous expenses
mechanical shutter system:
control board
pulsed power supply
monitor and feedback
materials
Total

$1200
$3200
$600
$450
$1400
$1000
$300
$500
$2400
$750
$400
$800
$1350
$950
$300
$1000
$16,600

In addition, we request travel funds for Jesse Ernst who will travel to Ithaca 6 times at an average cost
of $350 per trip, and funds for other miscellaneous expenses incurred at SUNY Albany in the execution
of the project.
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Budget tables: all figures in K$.
Institution: Cornell University
Item heightOther Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Albany subcontract
Total direct costs
Indirect costs (58%)
Total direct and indirect costs

0
0
0
0
0
0
14.8
0
1.8
0
4.65
21.25
2.253
23.503

Institution: State University of New York, Albany
Item heightOther Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs(50%)
Total direct and indirect costs
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0
0
0
0
0
0
0
2.1
1.0
0
3.1
1.550
4.65
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and electronic devices using hadrons
(progress report)
Accelerator Physics
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David Pellett
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UC Davis
Fermilab
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Funds awarded (DOE)
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FY06 award: 38,000
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Project Name
Radiation Damage Studies of Materials and Electronic Devices Using Hadrons
Classification (Accelerator)
LCRD 2.9
Personnel and Institution
University of California, Davis, Department of Physics:
Maxwell Chertok, David E. Pellett (professors)
Collaborators
Stanford Linear Accelerator Center:
James E. Spencer, Zachary R. Wolf (staff scientists)
Fermi National Accelerator Center:
James T. Volk (staff scientist)
Project Leader
David E. Pellett
email pellett@physics.ucdavis.edu
phone (530) 752-1783
Project Overview Radiation effects are an important but understudied area that are seldom part of the basic design process for many reasons. Notwithstanding, many materials and
electronic devices should be tested for their ability to survive in the radiation environment
expected at any future linear collider (LC). Radiation-sensitive components of the accelerator
and detectors will be subjected to large fluences of hadrons as well as electrons and gammas
during the lifetime of the accelerator. Examples are NdFeB permanent magnets which have
many potential uses in the damping rings, injection and extraction lines and final focus, even
though the linacs will be superconducting; electronic and electro-optical devices which will
be utilized in the detector readout, possible gamma channels and accelerator control systems;
and CCDs which will be required for the vertex detector.
UC Davis has two major facilities (see description below) which can be used to provide needed
information on hadron radiation damage, the McClellan Nuclear Reactor Center (MNRC),
located in Sacramento (approximately 50 mi. round trip from the Davis campus), and the
UC Davis Crocker Nuclear Laboratory (CNL) cyclotron (on campus). This project is in the
second year of a three year program funded by the US Department of Energy under LCRD
contract DE-FG02-03ER41280. It is described more fully in the 2004 LCRD Accelerator
Proposal, Sec. 2.9. The initial study in this program concerns radiation damage from fast
neutrons in samples of NdFeB permanent magnet materials from different vendors using the
MNRC facilities.
Permanent magnet beam optical elements have been in use in the SLAC damping rings and
their injection and extraction lines since 1985. They are also candidates for use in final focus
quads, damping rings, wigglers and possibly elsewhere in the LC. It appears advantageous to
use NdFeB for such magnets due to its lower cost and its higher energy product, (BH)max ,
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relative to SmCo. However, because its Curie temperature, TC , is much lower than that
of SmCo, one needs to better understand and characterize the degradation of its magnetic
properties due to radiation damage.
Neutrons from photonuclear reactions are expected to be an important source of radiation
damage to most materials in the beam tunnels and damping ring enclosures. The radiation
doses have been estimated in the NLC beam tunnel using a simulation based on electron losses
[1]. These losses create showers of secondary particles dominated by electrons, positrons,
photons and neutrons. The neutron energy spectrum is broad but peaked near 1 MeV. In
a region under a magnet, approximately 25 cm below the beam line, the equivalent fluence
of 1 MeV neutrons (normalized to radiation damage in silicon) was estimated to be 1.9 ×
1014 cm−2 for 10 years of operation. The magnets themselves are likely to see much higher
neutron fluences, especially in other locations, such as the damping rings. Brown and Cost [2]
have shown that the remanence of NdFeB permanent magnets may be reduced significantly
for neutron fluences of this order of magnitude and higher when irradiated at an elevated
temperature (350 K). We know that the rate of reduction with fluence depends on the type of
magnet, its operating point during irradiation, the intrinsic coercivity of the material and the
manufacturer of the material [3]. Thus, it is necessary to characterize the radiation damage of
candidate materials for LC NdFeB permanent magnets using neutron fluences to determine
the useful life of any proposed devices based on using such materials. Our measurements
appear to be unique in their ranges of loading or operating points and they complement the
measurements of Ito, et al. using 200 MeV protons [4]. As Ito et al. make clear, there
are discrepancies between available measurements with protons and the damage mechanisms
which are not understood. Further, there also appear to be inconsistencies between the
available neutron damage studies and the proton measurements so that this work is needed if
NdFeB magnets are to be considered for the baseline LC design. Clearly, the measurements
will be useful for other applications.
Of course, high doses of gammas and electrons are also present in these areas but the associated radiation damage is expected to be much less than from the neutrons [3]. SLAC
is in a good position to verify this with bremsstrahlung on candidate materials. Samples of
NdFeB and SmCo have been tested at SLAC (with Lockheed Martin) together with many
other materials using Co60 gammas with no observable effects up to 1 MGy – as expected
[5].
Existing measurements of the radiation environment in the SLAC damping rings should
provide an estimate of the neutron fluences in the LC damping ring magnets. The existence of
significant neutron fluences have been demonstrated along the beam line in the SLC electron
damping ring and their sources have been studied [6]. Fermilab is also estimating beam
loss distributions and particle fluxes for LC collimation systems which will help specify the
requirements elsewhere.
The considerations above led us to begin our study with the effects of 1 MeV-equivalent neutrons on NdFeB samples with different values of coercivity and from different manufacturers.
The presence of B10 in the material with its very large thermal neutron capture cross section
greatly increases the radiation dose delivered for a given thermal neutron fluence relative to
fast neutrons, so measuring the effect of thermal neutrons is also important since this effect
leads to irreparable damage in contrast to Co59 conversion to Co60 or the possible use of Gd
as a substitution dopant for Nd.
We did not propose to test SmCo samples in this program. There is already a proof of
2

76

principle for the use of SmCo in the SLC and evidence from Ito et al. [4] that the material
is considerably more radiation-hard than NdFeB. Further, SmCo presents a more difficult
handling and disposal problem due to the copious production of the long-lived radioactive
isotopes Sm153 and Co60 by thermal neutrons. We also note that SmCo damage has been
studied in the SLAC damping rings by the SLAC people in this proposal [6].
The latter part of this project will involve testing electronic and electro-optical devices and
materials for LC accelerator and detector applications [7] using neutrons at MNRC or at
CNL or 63 MeV protons in the CNL radiation test beam. While we have done a total of six
irradiations so far on PM materials we will begin our first fiber optic materials with the next
PM irradiation run.
Current Research Progress
As mentioned earlier, this project is in the second year of a three year program funded by the
US Department of Energy under LCRD contract DE-FG02-03ER41280. We briefly summarize
the progress in this section. More detailed information has been presented at conferences and
is available on the web [3][8]. Latest results of current work will be given at PAC2005 [9].
Test assemblies of NdFeB magnet blocks with iron flux returns have been fabricated that fit
into the MNRC reactor test chambers and provide a broad variation in operating points over
the different constituent blocks. A conceptual diagram showing how the magnet is constructed
from NdFeB magnet blocks and iron flux returns is shown in Fig. 1. The assemblies that have
been tested so far have considerably thinner flux returns than indicated in the diagram or
than were simulated in order to fit into the existing vessel as well as to reduce radiation levels
and insure uniform dose distributions. The basic configuration is an asymmetric quadrupole
magnet with simple two-pole geometry and a gap which can be varied through the choice
of the flux return pieces. Typical block dimensions are in the range 6-9 mm. The gap has
thus been chosen in the range 2-7 mm. In the case shown, the load-line of the lowest block is
far into the first B-H quadrant (from the field of the adjacent, larger block and circuit) and
is nearly the same throughout the block while its matching partner at the top has material
that is clearly in the second quadrant as does the larger block. As the gap is decreased, the
difference increases - making the upper one more susceptible to damage. The magnetizations
of individual blocks were measured using a Helmholtz coil facility in the SLAC Magnetic
Measurements Group. Also, field scans were made using a special Hall probe fixture. Details
of the design of the magnet test assemblies and results of field measurements are given in the
report by Spencer and Volk [3].
An initial irradiation of a magnet assembly was performed directly downstream of a hydrogen
target in a SLAC beam line, achieving a dose of 10 kGy of gammas and 1 kGy of 1 MeV
equivalent neutrons (stated as tissue equivalent dose to simplify comparisons). The two most
significant radioactive isotopes were Be7 and Cr51 from the B and Fe with the latter 20 times
stronger but still less than one µCi. The next strongest after these was down another factor of
4 from the Be7 . Half lives are of order one to two weeks. There was no evidence of radiation
from the Nd derived isotopes nor from any substitution elements such as Dy, Pr or Tb.
Magnet structures using blocks manufactured by Sumitomo and isolated (open circuit) ShinEtsu blocks of N50M and N34Z were used, among others, for irradiation at MNRC as they
provide a wide variation in magnetization characteristics. They have been subjected to a
continuing series of irradiations using 1 MeV-equivalent neutrons in the NIF facility at the
MNRC reactor.
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PM Material

Variable Gap

Flux Return

Figure 1: Schematic diagram of magnet test structure showing magnetization vectors.
The irradiation takes place inside the reactor vessel but outside the core inside a shielded
container which provides attenuation of thermal neutrons and significantly reduces gamma ray
exposure. Magnets are attached to a hexagonal structure inside the container. The container
is rotated during irradiation to insure uniform neutron doses between samples. Various forms
of dosimetry were provided. The irradiations have been relatively short (46 minutes) to
allow safe handling of the irradiation vessel by reactor personnel and to avoid long delays
for the induced radioactivity to decay prior to shipping to SLAC for measurement. Gamma
ray spectroscopy was performed on samples after irradiation to characterize the radiation
and to evaluate the effect of doping the material by the manufacturer with other rare earth
substitutions [8]. As described above, such measurements are important but seldom made.
The results of the irradiation at SLAC and the initial series of irradiations at MNRC were
presented at EPAC04 [8]. The results of the first three MNRC runs are shown in Table 1.
Details of the blocks and the numbering scheme are given in [3]. The larger blocks are now
at top (#7) and bottom (#5). Easy axis strength errors are small and repeatable even for
the small blocks. Fig. 2 shows the magnetization loss of the blocks vs. run number. Run 1
corresponds to no radiation (corresponding to Table 1). Run 2 was the irradiation in End
Station A at SLAC. The remaining runs were at MNRC with 9.7 × 1012 n/cm2 for Run 3
and 1.9 × 1013 n/cm2 each for Runs 4 and 5. The total 1 MeV-Si equivalent neutron dose
delivered at MNRC was 35 Gy.
Table 1: Initial magnetizations for irradiated blocks and damage rate
Block
¯
#7 (top)
#3 (mid)
#5 (bot)
N34Z1
N50M1

Mx (G)
167
-414
-444
-382
-144

My (T) ± (G)
1.0904± 7
1.0950± 5
1.0727± 7
1.1102 ±2
1.3717± 1

Mz (G)
483
343
283
-382
-2.8

δMy /δD (G/Gy)
-1.6
-1.2
-0.7
-0.4
-1.4

The results are consistent with fast neutron damage being proportional to dose, but depending
as well on the disposition of the effective load lines relative to the nonlinear part of the
hysteresis curve. The two larger blocks bracket the smaller one and the variation of the
damage with dose is roughly twice as great for #7 as for #5. We have also investigated
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Figure 2: Magnetization loss vs. radiation run number.
the effects on magnet radiation resistance and induced radioactivity due to the presence of
additional rare-earth components such as Tb (as revealed by the gamma spectra) [8].
In the last year, we had encountered some delays in this program due to changes in personnel
at MNRC and the shutdown at SLAC but our irradiations at MNRC are now progressing
well. We have constructed a portable magnet measuring stand which uses stepping motor
micropositioners controlled by a laptop computer running LabVIEW to automate the Hall
probe measurements. New magnet blocks using materials from Hitachi (HS36, HS48) and a
new magnet structure with three more blocks in a higher field configuration have been added
to the series of tests. Results from the current work will be presented at PAC05 in Knoxville
in May [9].
Table 2 gives results for three different types of blocks from our first 43 min run in NIF
taken before shipping and magnetic measurements to obtain trace elements as well as sources
and levels of radioactivity. While “Ref” refers to a 3-block magnet (#3, 5 & 7 in Table 1)
with a thin iron return yoke, the overall volumes of material and their geometries in the 3
samples were comparable to obtain uniformity of dose throughout their volumes. Similarly,
all blocks were Ni plated. For completeness, we note that Fe has 4 stable isotopes ranging
from A=54-58 with 26 Fe56 (91.7%) while Ni has 5 ranging from A=58-64 with 28 Ni58 (67.9%).
Essentially all of the observed lines have been identified but a number were not tabulated
to save space e.g. some Tb160 levels with higher rates than Co60 were left out because they
don’t affect our conclusions. The sources of most lines are clear e.g. n-capture on Fe58 , Nd146
or the substitution element Tb159 . Neutron knockout (n,2n) on Nd148 also has a cross section
comparable to capture leading to Nd147 while (n,p)-exchange reactions on Fe54 , Ni60 or trace
contaminants esp. from the rare earths are also seen. Pm151 results from Nd150 (n,γ)Nd151
followed by β − decay. It follows from Table 2 that N50Z has about 55% as much Tb as N34Z.
Based on known capture cross sections for Fe58 and Tb159 and relative abundances one infers
a large substitution in N34Z that greatly improves its RR.
Table 3 compares a newer block (HS36) from Hitachi with a block having comparable characteristics to Shin-Etsu’s N34Z. Clearly, they are doped differently i.e. the Hitachi block uses
Pr141 as well as Dy which has 8 stable isotopes as compared to Tb159 which also has only a
5
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Table 2: Radioactive species by count rate.
Element Decay Energy
A
Prob.a [keV]
ZX
160
0.270 298.6
65 Tb
160
Tb
0.168
879.3
65
160
0.127
966.1
Tb
65
160
0.130 1177.9
65 Tb
60
1.000
1173.2
Co
27
60
1.000 1332.4
27 Co
151
0.229 340.1
61 Pm
147
0.280
91.2
60 Nd
147
0.131 531.0
60 Nd
151
Pm
0.088
167.8
61
151
0.072 275.3
61 Pm
149
0.031 285.9
61 Pm
54
1.000 834.8
25 Mn
59
0.565 1099.2
26 Fe
a Taken

Block Typeb
N34Z N50M Ref
47.6 26.5
28.4 15.6
22.3 12.4
11.9 6.5
2.8
2.4
2.4
2.6
2.1
2.2
2.6
3.1
2.4
2.3
2.8
1.7
2.1
2.6
2.0
1.2
1.4
1.1
1.0
1.3
1.0
0.9
1.4
1.0
0.3
0.3
1.0
0.3
0.1
0.3

from [10].
blocks from Sumitomo Metals, Ltd.

b Resized

single isotope. The magnetic HH comparisons will appear in the PAC05 paper together with
Hall probe scan distributions.
Facilities, Equipment and Other Resources
UC Davis has two major facilities which can be used to provide needed information on hadron
radiation damage, the McClellan Nuclear Reactor Center (MNRC), located in Sacramento
(approximately 50 mi. round trip from the Davis campus), and the UC Davis Crocker Nuclear
Laboratory (CNL) cyclotron (on campus).
The MNRC reactor has a number of areas for irradiating samples with neutron fluxes up
to 4.5 × 1013 n/cm2 s. A specialized area (NIF) allows irradiation with 1 MeV-equivalent
neutrons in a flux of 4.2 × 1010 n/cm2 s while suppressing thermal neutrons and gammas by
large factors. Other areas allow irradiating very large objects at lower fluxes.
The CNL radiation test beam consists of protons of up to 63.3 MeV kinetic energy spread over
a rather uniform beam spot 7 cm in diameter. A typical central flux is 4.2 × 109 protons/cm2 s
(0.56 kRad/s (Si)). A secondary emission monitor calibrated with a Faraday cup is used to
measure the beam fluence to an accuracy of better than 5%. The beam profile has been
established by a variety of means, showing the dose to have fallen by only 2% at a radius of
2 cm. The facility can also produce a neutron beam with a flat energy spectrum extending
to 70 MeV kinetic energy. We have used the CNL proton facility for a wide variety of tests
on electronic devices and detector components.
References
[1] S. Roesler et al., “Dose to Electronics in NLC Beam Tunnel,” SLAC RP 99-15, Dec. 1999.
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Table 3: Radioactive species by count rate.
Element Decay Energy
A
Prob.a [keV]
ZX
160
0.270 298.6
65 Tb
160
Tb
0.168
879.3
65
160
0.127
966.1
Tb
65
160
0.130 1177.9
65 Tb
60
1.000
1173.2
Co
27
60
1.000 1332.4
27 Co
151
0.229 340.1
61 Pm
151
0.088 167.8
61 Pm
54
1.000 834.8
25 Mn
142
Pr
0.036
1575.6
59
151
0.072 275.3
61 Pm
149
0.031 285.9
61 Pm
165
0.15
94.8
66 Dy
147
0.280
91.2
60 Nd
147
Nd
0.131
531.0
60
a Taken

Block Typeb
N34Z N50M HS36
47.6 28.4
28.4 15.6
22.3 12.4
11.9 6.5
2.8
2.4
2.6
2.1
2.6
3.1 34.4
1.2
1.4 15.0
0.3
0.3 12.9
12.9
1.0
1.3 11.8
0.9
1.4
3.7
2.8
2.3
2.8
2.0
2.1
2.6
1.9

from [10].
from Shin-Etsu, HS from Hitachi.

b N-series

[2] R.D. Brown and J.R. Cost, “Radiation-Induced Changes in Magnetic Properties of NdFe-B Permanent Magnets,” IEEE Trans. Magnetics Vol. 25, 1989.
[3] James Spencer and James Volk, “Permanent Magnets for Radiation Damage Studies,”
presented at PAC03, SLAC-PUB 9876, 2003.
http://www.slac.stanford.edu/pubs/slacpubs/9750/slac-pub-9876.pdf
[4] Yoshifumi Ito et al., “Magnetic flux loss in rare-earth magnets irradiated with 200 MeV
protons,” Nucl. Instr. and Meth. B 183, 2001.
[5] H.B. Luna et al., “Bremsstrahlung Radiation Effects in Rare Earth PM’s”, Nucl. Instr.
and Meth. A285 (1989) 349.
[6] James Spencer, et al., “Further Experience with SLC Permanent Magnet (PM) Multipoles,” presented at PAC03, SLAC-PUB 9884, 2003.
http://www.slac.stanford.edu/pubs/slacpubs/9750/slac-pub-9884.pdf
[7] E. Colby et al., “Gamma Radiation Studies on Optical Materials,” IEEE Trans. Nucl.
Sci. 49 (2002) 2857-2869.
[8] J. Allen et al., “Radiation Damage Studies with Hadrons on Materials and Electronics,”
presented at EPAC04, SLAC-PUB 10500, 2004.
http://www.slac.stanford.edu/pubs/slacpubs/10500/slac-pub-10534.pdf
[9] J. Allen et al., “Fast Neutron Damage Studies on NdFeB Materials,” abstract submitted
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[10] B. Shleien,Ed., The Health Physics and Radiological Health Handbook,Scinta, Inc., Silver
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BACKGAMMON: A Scheme for Compton Backscattered
Photoproduction at the International Linear Collider
Classification (subsystem)
Accelerator: beyond the interaction point
Personnel and Institution(s) requesting funding
S. Danagoulian, Department of Physics, North Carolina A&T State University
Collaborators
S. Mtingwa, Department of Physics, North Carolina A&T State University
M. Strikman, Department of Physics, Pennsylvania State University
R. Pitthan, Stanford Linear Accelerator Center
Y. Kolomensky, University of California, Berkeley
Project Leader
S. Danagoulian
danagous@ncat.edu
(336) 334-7646
Project Overview
We propose to investigate the possibility of Compton backscattering low energy laser pulses
off the spent electron and positron beams at the International Linear Collider. The hot
backscattered photons would then scatter off fixed targets for a rich variety of physics studies
in a scheme dubbed BACKGAMMON, for BACKscattered GAMMas On Nucleons. The first
objective would be to operate a heavy quark factory, since the cross sections for charm and
bottom quark production would be favorable for producing large numbers of these flavors.
Secondly, if the incident laser pulses are circularly polarized, the backscattered photons would
be circularly polarized as well, allowing the possibility of producing polarized τ pairs on fixed
targets. Also, BACKGAMMON’s polarized hot photons could scatter off polarized targets
and play an important role in elucidating the spin structure of nucleons. Finally, there is the
possibility of studying the photon structure function for the spent electron beam scattering
off laser photons.
The original idea of using a next generation linear collider for producing Compton backscattered photon beams for operation of a heavy quark factory is described in Reference [1],
which was before the advent of the current generation of B factories using electron-positron
colliders. There it was shown that, if one had an electron beam of hundreds of GeV energy,
then one could produce on the order of 109 B meson pairs per year for studies of CP violation
in the B meson system. Such studies would complement nicely the current results from the
SLAC/BaBar and KEK/Belle B Factories. Soon after the description of BACKGAMMON
for heavy quark production, it became clear that this scheme could be used to operate a
polarized τ factory as well. This and subsequent ideas are contained References [2-6].
Milburn [7] and independently Arutyunian and collaborators proposed the original idea of using Compton backscattering in accelerators [8-10]. The detailed theory of Compton backscattering, incorporating the accelerator lattice functions of the initial electron beam, was derived
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in Reference [1]. The first practical application of Compton backscattering in a physics experiment was the measurement by Ballam et al. of γ p hadronic cross sections in a bubble
chamber at SLAC [11]. Since that initial experiment, there have been a number of studies using Compton backscattered photons, including the Brookhaven National Laboratory’s
Laser Electron Gamma Source (LEGS) Facility [12,13] and applications of Compton backscattered photon beams to measure the polarization of electron beams [14-19]. Thus, Compton
backscattering has enjoyed a rich history.
This project describes research that is unobtrusive to the baseline International Linear Collider (ILC) design. It should be viewed as an add-on experiment that is worthy of further
study. Accordingly, in this project, three physics objectives initially would be pursued:
BACKGAMMON I
Unpolarized laser pulses would be incident on the spent electron beam to produce unpolarized
hot photons for the photoproduction of heavy quark flavors to study a variety of phenomena,
including CP violation in the neutral B meson system, high precision studies of bottom and
charm decays, searching for rare and forbidden bottom and charm decays, QCD studies using
heavy quark pair events, heavy quark spectroscopy, heavy quark baryons, and other checks
on the Standard Model.
BACKGAMMON II
While BACKGAMMON I is using the spent electron beam, circularly polarized laser pulses
would be incident on the spent positron beam to produce circularly polarized hot photons
for the photoproduction of polarized τ pairs, to study a variety of phenomena, including
improving the τ neutrino mass limits from such decays as τ − → K − K + π − ντ , searching for
CP violation in the lepton sector of the Standard Model, searching for rare and forbidden
decays, studying the Lorentz structure of τ decays, and other checks of the Standard Model.
BACKGAMMON III
At the conclusion of BACKGAMMON II, the polarized hot backscattered photons would be
incident on polarized nucleon targets to measure the gluon contribution to the nucleon spin.
An excellent discussion of this point is contained in Reference [20]. The spin content of the
nucleon still is not understood fully.
LASER REQUIREMENTS
In Reference [5], the laser requirements of BACKGAMMON are discussed briefly. There, it is
emphasized that the laser requirements in this scheme are less stringent than those for a γ − γ
collider. For the γ − γ collider, the aim is to convert each electron in the collider bunch into
a hot photon, leading to the requirement of 1 Joule per laser flash with a 1 kHz repetition
rate. In BACKGAMMON, for 109 electrons per bunch, only 1 mJ per laser pulse at 1kHz
would produce the 109 B pairs per year; while for 1010 electrons per bunch, as called for in
the ILC designs, 1010 B pairs per year would be produced. Moreover, if one could push the
laser rep rate up to the 10 kHz called for in the ILC designs, then one could produce up to
1011 B pairs per year. These B meson pairs would be produced in a much cleaner background
than that of the hadron machines, such as the 1011 B pairs per year proposed for the BTeV
experiment at Fermilab.
A specific laser design and implementation at BACKGAMMON could lay the groundwork
for the γ − γ collider laser system, with the main difference being the lower laser power
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requirements for BACKGAMMON. For the γ − γ collider, it has been suggested that a diode
pumped semiconductor laser is plausible [21]. However, for the high repetition rates needed
in both these schemes, it may be necessary to time-multiplex a set of lasers. More R&D is
needed to settle this issue.
Broader Impact This research will be performed with the assistance of two graduate students and two undergraduate students from North Carolina A&T State University (NCA&T).
NCA&T has a Masters program in physics; thus, the graduate students working on this
project would use their work to satisfy the thesis requirement. For the undergraduate students, the project would provide invaluable research opportunities so that they could appreciate firsthand the art of basic scientific research. For both the graduate and undergraduate
students, the goal would be to encourage them to proceed to the doctorate in physics.
NCA&T is a public institution that is part of the University of North Carolina System.
More importantly, it is one of the Historically Black Colleges and Universities, with both
graduate and undergraduate enrollments containing in excess of ninety percent (90%) AfricanAmerican students. Moreover, the physics program enrolls a number of women students,
in some years comparable in number to the number of men students. Thus, this research
project would proceed within a student environment that is composed of sizable numbers of
underrepresented gender and ethnic groups.
NCA&T’s partnership with Penn State, SLAC, and UC-Berkeley would be extremely advantageous for all involved. Not only would those institutions become better acquainted with
the students’ abilities, hopefully leading to future recruitment opportunities, but the students
would gain a better appreciation of what is needed to perform at such institutions at the next
level of their studies.
Hopefully, the research results from this project will be implemented at the ILC. In the
meantime, the results will be presented at physics conferences and workshops and published
in premier physics journals.
Results of Prior Research
We recently made substantial progress on linear collider research under two NSF grants: Planning Grant Award number PHY-0303702 (9/15/03 - 8/31/04) and the current Grant number
PHY-0355182 (9/1/04 - 8/31/06). North Carolina A&T was a subcontractor with Cornell
University, and the grants were for an accelerator project entitled, Damping Ring Studies for
the LC. The goal was to derive more computationally friendly formulas for the phenomenon
of intrabeam scattering (IBS). IBS involves multiple small-angle Coulomb scatterings of particles within a bunch. To compute emittance growth rates due to IBS, the theory involves a
series of matrix inversions and computations of the determinants of matrices at each of the
many lattice points in the damping ring. To compute emittance growth rates versus bunch
charge, popular mathematical codes take many hours to give results. Thus, approximations
to the theory are necessary to reduce greatly the time needed to compute emittance growth
rates. We derived such computationally-friendly approximations and showed that they give
excellent agreement with the full theory for damping rings corresponding to both warm and
cold linear collider designs.
For the lower energy damping rings for the warm linear collider designs, IBS would be the
most important impediment to achieving ultra low beam emittances. Now that the decision
has been made to use cold linear collider technology, the damping ring energies are sufficiently
3
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high that IBS does not seem to be a big problem, although in some designs it is not negligible
and should always be checked.
The results of that work are now being revised for publication in Physical Review ST AB.
Also, it has much broader applicability than to just the ILC. It can be applied readily to
proton accelerators and other electron accelerators, such as synchrotron light sources.
Facilities, Equipment and Other Resources
This project will involve calculations to support the concept of a hot photon factory at the
ILC. As such, the main resource will be the computational facilities available at North Carolina A&T. The university offers main frames and personal computers in computer labs across
the campus, with sufficient computer assistance to satisfy student and faculty needs. Moreover, the Department of Physics has its own computer lab with local workstations that are
available to students and faculty. However, the computer labs are sometimes oversubscribed;
thus, annually we would like to purchase two (2) personal computers and computational
software to assist with this project.
FY2005 Project Activities and Deliverables
During the first year, we will study the feasibility of using the disrupted beams after the
electron-positron interaction point for Compton backscattering laser pulses. Initial work on
this issue, as reported by Rainer Pitthan at the recent SLAC Workshop on Machine Detector
Interface at the ILC looks promising. Pitthan’s talk is posted at the workshop Website
www-conf.slac.stanford.edu/mdi/talks/CrossingAngle/ILC MDI05 Pitthan.pdf. We will study
the backgrounds from the electron-positron interaction point to insure that they are manageable and design beamlines to bring the best quality electron and positron spent beams to the
two interaction points with the lasers. On the theoretical side, we will understand the details
of the angular dependences of the polarizations of the photoproduced τ pairs, and we will
perform theoretical studies of the physics issues as outlined above. This would involve both
analytic approaches and simulations of the phenomenology. The results of all the first year’s
activities will be written up in a detailed report.
FY2006 Project Activities and Deliverables
We will understand the requirements on the laser systems and decide how best to implement
them for BACKGAMMON. For instance, should a system of lasers be time-multiplexed to
match the 10 kHz repetition rate of the electron and positron bunches. We will undertake a
detailed study that couples the entire system from the electron-positron interaction point to
the electron and positron-laser interaction points to the backscattered photons on the fixed
targets. Also, we will begin detailed simulations of the experiments that are being proposed.
The results of all the second year’s activities will be written up in a detailed report.
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FY2007 Project Activities and Deliverables
In the third year, we will concentrate on the detector design and data acquisition. We will
study the FOCUS experiment (Fermilab E831) and determine how to improve its detector
system for BACKGAMMON I. One advantage of BACKGAMMON I is that the statistics will
be several orders of magnitude higher so that a much higher data acquisition rate will have to
be implemented. Also, we will propose appropriate detector systems for BACKGAMMONS
II and III. By the end of the third year, we will produce a technical design report of the
proposed experiments. Finally, we will investigate the possibility of using the spent electron
beam to probe the photon structure function. For a review, see Reference [22].
Budget justification:
The entire project will consist mainly of computational and theoretical calculations, with
heavy use of simulation codes. The first year’s budget will provide research assistantships
for two (2) graduate students and two (2) undergraduate students; travel for domestic and
international conferences and the Principal Investigator, consultant, and collaborators to visit
each other’s institutions for the purpose of working on the project; materials and supplies in
the form of two (2) personal computers, computer software and other miscellaneous materials;
consultant services for S. Mtingwa at the rate of $524 per day for 41.1 days; and tuition
support for two (2) graduate students. Note that individual items such as the PCs, which
cost less than $5,000, are not considered equipment under NCA&T’s regulations.
During the second year, we provide two (2) months summer salary for the PI and we include
the same funds as requested the first year, increased mostly for inflation.
During the third year, we include the same funds as requested the second year, increased
mostly for inflation.
Fringe benefits are 24% of faculty salaries and 7.65% of $6,000 graduate student summer
salary. Other direct costs are tuition for two graduate students. Indirect costs are calculated
at North Carolina A&T’s 40% rate on modified total direct costs, which excludes tuition.
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Three-year budget, in then-year K$
Institution: Institution 1
Item
Faculty (Summer)
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Consultant Services
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
30
14
44.0
0.5
44.5
0
15
12
21.5
30
123.0
37.2
160.2

FY2006
13.0
0
32
15
60.0
3.6
63.6
0
16
14
22.6
31
147.2
46.5
193.7

FY2007
13.6
0
34
16
63.6
3.7
67.3
0
18
16
23.7
32
157.0
50.0
207.0

Total
26.6
0
96
45
167.6
7.8
175.4
0
49
42
67.8
93
427.2
133.7
560.9
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Proposal Name: Ground Motion studies at NuMI.

1

Classification (subsystem)
Beamline, interaction region stability.

Personnel and Institution(s) requesting funding
Northwestern University, Department of Physics and Astronomy:
Mayda Velasco (Assistant Professor),
Michal Szleper (Research Associate),
Summer student.

Collaborators
FNAL: Shekhar Mishra, Vladimir Shiltsev.

Project Leader
Mayda Velasco
mvelasco@lotus.phys.northwestern.edu
847 467 7099

Project Overview
Ground motion can cause significant deterioration in the luminosity of a linear collider. Vibration of numerous focusing magnets causes continuous misalignments, which makes the
beam emittance grow. For this reason, understanding the seismic vibration of all potential
LC sites is essential and related efforts in many sites are ongoing.
The proposed studies were requested by the LC project leader at FNAL, Shekhar Mishra.
They will be a continuation of the measurements carried out recently by the Northwestern
group, which focused on how the ground motion effects vary with depth. Knowledge of depth
dependence of the seismic activity is needed in order to decide how deep the LC tunnel should
be at sites like Fermilab. The measurements will be made in the NuMI tunnel. We take advantage of the fact that from the beginning to the end of the tunnel there is a height difference
of about 350 ft and that there are about five different types of dolomite layers.
The proposed study has two main goals. First, carrying extended and more systematic measurements which will check the stability of the vibration amplitudes at different depths over
1

Item ID 55: R & D list for NLC available in http://www-conf.slac.stanford.edu/lcprojectlist/asp/
projectlistbyanything.asp.
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long periods of time. This will allow a better control and more efficient averaging out of
the daytime variation effects and a better study of other time dependences, before the actual
depth dependence can be descerned with more accuracy. New measurements should also clarify the relatively few poorly understood features of the existing results. The second objective
will be making a measurement in the first 150 ft under ground, which the previous study did
not cover, but results provided motivation to do so.
The proximity of Northwestern to Fermilab allows us to go to the tunnel frequently in order
to change the location of the probes, exchange storage disks and batteries for the equipment
(whatever needed) and program data taking for the next period of time.

Broader Impact
We plan to hire a summer student to work on this project. The student will be hired from the
SROP (Summer Research Opportunity Program) NU-minority program. This project may
be a good opportunity for a young student to learn a variety of issues in modern experimental
high energy physics, including both NuMI and LC issues, and to acquire some basic hardware
and software skills.
In the past, we have already worked with both an undergraduate physics student and a
prospective graduate student on ground motion projects.

Results of Prior Research
First test measurements were made in 2003 in the Aurora Mine, 200 ft below ground level,
where measurements using a different equipment had already been made before (V. Shiltsev).
In spring 2004, the equipment was installed in the NuMI tunnel. Measurements were made
at three locations inside the tunnel: in the NuMI target hall (depth ∼150 ft), in the absorber
hall (∼280 ft) and in the MINOS near detector hall (∼350 ft). Data taking lasted two weeks
in total.
Measurements scanned effectively the frequency range of 0.1 - 50 Hz. From an offline data
analysis, the following observations have been made:
• Vibrations below 1 Hz come mainly from natural sources. The vibration amplitudes vary
slowly in time, but no regular pattern was observed within the timescale of the study.
• Dependence on depth of vibrations below 1 Hz seemed not be present, or could not be
discerned outside the limits set by the natural time variations.
• Human activity is the main source of vibrations above 1 Hz. It presents significant
day/night and weekday/holiday variations, amounting up to a factor of 3 in the total
amplitude averaged over 30 minutes long intervals.
• Significant amount of vibrations above 1 Hz was due to local in-tunnel sources, many of
them being strongly time dependent and irregular.
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• Vibrations coming from surface sources were visible and their amplitudes depended on,
besides depth itself, many details of the study location. These included, e.g., the distance
to the nearest shaft or ventillation tunnel.
• Dependence on depth in the range of 150 - 350 ft below ground was found insignificant
and possible to descern only after subtracting the vibrations from local sources. Since
earlier studies revealed a drop by a factor of ∼2 of the vibration amplitudes between
ground level and 150 ft underneath, this precisely turned out to be the range where most
attenuation happens.
• Vibrations in the vertical and horizontal directions were found similar to each other.
• Overall, vibration amplitudes were inside the tolerance limits of a linear collider, confirming earlier results from the NuMI target hall (DESY group, W. Bialowons et al.),
from data collected with a different equipment.

Preliminary results were shown at the ICAR meeting in Argonne, May 2004 (see
http://diablo.phys.northwestern.edu/~ michals/mszleper icar.pdf).
The final results were reported at the LC Workshop in Victoria, Canada, July 2004 (see
http://diablo.phys.northwestern.edu/~ michals/mszleper victoria.pdf).
This research was funded by a grant from the state of Illinois to do accelerator development,
ICAR.

Facilities, Equipment and Other Resources
Northwestern has invested $25K in equipment toward this project using ICAR funds (see
Table 1). Preparations, including learning the hardware, setting up the software, and organizational issues, involved altogether over a year of work. All of the equipment has been tested
and its performance studied. We have been advised by people who had done similar ground
motion studies at other sites in the past (in particular A. Seryi of SLAC). An offline Fourier
analysis program has been adapted to work in a Linux environment and to input the required
data format. Software has been developed to facilitate data analysis.

2
2
1
1
1
1

broadband seismometers
seismometer cables
DL-24 data recorder w/ 1 GB microdrive
12V 33 Ah battery
control interface
power supply
handling charge
shipping and insurance

total

$6,500.00
$325.00
$11,240.00
$175.00
$700.00
$160.00

$13,000.00
$650.00
$11,240.00
$175.00
$700.00
$160.00
$5.00
$160.00
$26,050.00

We foresee the same equipment and software resources could be used for the proposed study.
A desirable upgrade would concern a pair of new removable data storage disks (2 × 8 Gb
capacity), as explained below.
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FY2005 Project Activities and Deliverables
All the equipment is presently stored at Northwestern University and needs be transported
to Fermilab and installed in the NuMI tunnel.
A series of short test measurements will be made in order to check the proper operation of
the hardware and online software. The quality of the data will be checked off-line.
Measurements must be made at a few different places in the tunnel, including the NuMI
target hall, the absorber hall and the MINOS hall. Exact locations and times will depend on
the accessibility of the relevant parts of the tunnel and must be negotiated with the NuMI
management. Each measurement will be 3-4 weeks long. This will require several short accesses to the tunnel in order to replace the data storage disk and reprogram data taking for
the next period of time. Offline data analysis will proceed in parallel.
These measurements will reveal the long-term variations of the seismic activity in different
frequency ranges. The results will allow to determine the maximum size of natural variations of the vibration amplitudes below 1 Hz and provide more comparative input to test the
stability of the results above 1 Hz. A longer data taking period will permit to separate the
proper dependence on depth from daily and other accidental variations.
An additional measurement will be made in a selected location within the first 150 ft below
ground. Depending on the accessibility, this measurement may take one or more days, or
more than one measurement may be actually made. The results will determine how fast the
noise attenuation occurs in this region.

FY2006 Project Activities and Deliverables
N/A
FY2007 Project Activities and Deliverables
N/A
Budget justification: Institution 1
The timescale to complete the project is defined mainly by the length and number of measurements and will be close to 3 months. As offline data analysis will run mostly in parallel,
it will not change timescales significantly. Currently, we have no grant to cover a Research
Associate position for LC related R&D. We therefore request funding for 3 months of salary
for a Research Associate.
We request funding for travel that will cover the full expenses of the participation in international conferences or workshops, for the research associate and the PI. For exmaple, we will
like to participate in the ILC SNOWMASS summer study this year. We anticipate that at
4
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least two such participations in total will be worthwhile and reasonable. We also anticipate
at least one visit for further discussions and consultation with ground motion experts in other
labs within the US.
The proposed measurements will be made using essentially the same equipment and computing resources we have used in our previous study. However, as we want to extend our
measurements to cover much larger periods of time (and for technical reasons, possibly increase the probing frequency), we will be collecting and storing much larger amounts of data.
Consequently, for all practical purposes, having a more efficient system for data storage and
transfer will be important. The simplest upgrade would consist of using a pair of removable
data storage disks (2 × 8 Gb capacity). Large disk capacity will decrease the frequency of
necessary human accesses to the equipment down to a manageable level, while using two disks
will allow quick exchange of one with another without losing much data taking time.

Three-year budget, in then-year K$
$28,489
Institution: Northwestern University
Item
FY2005 FY2006
Other Professionals
$11,531
0
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
$11,531
0
Fringe Benefits
2,579
0
Total Salaries, Wages and Fringe Benefits $14,110
0
Equipment
$2,500
0
Travel
$6,000
0
Materials and Supplies
0
0
Other direct costs
0
0
Institution 2 subcontract
0
0
Total direct costs
$22,610
0
Indirect costs(1)
5,876
0
Total direct and indirect costs
$28,489
0
(1) Includes 25% of first $22,610 subcontract costs
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FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
11,531
0
0
11,531
2,579
14,110
2,500
6,000
0
0
0
22,610
5,876
28,489
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Accelerator Physics

2.15: Investigation of acoustic localization
of rf cavity breakdown
(progress report)
Accelerator Physics
Contact person
George Gollin
g-gollin@uiuc.edu
(217) 333-4451
Institution(s)
Illinois
SLAC
Funds awarded (DOE)
FY04 award: 23,785
FY05 award: 35,000
FY06 award: 35,000
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Project name
Investigation of acoustic localization of rf cavity breakdown (LCRD 2.15)
Classification (accelerator/detector:subsystem)
Accelerator
Institution(s) and personnel
University of Illinois at Urbana-Champaign, Department of Physics:
George D. Gollin (professor); Michael J. Haney (electrical engineer); Jeremy Williams
(postdoc); Joseph Calvey, Michael Davidsaver, Justin Phillips (undergraduates).
University of Illinois at Urbana-Champaign, Department of Electrical and Computer
Engineering:
William D. O’Brien (professor)
Stanford Linear Accelerator Center:
Marc Ross (staff scientist)
Contact person
George Gollin
g-gollin@uiuc.edu
(217) 333-4451
Project Overview
Electrical breakdown in accelerating structures and RF couplers produces
electromagnetic and acoustic signals that may be used to localize (in a non-invasive
fashion) the breakdown site inside a cavity. Other indications of breakdown (microwave,
X-ray, and dark current measurements) have proven insufficient to elucidate the basic
physics of breakdown. During tests of the ILC design it will be important to record
information describing electrical breakdown in order to understand why cavities and
couplers break down, and how cavity/coupler design and operating conditions influence
accelerator reliability.
The goal of this project is to understand the acoustic properties of ILC RF couplers in
order to relate the acoustic signatures of breakdown events to the underlying minor
electromagnetic catastrophes taking place inside the structures. A wildly optimistic (and
unlikely) outcome would be to develop a technique allowing derivation of an invertible
acoustic Green's function for an individual structure. This Green's function could be used
to predict the signals arriving at various sensors as functions of the acoustic excitation
caused by a coupler breaking down. The inverse function, provided with data from a
sufficiently large number of sensors, would yield information about the discharge. A
more realistic outcome will be to determine how well acoustic information can be used to
localize and classify different breakdown modes in ILC couplers.
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Our first year of investigation has concentrated on building software tools and developing
a small amount of laboratory infrastructure so that we can begin learning about the
problems we are confronting. Since these effects are well described by classical
mechanics, the research has proved ideal for participation by undergraduates. The
students have been remarkably productive and insightful, and are continuing their
involvement.
Results of Previously Supported Activities
Our work began in FY03 when a one-year Department of Energy grant supported it. (The
present project is funded through a three-year grant.) Initially we worked with warm
copper NLC main linac structures. However, much of what we have learned can be
applied to studies of ILC couplers.
Since NLC structures are held at high temperature when they are assembled by brazing,
the copper's grain size grows so that sound waves must propagate through a crystalline
medium with irregularly shaped grains a few millimeters in size which are oriented
randomly. The speed of sound in copper is about five millimeters per microsecond, so
acoustic waves with frequencies in the MHz range (whose wavelengths are comparable to
the grain size) are disrupted by scattering as they propagate.
In FY03 we had worked with two sets of copper dowels on loan from the Fermilab NLC
structure factory. The copper stock was from a shipment of material used to construct
actual NLC test structures; one set of dowels had been heat-annealed to bring up its grain
size, while the other had not and, consequently, had microscopic grains.
We borrowed several 1.8MHz transducers (and associated signal conditioning
electronics) from Bill O'Brien's lab as well as purchasing a pair of 500 kHz Panametrics
transducers ourselves. A schematic diagram of our copper/transducer setup is shown in
Figure 1. A variety of measurements for dowels of different lengths (including speed of
sound, attenuation length, and beam spread) provided us with a nice set of experimental
inputs with which to confront our acoustic models.
We developed a pair of three-dimensional models for the propagation and detection of
acoustic waves in copper. Both described copper as a (possibly irregular) grid of mass
points connected by springs. (We can vary the individual spring constants and the
arrangement of interconnections to introduce irregularities representing grains into our
simulated copper.) The models may seem naïve, but they are able to support a variety of
complex phenomena and it is a simple matter to tune various physical properties (such as
the speeds of sound for compression- and shear-acoustic waves) through adjustments of
the models' parameters.
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Figure 1. Copper/transducer laboratory setup. We can listen for echoes returning to the transducer which
fires pings into the copper, or listen to the signal received by a second transducer, or the sum of signals
from the two transducers.

One of the models uses MatLab as a computational engine, generating an analytic
solution to the coupled equations describing the forces acting on each mass point. The
other, written by two of the students, performs a fourth-order Runge-Kutta numerical
integration to compute the response of mass points to acoustic perturbations. We have
found it invaluable to be able to compare the detailed predictions of the models in order
to verify their accuracy: scattering off grains produces very complicated effects and it is
important to confirm that our calculations are accurate. Our numerical integration model
is able to handle considerably larger systems than is possible with MatLab. However,
when applied to smaller systems (with a few hundred mass points), both models agree to
an accuracy consistent with integration step size and machine precision.
Some of our modeling involves two-dimensional grids of roughly 105 points. We "drive"
signals into them using a transducer model in which the piezoelectric device is described
as a damped oscillator excited by shocks of short duration. Because of reflections at the
ends of the cable used to drive the real transducers, the actual drive signal is complicated;
we find we can model it adequately as a series of four closely spaced impulses. Figure 2
shows a comparison of our simulation and measurements of the transducer signal for a
pair of echoes in a copper dowel. We have used the first echo to guide our selection of
drive parameters; the shape of the second echo is well reproduced.
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Figure 2. Modeling the excitation of a piezoelectric transducer.

Propagation of a simulated acoustic wave in a homogeneous 250×650 point grid is shown
in Figure 3a. The lateral spread of the pulse is a consequence of the relatively small
number of mass points receiving the initial excitation.

Figure 3a. Acoustic pulse propagating in a homogeneous 250×650 point grid.
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We can simulate the transducer signal as a function of time by summing the amplitudes at
the "face" of a transducer as it experiences the effects of the acoustic pulse. Results,
shown in comparison with a real oscilloscope record of transducer signal vs. time are
shown in Figure 3b. They are promising but need more refinement.

Figure 3b. Simulated transducer response to an acoustic pulse propagating in a homogeneous 250×650
point grid. The transducer is at the downstream edge of the array.

The effect of inhomogeneities on an acoustic wave is dramatic, as can be seen in
Figure 4, below. Spring constants in the parallelogram-shaped region are half as large as
those used elsewhere in the grid. The disruption suffered by the pulse dumps a significant
amount of acoustic energy into the "bulk" of the copper. The version of the simulation
shown in the figure does not include any damping. Even so, the echo returning to the
transducer is badly disrupted.
Notice the acoustic "glow" which washes over the transducer site due to scattering off the
discontinuities in material properties evident in Figure 4. We see this sort of effect in the
(real) heat-treated dowels when driving them with our 1.8 MHz transducers, as can be
seen in Figure 5, below.
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Figure 4. Propagation of an
acoustic wave through an
asymmetry in a two-dimensional
grid. Spring constants inside the
region indicated by the
parallelogram are half as large as
they are outside the
parallelogram.
Simulated signal in the
transducer (which generates the
initial pulse and then measures
subsequent acoustic activity) is
shown in the small graph below.

102

George Gollin, University of Illinois

7

2/1/05

Figure 5. Acoustic glow at long times observed in a heat-treated (grainy) long copper dowel. Note that the
scope trace is NOT showing noise: the fine structure is remarkably reproducible from shot to shot.
Configuration uses a single transducer: ping, then listen to baseline signal as pulse travels into copper,
pumping energy into acoustic baseline “glow.” Scope scales are 5 mV and 100 µsec per division.

The amplitude of an acoustic pulse decreases because of attenuation as well as scattering
of energy out of the pulse. Not surprisingly, a pulse bouncing back and forth in a heattreated (grainy) dowel dies out more rapidly than does a pulse traveling in a dowel which
hasn't been heat-treated. This is evident in Figure 6, which shows a comparison of the
sizes of the first and second echoes for pulses traveling in short (2.5 cm length) copper
dowels.

Figure 6. Pulses associated with the first and second echoes in short (2.5 cm) copper dowels. Note the
relative sizes of the first and second echoes in each dowel; more energy is scattered out of the pulse
traveling in the heat-annealed (grainy) copper. Horizontal and vertical scales are 2 µsec and 500 mV per
division respectively.
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Results of First Year Activities Supported by This Grant
Our work continued in FY04. We increased the sophistication of our model to
incorporate arbitrary numbers of grains, and began studying our ability to reconstruct the
source of an acoustic signal.
Figure 7 shows the propagation of an acoustic wave in a two-dimensional “copper”
lattice containing roughly 600 grains. The initial wave front was excited as an even mix
of shear and compression waves. The different propagation speeds of the (slower) shear
wave and (faster) compression wave are clearly seen, even in the presence of the
disruption caused by scattering off the grains.

Figure 7. Propagation of a 50% shear-, 50% compression-mode pulse through a grainy “copper” grid.

We are still able to see reasonably clear signals in our (simulated) receiving transducer in
spite of the grain-induced degradation in signal quality.
The primary issue to be resolved is whether or not we can reconstruct the location and
extent of an electrical breakdown in a three-dimensional structure. To that effect, we have
been working with the 5-cell NLC structure shown in Figure 8. Our model is an
incomplete representation of the structure: it is a cylinder containing five cylindrical
voids, as illustrated in Figure 9. We drive excitations into it from one point on the wall of
the largest void and register the received transducer signals for the four transducer
locations shown in the figure.
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Figure 8. Five-cell NLC accelerating structure used in FY04 investigations.

Figure 9. Simple three-dimensional model for NLC accelerating structure. Acoustic excitations are applied
at the indicated point; the effects on mass points are shown for the plane containing the excitation.
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We find that our ability to reconstruct the breakdown event depends on the amount of
information available from the transducers. Even with only four ideal transducers, placed
as shown in Figure 9, we are able to reconstruct the origin of the spark by playing the
transducer signals backwards, using them to drive signals back into the copper as
illustrated in Figure 10, and looking for the time of sharpest peak to be found in the data.

Figure 10. Simulations of generated (left) and reconstructed (right) acoustic excitation using four ideal
transducers.

Transducers capable of providing this level of information, however, must be able to
determine the motion of the copper surface in all three dimensions. Commercial devices
of this sort are available, but their price is considerably higher than for simple
compression wave sensors. We are currently studying algorithms that are appropriate for
single-signal devices.
Since the technology recommendation last August, we have begun investigating the
geometry of ILC RF couplers in order to begin modeling their acoustic properties in place
of those of the NLC warm copper linac structures. We expect that the tools we have
developed in the last two years will work well for simulating the coupler.
A Few Comments
Active participants in LCRD 2.15 are constrained by the academic calendar: Gollin
teaches (although he had been relieved of teaching duties during the Spring and Fall 2004
terms in order to focus on Linear Collider work), while Calvey, Davidsaver, and Phillips
are undergraduates with full course loads. Most of our progress occurs during the
summer.
Calvey and Davidsaver will graduate in 2006, while Phillips will graduate in 2005. They
have all expressed a great deal of interest in continuing on LCRD 2.15, and will be even
more productive than they were last summer.
Our budget is simple, consisting primarily of salaries for three undergraduate students,
the costs of additional instrumentation, and a small amount of travel money.
More detailed information about recent progress is available on the web in various talks
linked to Gollin’s home page http://www.hep.uiuc.edu/home/g-gollin/.
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UIUC Budget for LCRD 2.15 (awarded by DOE)
Item
Summer + academic year salary, 3 undergraduates
(assume 750 hours/year/student, $6.15/hr)
Panametrics transducers (e.g. A133R-RM, $250)
Signal conditioning circuitry for transducers
National Instruments NI PXI-5112 digitizers
Travel (one trip to SLAC each year)
Indirect costs
Totals

107

FY04
$13,845

FY05
$13,846

FY06
$13,846

$500
$500
$1,047
$7,893
$23,785

$2,000
$500
$10,000
$860
$7,794
$35,000

$2,000
$500
$10,000
$860
$7,794
$35,000
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2.18: Control of Beam Loss in HighRepetition Rate High-Power PPM Klystrons
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Accelerator Physics
Contact person
Chiping Chen
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(617) 253-8506
Institution(s)
Mission Research Corp
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FY05 award: 30,000
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2.18: Control of Beam Loss in HighRepetition Rate High-Power Klystrons
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Accelerator Physics

Contact person
Chiping Chen
chenc@psfc.mit.edu
617 253-8056
Institution(s)
Massachusetts Institute of Technology
Funds Awarded (DOE)
FY04 Award: $20,000
FY05 Award: $30,000
FY06 Award: $35,000
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Progress Report
Research supported under a supplemental to DOE Grant No. DE-FG02-05ER40919
Control of Beam Loss in High-Repetition Rate High-Power Klystrons
Chiping Chen
Leader
Intense Beam Theoretical Research Group
Plasma Science and Fusion Center
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
A major thrust in the Linear Collider (LC) program is the development of high-power
klystrons to power a TeV-class LC.
For the cold technology, the development includes L-Band Multi-Beam Klystrons
(MBKs). The required specifications for the L-Band power source are: 10 MW power
output, 3.0 ms pulse length, 10 Hz repetition rate, 60% efficiency, and several years of
lifetime. Some progress has been made in the US and in the Europe on L-Band MBK. For
example, Communication Power Industries (CPI), Inc. tested a 10MW MBK with 60 ms
plus length (factor of 20 short of the specification) and observed rf breakdown at the rf
output window. The LC community still needs to develop an L-Band klystron that meets
the full specifications for LC.
For the warm technology, the development has been aimed at X-band periodic
permanent magnet (PPM) focusing klystrons. The required specifications for X-band
power source are: 75 MW power output, 1.6 ms pulse length, 120 Hz repetition rate, and
20,000 hour lifetime. After nearly a decade of intense research and development at
SLAC, KEK and elsewhere, the SLAC group achieved, in June 2003, the operation of a
75 MW XP-3 klystron with a pulse length of 1.6 ms and a repetition rate of 120 Hz
(SLAC Website http://www-group.slac.stanford.edu/kly/ppm_klystron/ppm_kly.html).
However, the 20,000-hour lifetime remains to be fulfilled.
The goals of our research program are to develop a better understanding of beam
losses in LC klystrons, and to do innovative research to improve klystrons. In particular,
our efforts include:
(a) Determination of the current limit of a finite-size bunched beam and applied it
to successfully establish the operating condition for Linear Collider (LC)
klystrons (Hess and Chen, 2004);
(b) Innovative research on beam physics applicable to a L-Band multiple ribbonbeam klystrons (MRBK) with better reliability and better efficiency (Bhatt
and Chen, 2005; Zhou, Bhatt and Chen, 2005);
(c) Exploration of the current limit in conventional multi-beam klystrons (MBK)
which use cylindrical beams instead of our innovative elliptic beams.
We presented our results from efforts a) and b) at the Victoria Linear Collider Workshop,
July 28 - 31, 2004.
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Table 1 Parameters of Several LC PPM Klystrons (from Hess and Chen, 2004)
50 MW
75 MW
50 MW
75 MW
75 MW
Parameter XL-PPM
XP-1
C-Band
PPM-1
XP-3
(SLAC)
(SLAC)
Toshiba/KEK BINP/KEK
(SLAC)
f (GHz)
11.4
11.4
5.7
11.4
11.4
190
257
317
266
260
Ib (A)
1.83
1.96
1.67
1.94
2.00
γb
0.20
0.16
0.17
0.14
0.21
Brms (T)
a (cm)
0.48
0.54
0.90
0.55
0.54
0.75
0.77
0.79
0.79
0.74
α
0.19
0.28
0.25
0.20
0.16
se,exp
0.90
0.79
0.85
0.82
0.95
se/se(0,0)
0.80
1.15
0.8
1.0
0.68
se,exp /se(0,0)
Beam
Significant
Small
Power
0.8%
but
but
30%
~ 1.0%
Loss
not measured not measured
We have derived the current limits for LC PPM klystrons and compared them with
experimental observations of beam losses. The results are summarized in Table 1 from
Hess and Chen, 2004). Table 1 lists the key parameters for the five PPM klystrons
(Sprehn, et al, 1998; Sprehn, et al, 2000; Matsumoto, et al, 2001; Chin, et al, 2001;
SLAC Website http://www-group.slac.stanford.edu/kly/ppm_klystron/ppm_kly.html):
operating frequency f , average beam current I b , beam energy γ b , the rms magnetic
field strength Brms , and the pipe radius a . Table I also shows the values for
α = 2πa γ b L and the experimental space charge (current) parameter s e,exp , which can be
computed using the formulas L = β b c f and N b = I b ef . The theoretical limit is
se / se (0,0 ) . If the experiment value se ,exp / se (0,0 ) is greater than se / se (0,0 ) in a klystron,
then substantial beam loss occurs. If the experimental value se ,exp / se (0,0 ) is less than

se / se (0,0 ) in a klystron, then small beam loss could still occurs due to beam halo
formation (Chen and Pakter, 2000; Pakter and Chen, 2000). Our results show good
agreement with the experimental observations.
To adapt the recommendation of the cold technology by the 12-member international
panel in August, 2004, we are placing our emphasis on L-Band MBKs with our
innovative elliptic beams (Bhatt and Chen 2005; Zhou, Bhatt and Chen, 2005) as well as
with conventional cylindrical beams.
Multiple ribbon-beam klystrons (MRBKs) have the following advantages over the
conventional multiple cylindrical-beam klystrons:
a)
b)
c)
d)

Higher efficiency (80% vs. 60%),
Few beams (4 vs. 6),
Lower magnetic field (1.6 kG rms vs. 5 kG rms),
Energy-free permanent magnet vs. energy-consuming pulsed magnet.
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These advantages would reduce the construction and operating costs of LC and improve
the reliability of rf power sources. These attractive features motivated us to accelerate the
R&D on MRBKs.
To this end, we have invented a technique to focus a relativistic ellipse-shaped beam
and discovered an exact paraxial equilibrium state for a high-intensity periodically
twisted elliptic beam (Zhou, Bhatt and Chen, 2005). Such elliptic electron beam would be
use to build an L-Band MRBK.
As an example, we have considered a relativistic ribbon beam with voltage
Vb = 114 keV , current I b = 32.75 A, aspect ratio a b = 5 , and non-axisymmetric periodic
permanent magnet focusing with B0 = 2.2 kG , S = 2.2 cm , and k 0 y k0 x = 1.52 (Zhou,
Bhatt and Chen, 2005). We propose four such beams in a 10 MW L-Band multipleribbon-beam klystron (MRBK) for a linear collider (LC).
For such a system the matched solution of the generalized envelope equations is
calculated numerically as shown in Figs. 1(a)-1(c) with the corresponding parameters:
k0 x = 1.56 cm-1 , k0 y = 2.39 cm-1 ,
κ z0 = 0.917 cm-1 , and K = 1.11 ´ 10 -2 . The
solution to the generalized envelope equations shows that the semiaxes of the elliptical
beam remain roughly constant with small oscillations, that the orientation of the ellipse
twists periodically with an amplitude of ten degrees, and that the normalized rotation
flow velocities α x and α y oscillate with the magnet periodicity. Shown in Figs. 1(a) and
2(b), the dotted curves are the envelopes and angle of the beam ellipse obtained from the
PFB2D simulation. It is worthwhile pointing out that the normalized velocities µ x , µ y ,
α x and α y vanish at s = 0 which makes it a natural matching point for a parallel-flow
beam with negligibly small emittance (Bhatt and Chen, 2005).
The PFB2D simulation also shows that the transverse beam distribution preserves the
equilibrium profile as it propagates. In Fig. 2, 10,000 particles (a sample of the
5 ´ 10 5 particles in the PFB2D simulation) are plotted in the (x, y ) plane and (x, dy ds )
plane for five snapshots within one period: s S = 9.0, 9.25, 9.5, 9.75 and 10.0 for the same
beam shown in Fig. 1. This also suggests that the beam equilibrium is stable, although we
have not done a full stability analysis of the beam equilibrium.
We plan to generalize our non-relativistic elliptic diode theory (Bhatt and Chen,
2005) to the relativistic regime to facilitate the full design of relativistic elliptic beams in
the L-Band MRBK. We also plan to carry out a design study of the L-Band MRBK and
communicate our results to rf source development groups at SLAC, KEK and elsewhere.
Finally, we plan to determine the current limit in a conventional MBK with
cylindrical electron beams. In contrast to the X-Band PPM klystrons, the MBK uses an
immerse electron flow. The canonical angular momentum of the electron beam at the
cathode is non-zero. Based on earlier work (Hess, 2002), we expect that such a non-zero
canonical angular momentum will have an important effect on the current limit. We will
compare the results with the experimental observations at CPI and elsewhere.
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Fig. 1 Plots of (a) envelopes a (s ) and b (s ) , (b) twist angle θ (s ) , and (c) normalized
rotational velocities b(s )α x (s ) and a (s )α y (s ) versus the axial distance s for the
relativistic twisted ellipse-shaped beam in Table 1. The solid and dashed curves are
the generalized envelope solution, whereas the dotted curves are from the PFB2D
simulation.
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Fig. 2 Plots of 10,000 particles (a sample of the 5 ´ 10 5 particles in the PFB2D simulation)
in the (x, y ) plane and (x, dy ds ) plane for five snapshots within one period:
s S = 9.0, 9.25, 9.5, 9.75 and 10.0 for the same beam shown in Fig. 1.
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Funds of $30K and $35K are requested for FY2005 and FY2006, respectively,
according to the award agreement and budget submitted in June, 2004. An approximate
breakdown of that agreement is summarized in Table 2 for the 3-year period.
Table 2. Approximate breakdown of the budget in award agreement
Item
Chiping Chen
(PI)
2 Graduate
Students

FY04

FY05

FY06

Total

$10,000

$11,400

$13,000

$34,400

$7,800

$16,400

$19,800

$44,000

$2,200

$2,200

$2,200

$6,600

$20,000

$30,000

$35,000

$85,000

Travel
Total

This budget is modest for the proposed research efforts.
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Project Overview
The 2820 bunches of an ILC pulse would require an unacceptably large damping ring if
the 337 ns linac bunch spacing were used in the damping ring. As a result, the TESLA
500 GeV design1 called for 20 ns bunch separation in a 17 km circumference damping
ring; a fast kicker would deflect individual bunches on injection or extraction, leaving the
orbits of adjacent bunches in the damping ring undisturbed. A number of the kicker
designs which had been considered involve the creation of individual magnetic field
pulses of sufficiently short duration so that only one bunch is influenced by a pulse. The
demands of short rise/fall times and pulse-to-pulse stability are challenging; a system
capable of generating shorter pulses would allow the construction of a smaller damping
ring.
It is interesting to consider a design in which the pulsed kicker is replaced by a low-Q RF
device filled with a broadband signal whose amplitudes, frequencies, and phases
correspond to the Fourier components of a periodic, narrow pulse. Instead of energizing
the system only when a bunch was about to be injected (or extracted) to the damping
ring, the device would run continuously. This might allow the frequencies, phases, and
relative amplitudes of the impulse to be determined with great precision. With a properly
1

TESLA Technical Design Report, http://tesla.desy.de/new_pages/TDR_CD/start.html (March, 2001).
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chosen set of parameters, the system would kick every Mth bunch in a train, leaving
undisturbed the train’s other (M - 1) bunches. Injection (or extraction) of an entire bunch
train would be completed by the end of the Mth orbit through the system. We are studying
a kicker with M = 60, admitting the construction of a 6 km circumference damping ring.
We will assume that the damping ring beam is organized as a number of bunch trains
with an inter-train gap between the tail of one bunch train and the head of the next. The
kicker system would be installed in a bypass section of ring. During injection, a deflector
system would route the beam through the bypass. Once injection was completed, each
deflector would be turned off during the passage of a gap between bunch trains. The
beam would then orbit in the damping ring, bypassing the kicker. At extraction, the
deflectors would be energized again, routing the beam through the kicker for extraction.
Brief description of the Fourier series pulse compression kicker
A general discussion of a Fourier-series kicker system can be found on the web.2 We will
focus on a particular implementation in which an RF amplifier sends a broadband signal
down a waveguide to a Q ≈ 25 RF structure. Dispersion in the waveguide shifts the
relative phases of the Fourier components of the signal so that it is compressed: RF
power arrives at the RF structure in short, periodic bursts, filling it in order to eject the
target bunch without disturbing adjacent bunches. The RF structure is able to store
energy, so its maximum field strength is approximately 20 times greater than the
maximum field strength in the downstream end of the waveguide.
A schematic representation of the kicker is shown in Figure 1. Our studies assume the
values for the kicker’s parameters shown in Table 1.

2

George D. Gollin and Thomas R. Junk, Speculations About a Fourier Series Kicker for
the TESLA Damping Ring,
http://www.hep.uiuc.edu/home/g-gollin/Linear_collider/fourier_series_kicker.pdf (2002).
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Figure 1: Schematic representation of a Fourier series pulse compression
kicker.

Parameter
Symbol
Value
Main linac bunch frequency
3 MHz
fL (ωL ≡ 2π fL)
180 MHz
Damping ring bunch frequency fDR (ωDR ≡ 2π fDR)
RF structure center frequency
1845 MHz
fRF (ωRF ≡ 2π fRF)
RF structure Q
Q
25
1300 MHz
Waveguide cutoff frequency
fcutoff
On field integral
A(0)
(100 ± .07) Gauss-meters
Off field integral
A(t)
(0 ± .07) Gauss-meters
60
fDR / fL
N
10.25
fRF / fDR
Γ
615
fRF / fL
ΓN
Bunch length
±6 mm ~ ±20 ps
δB or τB
Karma
☺
Impeccable
Table 1: Fourier series pulse compression kicker parameters.
The kicker’s field integral is a function of time, naturally. We use the term “major zero”
to refer to the kicker’s (zero-valued) field integral when an unkicked bunch passes
through the device. Since the bunch spacing in a train is uniform, the time interval
between major zeroes is the same as the interval between the kicking impulse and the
first major zero.
Kicker impulse function
We have been studying an impulse function of the following form:
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2
1 sin ( 12 ωDR t )
1 sin ( 12 N ωL t )
cos (ω RF t ) = 2
cos ( ΓN ωL t ) .
A (t ) = 2
N sin 2 ( 12 ωLt )
N sin 2 ( 12 ωLt )
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(1)

The initial term, a normalized ratio of squares of sine functions, is shown in Figure 2 for
an interval ±25 ns around the kicking peak. This envelope function sets the spacing
between kicking peaks and major zeroes. The parameter N is the ratio of the bunch
spacing in the main linac and damping ring.
Besides controlling the locations of the major zeroes, this envelope function also flattens
the kicker’s field integral A(t) in the vicinity of the zeroes since the ratio of the squares of
sine functions also has zero slope at major zeroes in A(t). This way, the variation in field
integral between the center and ends of an individual (unkicked) bunch is insignificant.
Frequency spectrum of envelope function
The frequency spectrum of the envelope function is shown in Figure 3. Because the
kicker signal is periodic, the envelope function’s spectrum is discrete, with individual
Fourier components separated by the main linac bunch frequency fL, 3 MHz in the present
case. Note that the spectrum peaks at zero frequency, then descends linearly, becoming
exactly zero at NfL = 180 MHz.

Figure 2: Envelope function ±25 ns around the kicking peak. Unkicked
bunches pass through the kicker during zeroes in the field integral.
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Figure 3: Fourier amplitudes of the envelope function; plot extends from 0
to 300 MHz. Note that there are 60 non-zero amplitudes and that the
spacing between frequency components is fL = 3 MHz.
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Because A(t) is an even function, its Fourier expansion consists entirely of cosines.
High frequency modulating function
We must choose the frequency of the modulating cosine so that cos(ΓNωLt) = +1
whenever a bunch is to be kicked, of course. But we can further flatten the field
integral A(t) at the major zeroes immediately before and after the kicking pick
with an appropriate choice of fRF. To do this we select a cavity center frequency
fRF that makes the modulating cosine zero as the first (or last) unkicked bunch
traverses the kicker, when t = ±1 / fDR. With a value of fRF satisfying this
requirement, we will have the modulating cosine run through the values of 0, -1,
0, +1, … at successive major zeroes. Note that the value of Γ must differ from an
integer by 0.25 in order for the modulating cosine to be zero at the first major
zero. In addition, N must be an integer multiple of 4 in order for the modulating
cosine to assume the value +1 at all kicking peaks.
The resulting field integral (using fRF = 1845 MHz) is shown in Figure 4 for an
interval ±25 ns around the kicking peak.

Figure 4: Kicker field integral A(t) in an interval ±25 ns around the
kicking peak.

Frequency spectrum of the impulse, including effects of the modulating function
The useful trigonometric identity cos(a) cos(b) = cos(a+b)/2 + cos(a-b)/2 lets us
immediately write the Fourier expansion of A(t) in terms of the Fourier series for the
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envelope function described above. A graph of the Fourier amplitudes of A(t) is shown in
Figure 5. These amplitudes will yield a unit strength kicking pulse.

Figure 5: Fourier amplitudes of the field integral impulse A(t). The peak is
at frequency fRF = 1845 MHz; the amplitudes become identically zero at
fRF ± 180 MHz. These amplitudes will yield a unit strength kicking pulse.

Details of the kicking peak
Figure 6 shows the kicking peak for the time interval (-50 ps, 50 ps). The shape is
dominated by the high frequency modulation term cos(ΓNωLt). The kick drops rapidly
away from its maximum at t = 0. This raises two separate issues. Is the kicker’s injection
efficiency adequate? Are extracted bunches sufficiently free of kicker-induced distortion
so that head-center-tail effects do not degrade the ILC’s luminosity? Recall that the RMS
width of a damping ring bunch is ±20 ps.
One promising strategy would be to install a corrector in the injection and extraction lines
in order to compensate for the time dependence of the impulse delivered to a bunch. A
single-frequency RF system running at fRF could deliver an impulse of the opposite sign
to bunches shortly before/after injection/extraction. The residual error in kick after a
corrector, shown in Figure 7, is about a third as large as the required kicker precision of
0.07%.
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Figure 6: Kicking peak in a time interval ± 50 ps around t = 0. RMS bunch
length is 20 ps.

Figure 7: Fractional kick error, including an injection/extraction line
corrector, in a time interval ± 50 ps around t = 0. Maximum allowable
error is 0.0007, roughly three times the error at 50 ps.
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Modifications to the kicker RF system intended to flatten the kicking peak will generally
increase the required amplifier bandwidth, through introduction of a low frequency tail,
higher frequency bands in the vicinity of harmonics of the cavity center frequency, or
both.
Details of the major zeroes
Figures 8a, 8b, 8c, and 8d show the impulse function in ±50 ps intervals around the first
four major zeroes. Note that the choice of modulation frequency makes the error in the
vicinity of the zeroes cycle through four different shapes: descending cubic, downwards
quadratic, ascending cubic, and upwards quadratic. This may have the virtue of canceling
some of the accumulated errors for bunches which make multiple passes through the
kicker before being extracted. As it stands, the kick error when a bunch transits the kicker
during a single orbit is small compared to the maximum allowable error of 0.0007.
Details of this will depend on the tune of the damping ring.

Figure 8: Impulse function in a time interval ± 50 ps around the first four
major zeroes. Note that the maximum allowable deviation from zero is
.0007, substantially larger than the simulated kicker error.
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Low-Q cavity
The Fourier series kicker needs to apply a ±10% bandwidth impulse to kicked bunches. It
is an interesting technical challenge to devise a method to sum the effects of the various
frequency components. An early (naïve!) conception of the kicker3 used one cavity for
each frequency component, letting the beam sum the effects of the individual Fourier
components. Another idea4, originally described by Joe Rogers, uses a low-Q cavity that
can support the range of frequencies comprising the kicking pulse.
Amplitude and phase lag of cavity response to driving signal
We have not modeled the required cavity in any detail. In our simulations we assume it
has Q = 25, is linear, and produces fields of adequate quality. We ignore the effects of
reflections at its input port and describe the cavity’s response to a driving signal of
frequency ω and amplitude Sdrive this way:
S drive

A ( t ) = Acavity cos (ωt − ϕ ) =

(ω

2
0

2
⎛ 2ω ω ⎞
−ω2 ) + ⎜ 0 ⎟
⎝ Q ⎠

2

cos (ωt − ϕ ) .

(2)

Here ω0 is the cavity’s center frequency; the phase lag ϕ is defined as

⎛

⎞
2ω0ω
⎟.
⎜ Q (ω02 − ω 2 ) ⎟
⎝
⎠

ϕ ≡ tan −1 ⎜

(3)

The ratio A(t)/Sdrive over the required bandwidth is shown in Figure 9. The phase lag ϕ is
shown in Figure 10. (These are the equations describing the response of a damped, driven
harmonic oscillator.)
Fourier amplitudes and phases of driving signal arriving at the cavity
Since the cavity stores energy and its response is frequency dependent, dividing the
Fourier amplitudes shown in Figure 5 by the response function A(t)/Sdrive generates the
distribution of Fourier amplitudes that must be delivered by the amplifier to the
downstream end of the waveguide to generate a unit-strength kicking pulse. This
spectrum is shown in Figure 11. (Bear in mind that we have not yet modeled the
frequency-dependent transfer efficiency of power from the waveguide into the cavity.)
The phase relationship between input and response changes considerably as the
frequency crosses through resonance. Including the frequency-dependent phase of the

3

Ibid.

4

See, for example, George D. Gollin, Studies of Alternative TESLA Damping Ring
Designs, http://www.hep.uiuc.edu/home/g-gollin/talks/AAC_damping_rings.pdf (2004).
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cavity response allows us to plot the required field as a function of time at the
downstream end of the waveguide. This is shown in Figure 12.

Figure 9: Cavity response to driving fields, assuming a Q = 25 cavity with
center frequency 1845 MHz.

Figure 10: Phase lag between cavity response and driving fields.
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Figure 11: Fourier amplitudes required at the downstream end of the
waveguide to generate a unit-strength kicking peak in the RF cavity. The
amplitudes were derived by dividing the coefficients in Figure 5 by the
cavity’s frequency-dependent response.

Figure 12: Field at the downstream end of the waveguide that will
generate a unit-strength kicking peak in the RF cavity. Note the difference
in the maximum amplitude in the waveguide in comparison with the
cavity field, shown in Figure 4.
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It is possible that the kicker system’s sensitivity to errors might be reduced (at the
expense of greater input power) if the cavity center frequency were chosen to be above or
below the kicking pulse’s frequency band. This is worth investigating in detail at a later
time.

Waveguide
We consider a rectangular waveguide with cutoff frequency fcutoff = 1300 MHz driven in
its dominant mode5. The cutoff frequency depends on the waveguide’s geometry, shown
schematically in Figure 13. When b > a, we have fcutoff = c/(2b), where c is the speed of
light in vacuum. Our 1300 MHz waveguide has b ≈ 11.5 cm.

x

z
y
a
b

Figure 13: Waveguide geometry. Power propagates in the +z direction.
For this waveguide, fcutoff = c/(2b) = 1300 MHz.

Group velocity
Besides providing a path between the amplifier and the RF structure, the waveguide
serves as the dispersive transport that compresses the amplifier signal. The waveguide’s
group velocity as a function of frequency is
⎛ f cutoff ⎞
⎛ ωcutoff ⎞
vg = c 1 − ⎜
⎟ = c 1− ⎜
⎟ .
⎝ f ⎠
⎝ ω ⎠
2

2

(4)

Figures 14 and 15 show plots of vg(f) in the frequency ranges 0 to 4000 MHz and 1665 to
2025 MHz.

5

See, for example, Frank S. Crawford, Jr., Waves, Berkeley Physics Course—Volume 3, McGraw-Hill,
New York (1968).
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Figure 14: Waveguide group velocity as a function of frequency in the
range 0 to 4000 MHz.

Energy pumped into the upstream end of the waveguide will propagate down the guide
with speed equal to the group velocity. Because vg(f) is frequency dependent, the relative
phases of various Fourier components will vary with position along the length of the
waveguide in a way that allows the delivery of a compressed pulse to the cavity.

Figure 15: Waveguide group velocity in the kicker’s frequency band, 1665
to 2025 MHz.
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Phase lag as a function of frequency and position
Imagine that a single Fourier component with angular frequency ω is propagating in the z
direction. We can write its amplitude at a fixed z position as acos[ω(t –tpropagation)]. The
time delay tpropagation because power flows down the waveguide at the (finite) group
velocity: we expect tpropagation = z/vg.
Since the group velocity is frequency dependent, the propagation times for different
Fourier components flowing through a waveguide will vary so that their relative phases at
the end of the waveguide will be different from their initial values at the entrance to the
waveguide. We have
1

2 −2
z
= ⎡⎢1 − (ωcutoff ω ) ⎤⎥ .
t propagation ( z , ω ) =
⎦
vg ( ω ) c ⎣

z

(5)

The phase lag for a Fourier component of angular frequency ω relative to one of infinite
frequency is, as a function of distance z along the waveguide,

⎡ 1
1⎤
∆ϕ ( z , ω ) = ω ⎡⎣t propagation ( z , ω ) − t propagation ( z , ∞ ) ⎤⎦ = ω z ⎢
− ⎥.
⎢⎣ vg (ω ) c ⎥⎦

(6)

The relative change in phase per meter of waveguide for adjacent Fourier components
(separated in frequency by 3 MHz) is plotted in Figure 16. From the plot one can see, for
example, that increasing the waveguide length by one meter will increase the phase lag of
the 1800 MHz Fourier component by ~4° relative to that of the adjacent (1803 MHz)
component.
Shown in Figure 17a are plots of the field amplitudes in the waveguide as functions of
time at z positions increased in 5 meter intervals. We have adjusted the graphs’ origins to
keep the amplitude distributions near the center of each plot. The plots are presented in
reverse time-order, with the compressed pulse at the downstream end of the waveguide
appearing first. Figure 17b shows similar plots, but spaced at 20 meter intervals. Figure
17c is an enlarged version of the 80 meter plot from Figure 17b. Unusual features in the
graphs are artifacts.
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Figure 16: Relative phase lag (in degrees) of adjacent Fourier components
induced per meter of waveguide.

Notice that the peak power required from an amplifier at the upstream end of an 80-meter
waveguide is not particularly different from the amplifier’s average power output. The
field amplitude at the entrance to the waveguide is roughly one percent as large as the
maximum field inside the RF kicking structure.
We have not yet optimized the length or cutoff frequency of the waveguide. Operating
with a cutoff frequency closer to the cavity’s center frequency would provide more
dispersion per meter, allowing use of a shorter waveguide at the expense of greater
sensitivity to inaccuracies in waveguide geometry.
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Figure 17a: Fields at different distances from the downstream end of the waveguide,
shown as functions of time.
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Figure 17b: Fields at different distances from the downstream end of the waveguide,
shown as functions of time.
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Figure 17c: Field 80 meters from the downstream end of the waveguide, shown as a
function of time.
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Power amplifier
We will assume that a 100 Gauss-meter impulse (3 MeV/c) is adequate. The kicking
impulse under consideration requires an amplifier capable of generating signals in the
frequency range (1800 ± 180) MHz.
Estimate of required amplifier power
Recall that the electric and magnetic fields in a resonant structure are 90° apart in phase.
As a result, we can estimate the energy stored in the RF structure if we know its volume
and the maximum electric or magnetic field it contains. Consider a generic RF device,
shown schematically in Figure 18.

x

z
y
a

L
b

Figure 18: Generic RF kicking structure. Beam travels along +z.
The energy densities associated with electric and magnetic fields are ε0E2 and B2/µ0 when
E and B are expressed in units of V/m and T.
To inject or extract a bunch, the field strength in the kicker must satisfy
E L ≥ 3 MeV or

B L ≥ 0.01 T ⋅ m

(7)

Recall that the average values of sin(z) and sin2(z) over the interval (0,π) are 2/π and ½,
respectively. If we assume the fields in the RF structure vary sinusoidally with z for a half
wavelength along the structure’s length, we will have
E2
E

2

=

B2
B

1
2

so that
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2

and

B

2

~

π ⎛ 0.01 T ⋅ m ⎞
⎜
4⎝

L

2

⎟ .
⎠

(9)

As a result, the energy stored in the RF device will be
U = abLε 0 E

2

= abL B

2

abπε 0 ⋅ 9 × 1012 abπ ⋅10−4
ab
µ0 ~
=
= 62.5 .
L
4L
4 Lµ0

(10)

A device with a = b = 5 cm and L = 10 m will hold energy U = .015625 joules. Since the
kicker is filled at 3 MHz, it requires 47 kW of RF power, neglecting losses and various
coupling efficiencies. Note that the transverse electric field inside an RF structure of
these dimensions is approximately 300 kV/m.
Amplifier technology
It appears that this power range, frequency and bandwidth suggest the use of a traveling
wave tube amplifier (TWTA) rather than a klystron.6 We have not yet made more than a
cursory investigation of technical issues associated with the choice of amplifier.

Programmable function generator
We imagine driving the RF amplifier input with a programmable function generator. The
device could be reprogrammed to compensate for drifts in the behavior of the amplifier,
waveguide, and RF structure.
We have not yet selected a commercial device with suitable properties.

What is missing
We have not modeled the coupling efficiencies between amplifier and waveguide or
waveguide and RF structure. It is possible that reflections at the coupler between the
waveguide and the cavity will require a circulator to be installed in the waveguide. We
have not studied the effects of losses in the waveguide, or of nonlinear behavior
anywhere in the system. We have not yet simulated in detail the kicker’s effect on
bunches that pass through it a number of times before being extracted.

Sensitivity to errors
The TESLA Technical Design Report7 describes the maximum allowable kicker error as
0.07 Gauss-meters, both for bunches that are to pass through the kicker undisturbed
6
7

Ralph Pasquinelli, private communication.
TESLA Technical Design Report, http://tesla.desy.de/new_pages/TDR_CD/ (2001).
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(when its field integral is zero) and bunches that are to be extracted. Imperfections or
drifts in amplifier performance, waveguide geometry, RF structure parameters, and bunch
timing will all contribute to kicker performance errors. In this section we assume that
injection and extraction line correctors are installed (as discussed previously) and
describe the effects of various problems on kicker error.
RF structure Q error
The RF structure’s response to driving fields depends on Q: both the frequency
dependence and the overall magnitude of the cavity fields are affected by an error in Q.
Shown in Figure 19 are plots of the fractional kick error as functions of deviation in Q.
The three curves correspond to the center, head, and tail of a bunch, assuming the “head”
and “tail” positions are ±2.5σ (±50 ps) from the bunch center along the beam’s direction
of travel. Full scale deviation in Q shown in the plot is ±0.1%, giving rise to fractional
kick errors of approximately ±0.0006, slightly smaller than the maximum tolerable kick
error of ±0.0007 (0.07%).

Figure 19. Fractional kick error caused by deviations in Q for the center
(t = 0), head (t = -50 ps), and tail (t = +50 ps) of an extracted bunch.

The impulse error is smaller for unkicked bunches and is shown in Figure 20, in which
comparisons of the effects on the kicked and first two unkicked bunches are plotted. The
impulse error during an interval ±10 ns around the kicked bunch is shown in Figure 21.
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Figure 20. Kick error caused by deviations in Q for the center, head, and
tail of the kicked and first two unkicked bunches. Full vertical scale
corresponds to 0.07 Gauss-meters (2.1 keV/c).

Figure 21. Kick error as a function of time caused by a +0.1% deviation in
Q. Note that bunches are only in the kicker at integral multiples of the
damping ring bunch spacing, 5.56 ns in our model.
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RF structure center frequency error
The RF structure’s response will be altered if its natural frequency deviates from the
nominal value. The associated error in kicker impulse is shown in Figure 22 as a function
of frequency deviation for the center, head, and tail of the kicked bunch.

Figure 22. Kick error as a function of cavity center frequency error (MHz).

Figure 23. Kick error as a function of cavity center frequency error for
kicked, first unkicked, and second unkicked bunches.
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The effect is most significant for the head and tail of the kicked bunch; Figure 24 shows a
graph of impulse error as a function of time for this bunch when the cavity center
frequency is mistuned by 180 kHz (0.01%). Full horizontal scale in the plot is ±50 ps
(±2.5σ).

Figure 24. Kick error as a function of time when the cavity center
frequency is mistuned by 180 kHz (shown for the kicked bunch only).
Cavity mistuning should be maintained below 0.01% during operation.
Waveguide length error
Changes in the length of the waveguide will shift the arrival time of the kicking pulse at
the cavity relative to the arrival time of a bunch, as well as shifting the relative phases of
the different frequency components contributing to the kick. Both of these effects change
the arrival time of the kick with the same sign.
Figure 25 shows the effect of a 1 mm waveguide length error. The two curves represent
the ideal and delivered impulses as functions of time; full scale in the plot is ±10 ps. Note
the ~5 ps shift in the positions of the peaks. Since the waveguide’s group velocity is
~2/3 c in the kicker’s frequency band, we see that most of the shift in the location of the
peak is caused by the overall increase in propagation distance, rather than the dispersioninduced shift in the relative phases of the Fourier components. This isn’t surprising: the
phase difference between adjacent Fourier components only changes by a few degrees
per meter of waveguide: a one millimeter length error will only shift their relative phases
by a few thousandths of a degree. Most of the change in the time structure of the kicking
peak comes about through its delayed arrival at the RF cavity.
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Figure 25. Effect of a 1 mm waveguide length error. The two curves
represent the ideal and delivered impulses as functions of time; full scale
in the plot is ±10 ps.

When the waveguide error is too large, the shape of the kicking peak will change so that
the injection/extraction line correctors can no longer flatten the peak with sufficient
accuracy. As a measure of this change in shape, we plot the difference between the
delivered kick and an ideal impulse in Figure 26, in which the peaks of the delivered and
ideal impulse curves have been aligned.
Most of the deviation from the ideal impulse evident in Figure 26 is due to the difference
in size of the delivered kick. Rescaling the kicks to have the same magnitude as the ideal
impulse yields the curves plotted in Figure 27. This is encouraging: it would be sensible
to build the waveguide to an accuracy in length of a centimeter or better, but it is easy to
compensate for errors (or thermally induced changes) in length by tuning the amplitude
and timing of the amplifier signal injected into the waveguide.
The effect on unkicked bunches is also small, as can be seen in Figure 28. The effect on
later unkicked bunches is even less than on the first unkicked bunch: as long as the
waveguide length is controlled to an accuracy of a centimeter, adjusting the overall size
and timing of the amplifier signal will compensate adequately for small changes in
waveguide length.
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Figure 26. Effect of waveguide length error. Plotted are the differences
between the delivered kicks and an ideal impulse for waveguides that are
5 mm, 10 mm, 15 mm, 20 mm, and 25 mm too long. The peaks in the
delivered kicks have been shifted in time to align with the peak in the ideal
impulse centered at t = 0.

Figure 27. Differences between delivered kicks and an ideal impulse for
waveguides that are 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm too long.
The peaks in the kicks have been shifted in time to align with the peak in
the ideal impulse that is centered at t = 0. In addition, the delivered kicks
have been rescaled to have the same magnitude as the ideal impulse.
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Figure 28. Differences between delivered kicks and an ideal impulse at the arrival time of
the first unkicked bunch for waveguides that are 5 mm, 10 mm, 15 mm, 20 mm, and
25 mm too long. The peaks in the kicks have been shifted in time to align with the peak
in the ideal impulse that is centered at t = 0. The time region in the plot is centered on the
arrival time of the first unkicked bunch.
Waveguide cutoff frequency error
Recall that the cutoff frequency for the rectangular waveguide shown in Figure 13 is
fcutoff = c/(2b), where b is the larger of the waveguide’s transverse dimensions.
Inaccuracies and thermal drifts in waveguide geometry will change the cutoff frequency,
and therefore the frequency dependence of the group velocity. It should be possible to
correct for this by reprogramming the function generator that drives the amplifier.
The problems arising from drifts in cutoff frequency will be seen in a number of ways.
The average group velocity will change, so the propagation time between amplifier and
cavity will shift. This causes mistiming between the kicking peak and the beam. In
addition, the phase differences between the various Fourier components arriving at the
cavity are changed, leading to an error in pulse shape.
How large an error in fcutoff might be tolerable? We can use the sensitivity to waveguide
length errors as a rough indicator. Figures 25 - 28 suggest that a centimeter length change
does not distort the pulse shape by an unacceptable amount. The relative phases of
adjacent Fourier components change by a few hundredths of a degree per centimeter of
waveguide, so we can ask what change in cutoff frequency might have a similar effect on
the phases. After traveling the full length of the waveguide, frequency components
separated by 3 MHz are split in phase by typically 300 degrees. As a result, a fractional
error in error in group velocity, and therefore in cutoff frequency, that is small compared
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to a part in 104 ought to be tolerable. Since δvg/vg ~ δb/b, we will need the waveguide
transverse dimension to be stable a few microns.
To some extent we should see the same kinds of effects arising due to errors in
waveguide cutoff frequency as we do with errors in length: there will be an overall time
displacement of the kicking peak and a reduction in its amplitude, as well as distortion in
the shapes of the impulse function in the vicinity of the zeroes. Some correction through
adjustment of the timing and overall amplitude of the signal coming out of the function
generator can (partially) compensate for this.
The shift in arrival time of the kicking peak is shown in Figure 29 for a 100 kHz
displacement in cutoff frequency away from the nominal value of 1.3 GHz. Note the
~30 ps displacement of the peak from t = 0.

Figure 29. Effect of a 100 kHz cutoff frequency error. The two curves
represent the ideal and delivered impulses as functions of time; full scale
in the plot is ±100 ps. Nominal fcutoff is 1.3 GHz.
The influence on the shape of the kicking peak is shown in Figure 30 in which we plot
the difference between the delivered kick and an ideal impulse after the peaks of the
delivered and ideal impulse curves have been aligned in time, and rescaled to have the
same peak amplitude. The impact on the accuracy of the zero in impulse at the first
unkicked bunch is shown in Figure 31. From these figures we see that it is harder to
correct the impulse function at the first unkicked bunch than it is at the kicked bunch by
rescaling and shifting in time: the impulse errors 50 ps away from the bunch centers are
larger for the unkicked bunch. As it stands, this naïve correction scheme will be adequate
for cutoff frequency errors smaller than about 20 kHz,
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Figure 30. Effects of cutoff frequency errors. The curves represent the
difference between delivered and ideal impulses as functions of time after
aligning the time of the peaks and rescaling the peak amplitudes. Full
scale in the plot is ±100 ps. Nominal fcutoff is 1.3 GHz. Errors in cutoff
frequency for individual curves are indicated on the plot.

Figure 31. Effects of cutoff frequency errors. The curves represent the
difference between delivered and ideal impulses as functions of time. The
peaks in the kicks have been shifted in time to align with the peak in the
ideal impulse that is centered at t = 0. The time region in the plot is
centered on the arrival time of the first unkicked bunch.

146

2/1/05

George Gollin, University of Illinois

31

2/1/05

Amplifier gain error: linear frequency dependence
Any effect that causes the delivery of an incorrect set of amplitudes and phases for the
various Fourier components to the RF structure will generate impulse errors. To see how
sensitive the impulse function is to amplifier gain errors we model these errors assuming
a linear frequency dependence: ∆G = α(f-fRF). Naturally, other forms of frequency
dependence are possible! However, since we are working with a signal whose full
bandwidth is only ±10% of its principal frequency, a linear model seems a sensible
choice for the time being. How large can α become without overly distorting the impulse
function?
Figures 32, 33, and 34 show the consequences for α values of 0.5% per 180 MHz, 1.0%
per 180 MHz, 1.5% per 180 MHz, and 2.0% per 180 MHz. In the plots, the impulse
functions have been rescaled to agree in amplitude at t = 0 with the nominal kick. Full
(horizontal) scale in the figures is ±100 ps. Since the full bandwidth in the impulse
function is ±180 MHz, the different curves correspond to maximum deviations from ideal
gain of ±0.5%, ±1.0%, ±1.5%, and ±2.0%. As before, it is the first unkicked bunch that is
most susceptible to problems: amplifier gain errors (for errors that increase linearly with
distance from the center frequency) should be kept smaller than ±1% over the full
±180 MHz band.

Figure 32. Effects of an amplifier gain error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the kicked bunch.
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Figure 33. Effects of an amplifier gain error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the first unkicked bunch.

Figure 34. Effects of an amplifier gain error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the second unkicked bunch.
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Amplifier phase error: linear frequency dependence
To study sensitivity to amplifier phase errors we again assume a linear frequency
dependence: ∆φ = β(f-fRF).
Figures 35, 36, and 37 show the consequences for β values of 0.2º per 180 MHz, 0.4º per
180 MHz,… 1.0º per 180 MHz. In the plots, the impulse functions have been shifted in
time to align the kicking peaks and rescaled to agree in amplitude with the nominal kick.
Full (horizontal) scale in the figures is ±100 ps. As before, the full bandwidth in the
impulse function is ±180 MHz.
Again, it is the first unkicked bunch that is most susceptible to problems: amplifier phase
errors (for errors that increase linearly with distance from the center frequency) should be
kept smaller than ~1º over the full ±180 MHz band.

Figure 35. Effects of an amplifier phase error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the kicked bunch. Full (horizontal) scale is ±100 ps.
The impulse functions have been shifted in time to align the kicking peaks
at t = 0 and rescaled to agree in amplitude with the nominal kick.
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Figure 36. Effects of an amplifier phase error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the first unkicked bunch.

Figure 37. Effects of an amplifier phase error that grows linearly with
frequency. The curves represent the difference between delivered and
ideal impulses as functions of time. The time region in the plot is centered
on the arrival time of the second unkicked bunch.
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A comment on errors
The errors in impulse function caused by the effects described above can be corrected
through adjustment of the signal produced by the programmable function generator.
Small corrections can be made through adjustment in overall amplitude and timing of the
function generator signal; larger adjustments will require changing the mix of Fourier
amplitudes and phases in the signal sent to the RF amplifier.
Not all problems can be remedied through clever use of a low-level RF system to
recognize impulse inaccuracies: noise and amplifier nonlinearities can introduce errors
that cannot be removed through reprogramming.
Sensitivity to noise
Amplifier noise
We model amplifier noise as flat in frequency spectrum from 300 MHz to 6 GHz, and
random in phase. We do not simulate noise outside this frequency range. To represent the
noise voltage in the time domain, we divide the frequency band into bins that are
300 kHz wide and assign a noise voltage vi(t) = v0 cos(ωit + φi) to each bin. The subscript
i labels the bin; the phase φi is selected randomly with no correlation between the phases
of individual frequency bins. The overall noise voltage vnoise(t) is the sum of vi(t) over all
bins i.
As can be seen in Figure 17c, the maximum amplifier output is ~0.015 in units where the
kicking voltage inside the RF cavity has unit strength 1. In these units, an RMS amplifier
noise voltage of 10-4 per GHz1/2 produces the results shown in the next several graphs.
Figure 38 illustrates a typical noise voltage, shown as a function of time, at the amplifier
output. Note the presence of high frequency contributions to the noise amplitude.
Since the RF cavity does not store energy efficiently at frequencies far from 1.8 GHz, we
expect that the noise voltage inside the cavity will show much less out-of-band
contribution than is present in the simulated amplifier noise. This can be seen in
Figure 39 where the high frequency noise present in Figure 38 is largely absent.
The noise distribution added to the kicking impulse corresponding to an amplifier noise
level of 10-4 per GHz1/2 is shown in Figure 40. Note that the RMS noise voltage in the
cavity is 0.00044 (in units where the ideal impulse has unit amplitude), somewhat smaller
than the limit set by the total noise budget.
The full bandwidth of the amplifier input signal is 360 MHz; restricted to this band, the
rms noise associated with 10-4 per GHz1/2 would be 6×10-5 in comparison with a
maximum signal of ~.015, or a required signal/noise ratio of ~250, or 48 db. With a wider
acceptance band (the RF cavity responds to out-of-band frequencies), the required
signal/noise ratio is greater.
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Figure 38. Effects of amplifier noise: the graph shows noise added to the
amplifier’s output signal as a function of time over the time period ±10 ns.
The amplifier is assumed to generate an RMS noise voltage of 10-4 per
GHz1/2 in units where an ideal kick has unit amplitude. Noise is generated
with constant amplitude and random phase in the frequency range
300 MHz to 6 GHz.

Figure 39. Effects of amplifier noise on kicking impulse: the graph shows
the cavity’s response to the amplifier noise plotted in the previous figure.
Note the absence of the high frequency components evident in the
previous figure. RMS noise voltage in the cavity is 0.00044, in units
where the ideal impulse has unit amplitude.
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Figure 40. Noise voltages. RMS width of the distribution is 0.00044, in
units where the ideal impulse has unit amplitude.
Arbitrary function generator noise
We do not yet model noise from the arbitrary function generator, instead including it in
our naïve model for amplifier noise. It is reasonable to expect that the noise from a
function generator will not be independent of frequency!
Nonlinear effects
Harmonic distortion
Our modeling of harmonic distortion is primitive, and should be further developed. At the
present time we assume that harmonic distortion introduces an unwanted contribution to
the amplifier output that is only a function of the amplifier’s ideal (noise- and distortionfree) output signal as well as its output noise. We do not generate harmonic distortion
associated with output frequency components introduced through other nonlinear effects
such as intermodulation distortion. We do not model harmonic distortion arising from
imperfections in the arbitrary function generator.
As was done with the simulation of amplifier noise, we model amplifier harmonic
distortion as flat in frequency spectrum from 300 MHz to 6 GHz. Only the first harmonic
is generated, using a fixed phase relationship between the parent signal voltage and
distortion-induced harmonic. This is more clearly (and concisely) described in equations:
∞

A1 cos (ω1t + ϕ1 ) → ∑ An cos ( nω1t + ϕ1 + δϕ n )
n =1

...where An ≡ An ( A1 , ω1 ) and δϕn ≡ δϕn ( A1 , ω1 ) .
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In our model,
⎧aA
An ( A1 , ω1 ) = ⎨ 1
⎩ 0

n=2
n>2

and

⎧b n = 2
⎩0 n > 2

δϕn ( A1 , ω1 ) = ⎨

(12)

where a and b are constants.
It would be natural to include more complicated dependences on amplitude and
frequency; in the future we would like to refine these studies to incorporate more detailed
properties of traveling wave tube amplifiers.

Figure 41. Voltages caused by (first) harmonic distortion. The coupling from
fundamental into first harmonic is modeled to be independent of frequency as described
in the text.

In our simple model, voltage arising from harmonic distortion scales linearly with a and
shifts in time (without changing its shape) with b. Figure 41 illustrates the unwanted
voltage added to an ideal signal in the case a = 0.5 and b = 0. In the figure contributions
to the distortion signal from amplifier noise have been omitted: it seems likely that this is
normally included in the quoted values of noise amplitude quoted by manufacturers of
TWTA’s.
The RF cavity response as a function of driving frequency was given in Equation 2. We
see that the response to a driving signal at twice the center frequency ω0 is
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2
16
Q 9+ 2
Q

≈ 0.027 .

(13)

ω = 2ω0

Here Aω0 is the cavity’s response to a driving signal at its center frequency.
It is helpful that the cavity’s response to signals far from its center frequency is small!
Since the principal signal’s full bandwidth is only ±10%, the distortion-induced
harmonics are far from the signal band and are tolerable when a < 0.5, corresponding to
-6dB.
Intermodulation distortion
Intermodulation (IM) distortion can introduce spurious signals at frequencies that are the
sums and differences of frequencies present in the primary signal. As was true for
harmonic distortion, the signal’s ±10% full bandwidth and cavity’s narrow frequency
response will help suppress sensitivity to “second order” IM distortion. (Second order
distortion signals primarily populate bands centered at 180 MHz and 3.69 GHz.)
However, distortion-induced signals near 3.69 GHz can mix with signals in the primary
band (centered at 1.845 GHz) to produce unwanted third order signals in the primary
signal band.
Our modeling of IM distortion is unsophisticated at the present time. We assume that
voltages created through second-order IM distortion arise from the sum of the amplifier’s
ideal signal, noise voltage, and harmonic distortion signal. We do not model IM
distortion arising from imperfections in the arbitrary function generator. We calculate
third-order harmonic distortion signals and then include them in the amplifier output
presented to the simulation.
We model amplifier couplings between different frequencies to produce IM distortion as
flat in frequency spectrum from 300 MHz to 6 GHz, generating distortion signals at both
the sum and difference frequencies. We describe the second order IM signals this way:
A1 cos (ω1t + ϕ1 ) + A2 cos (ω2t + ϕ2 ) → A1 cos (ω1t + ϕ1 ) + A2 cos (ω2t + ϕ2 ) +

A+ cos ([ω1 + ω2 ] t + ϕ + ) + A− cos ([ω1 − ω2 ] t + ϕ− )

In our model,
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⎛ ϕ + ϕ2 ⎞
and ϕ+ ( A1 , ω1 , A2 , ω2 , ϕ1 , ϕ2 ) = ⎜ 1
⎟ + b+
⎝ 2 ⎠
⎛ ϕ + ϕ2 ⎞
and ϕ− ( A1 , ω1 , A2 , ω2 , ϕ1 , ϕ2 ) = ⎜ 1
⎟ + b−
⎝ 2 ⎠
(15)

where a+, a-, b+, and b- are constants. The same expressions are used to generate thirdorder IM distortion.
Work on modeling of intermodulation distortion is in progress.

Beam dynamics: effects associated with multiple passes through the kicker
Most bunches pass through the kicker several times after injection, or before extraction.
There are a variety of effects that enter into a calculation of the kicker’s influence on a
bunch that orbits the damping ring several times during the injection/extraction cycle. In
the extraction scheme under consideration, a bunch arrives at the kicker one “click” later
each time it begins its next orbit of the damping ring until finally being ejected. As a
result, it passes through the kicker during zeroes that are progressively closer to the
kicking peak.
In a naïve description of the damping ring, the effects on a bunch associated with
multiple zero crossings would be unimportant due to the field integral’s zero first
derivative. But imperfections in the kicker can introduce distortions to the impulse
function that could cause coherent effects that will spoil beam emittance. Oscillations of
the beam about a closed orbit, as well as the effects of synchrotron oscillations of
particles inside the bunch relative to the bunch center, can be included in a beam
dynamics simulation of the kicker.

Prototyping and tests
We have had discussions with Fermilab’s RF group and Technical Division about studies
of some of the technical challenges associated with the Fourier series kicker. After our
simulations are finished we will collaborate with the lab on the engineering studies
necessary to see if the concept is workable. We have submitted an expression of interest8
to Fermilab to test devices in the A0 photoinjector beamline.

8

G.D. Gollin, M.J. Haney, and J.B. Williams, An Expression of Interest Concerning
Investigation of TESLA Damping Ring Kickers using the A0 Photoinjector Beam, May 24,
2004, http://www.hep.uiuc.edu/home/g-gollin/Linear_collider/Fermilab_kicker_A0_proposal.pdf .
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UIUC Budget for LCRD 2.22
Item
Summer + academic year salary, 2 undergraduates
(assume 750 hours/year/student, $6.15/hr)
Indirect costs on undergraduate salaries (53.05%)
Desktop computers for the students
Periodic student travel to Fermilab during summers
Other travel (one trip to SLAC each year)
Totals
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FY04
$9,225

FY05
$9,225

FY06
$9,225

$4,894
$6,000
$1500
$1,200
$22,822

$4,894
$1500
$1,200
$16,822

$4,894
$1500
$1,200
$16,822
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1

Project Overview

The large number of bunches (2820) and the relatively large inter-bunch spacing (337 ns)
in the TESLA linear collider design give a bunch train which is more than 200 km long.
A damping ring of this size would be very costly, and so the bunch train is damped in
a compressed form, with a bunch spacing of 20 ns, leading to a damping ring with a
circumference of 17 km.
In the TESLA baseline, the rise and fall time of the damping ring injection and extraction kickers determine the circumference of the ring. There is considerable leverage
in developing faster kickers, as this translates directly into a smaller circumference ring.
The baseline system for 500 GeV (cm) parameters has a 20 ns specification for the kicker
pulse width; this becomes about 12 ns for the 800 GeV (cm) parameters. Designs and
prototype results exist [1] for conventional kickers with widths of 7 ns, and design have
been developed for more novel ultrafast schemes [2] using electron beams.
We propose to further explore the feasibility of the kicker designs described in the
references cited above, particularly the very fast stripline kicker[1]. We will also develop
new ideas for fast kickers. For example, we will explore the possibility of the use of the
ponderomotive force from a high-intensity laser pulse to provide a very short kick to the
beam. We will work closely with our collaborators from the University of Illinois and
Fermilab in exploring their novel fast kicker concept.
In the TESLA baseline design, both the injection and extraction kickers must be fast.
The injection kicker is considerably more difficult than the extraction kicker, because of
1
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the larger beam size at injection. We will investigate the possibility of single-turn injection
of beam into the damping rings, which would eliminate the need for a fast injection kicker.
It should be noted that, in addition to the small pulse width (of order ns) required for
the kicker, extremely good pulse-to-pulse reproducibility is required in order to avoid beam
jitter at the collision point. The fast intra-train feedback at TESLA cannot compensate
for pulse–to-pulse jitter introduced by the extraction kicker. Part of the evaluation of the
feasibility of any new kicker scheme must include an evaluation of the expected pulse-topulse jitter.
If a new fast kicker scheme is found to be technically feasible on paper, we propose to
do an engineering design of a prototype, build the device, and test it using a high energy
electron beam.
If the development of a fast kicker is successful and the ring size can be reduced, the
average current will go up and at some point multibunch beam stability becomes the
limiting factor to a further reduction in the ring size. This has been explored for two
specific cases in prior work [3], for an earlier set of TESLA beam parameters. We propose
to update and expand on these considerations, including our current understanding of
critical stability issues such as the electron cloud, and to determine the minimum ring size
permitted by beam dynamics considerations.

2

Progress Report

As noted above, the original proposal suggested that we would explore the physics issues
associated with the use of damping rings of a much smaller circumference than the baseline
TESLA TDR design, in order to determine the smallest feasible circumference for the
damping ring. This circumference determines the required rise and fall time for the kickers,
which is a key element of the specification.
However, a number of other groups are also engaged in these physics studies. Given the
number of researchers already addressing these issues, we felt that it would be more efficient
to choose a circumference which is the smallest that one could realistically consider, and to
use this to determine the rise and fall time requirements of the kickers. If a kicker could be
built to this specification, then it would easily serve for any larger circumference ring. This
strategy decouples the physics studies of the ring from the kicker development, allowing
both to proceed in parallel.
We have chosen a ring circumference of 3 km (similar to the PEP-II ring) as the smallest
feasible circumference, and focused on the development of a kicker, with its associated
pulser, appropriate for this ring. We assume the baseline ILC parameter of 2820 bunches.
In a 3 km ring, these bunches, equally spaced, will have a 3.5 ns bunch spacing, so to allow
the injection and extraction of individual bunches, the overall time-dependent kick seen by
the beam must have a duration of less than 7 ns.

2
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2.1

Specification for kicker and pulser

Bunch-by-bunch manipulation in a 3 km ring can be accomplished using a system of
stripline kickers (for an example of an early design, see[1]), driven by synchronized very fast
pulsers, capable of delivering pulses in the multi-kV regime. The rise time and fall times
of the pulser can be about 0.5 ns, with a pulse width of about 4 ns. Individual bunches
must be injected or extracted from the ring approximately once every 337 ns, forming a
train of 2820 bunches, with an overall train duration of about 1 ms. The train is injected
into a linac for subsequent acceleration. This process is repeated at a cycle rate of 5 Hz.
2.1.1

Kicker

As the basic module of the kicker, we consider a 0.36 m long stripline kicker, similar to
that described in [1]. The kicker can be represented essentially as a vacuum parallel-plate
transmission line, and can be designed to have an impedance in the range of 50-100 Ω.
It will be terminated in its characteristic impedance, to suppress any reflections. Two
synchronized pulses, of opposite polarity, injected onto the stripline plates at one end of
this line, traveling opposite to the beam, will deliver a transverse kick to the beam. See
Fig. 1 for a schematic illustration of the kicker. The cross section of a prototype design is
shown in Fig. 2
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Figure 1: Stripline kicker

In Fig. 3, a possible pulse waveform is given, together with the resulting time variation
3
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Figure 2: Stripline kicker cross section. The kicker is 360 mm long.

of the kick. The pulse rise time and fall time (10% to 90%) is 0.64 ns, and the pulse flat top
(90% to 90%) is 2.96 ns. The time-dependent kick, K(t), is related to the voltage pulse,
V (t), by
Z t+tk
K(t) ∝
V (t0 )dt0 ,
t−tk

in which tk is the length of the stripline, which is 1.2 ns in this case. The time-dependent
kick has rise and fall time (10% to 90%) of 1.97 ns, and the kick flat top (90% to 90%) is
1.63 ns. This time-dependent kick at ±3.5 ns is 0.09% of the peak value, so it satisfies the
requirement of being less than 7 ns in duration.
Note that other shapes are possible for the pulse, provided that the overall duration
of the kick is less than 7 ns, and there is a flat-top for K(t) of duration at least equal to
the duration of the beam bunch (20 ps) plus any timing synchronization jitter between
the pulsers. Generally, the overall pulse duration will need to be roughly at least 2tk in
order for the kicker to be fully efficient. This is because the pulse must be long enough to
completely fill the kicker before the beam enters (tk ) plus it must remain there during the
beam’s passage (another tk .)
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Figure 3: Top, symmetric pulse, V (t). The pulse rise and fall time (10% to 90%) is 0.64
ns, and the pulse flat top (90% to 90%) is 2.96 ns. Center, Fourier spectrum of the voltage
pulse V (t). Bottom, resulting time-dependent kick, K(t). The kick rise and fall time (10%
to 90%) is 1.97 ns, and the kick flat top (90% to 90%) is 1.63 ns.

2.1.2

Time structure of a pulse train

The pulses described in the previous section must be delivered to the fast kicker with a
pulse train structure illustrated in Fig. 4. The pulses are separated by 337 ns, and occur
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in a train of 2820 successive pulses, with a total duration of 0.950 ms. The burst pulse
rate during this train is 2.97 MHz. These trains are separated by a gap of 200 ms; i.e., the
train rate is 5 Hz. The average pulse rate is 2820 × 5 = 14, 100 Hz.
200 ms

2820 pulses
0.95 ms

.............

......................

.............

......................

337 ns
t

Figure 4: Pulse train structure. The pulses are separated by 337 ns, and occur in a train
of 2820 successive pulses, with a total duration of 0.950 ms. The burst pulse rate during
this train is 2.97 MHz. These trains are separated by a gap of 200 ms; i.e., the train rate
is 5 Hz. The average pulse rate is 2820 × 5 = 14, 100 Hz.

2.1.3

Pulse voltage, current, and synchronization requirements

The overall requirement for the system of fast kickers is to deliver a kick of 0.6 mrad to a
5 GeV electron beam. The kick angle is related to the kicker parameters by
θ=

2eV0 l 1
πw
tanh
,
2
mc h γ
2h

in which V0 is the kicker voltage (per electrode), l is the kicker length, h is the kicker
half-gap, w is the half-width of the electrodes, and E = γmc2 is beam energy. For the
example considered here, h = 35 mm, w = 50 mm, and E = 5 GeV.
The length l of a single kicker module is constrained due to the requirement for a rapid
rise time. Consequently, a number Nk of kickers will be required in series. The pulsers for
these kickers must be synchronized, as is the case for the two pulsers which drive a single
kicker, as discussed in Section 2.1.1.
In Table 1, two possible sets of pulser voltage, current, and power parameters are given,
one corresponding to 3 kV pulses, and one to 10 kV pulses. In the former case, 50 kickers
(100 pulsers) are required. In the latter case, 15 kickers (30 pulsers) are needed. The 10
kV pulser dissipates about 100 W in the terminating load. If higher voltages than 10 kV
are available, such a pulser, which requires even fewer kickers than 15, would be preferable.

2.1.4

Pulse-to-pulse stability requirements

In a given pulse train, the relative pulse-to-pulse repeatability requirement on the total kick
angle given to a beam bunch is 7 × 10−4 . If Nk kickers are used, and the pulsers driving
6
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Table 1: Possible fast kicker parameters. The total kick angle required is taken to be 0.6
mrad. The kicker is assumed to have a 50 Ω impedance. The voltage V0 refers to the peak
amplitude of the voltage pulse V (t).
V0 [kV] l [mm] θ[mrad] Nk I [A] Ppeak [kW] Epulse [mJ] favg [kHz] Pavg [W]
3.0
360
0.012
50
60
90
0.648
14.1
9.2
10.0
360
0.040
15
200
2000
7.2
14.1
102
each kicker have random voltage fluctuations about an average over the train, with an rms
value of σV , then we require
p
σV 6 Nk × 7 × 10−4 .
For example, for the case of Nk = 15, we need σV 6 0.27%.
In addition, in order to not disturb the neighboring bunches, the amplitude of the kick
K(t) at the time of the neighboring bunches must be less than 0.3% of the peak kick
amplitude.

2.2

Implementation of the fast pulser

To implement the fast pulser, we need a very fast rise and fall time device, capable of
delivering voltage pulses in the kilovolt range, with an burst pulse repetition frequency of
3 MHz, capable of 1 ms bursts at 5 Hz, and extremely high pulse-to-pulse reproductibility.
Meeting these demanding requirements is very challenging. Compared to gas-filled amplifiers, solid-state devices can potentially have very good reliability and reproducibility, but
have difficulty meeting the high-power-pulse rise and fall time requirements.
We have begun to investigate a relatively new high-power ultra-fast-switch technology,
based on a 4-element npnp structure called a fast ionization dynistor[4, 5, 6, 7, 8, 9, 10, 11,
12]. Ultra-fast high voltage pulse generators based on this technology are now commercially
available[13, 14]. We have contacted a commercial firm, FID Technology, Ltd., which
makes these pulse generators, and made them aware of the pulser requirements discussed
in Section 2.1. They have responded with several sets of possible pulser specifications that
they feel they can meet. These are presented in Table 2.
After much discussion, we focused on the pulser FPG2-3000-MC2, to procure as a
prototype. It has specifications are close to what is required. The pulse is asymmetric,
with the fall time being somewhat longer than the rise time. Nevertheless, the resulting
time-dependent kick may be acceptable. A model of an asymmetric pulse having features
similar to those of the FID pulser, and the resulting time-dependent kick, is shown in
Fig. 5. The details of rise and fall times for this model are given in Table 3.
Pulses from a 4 kV pulser built by FID Technology, for another application, illustrating
the achievable rapid rise and fall times, are shown in Fig. 6 and Fig. 7.
We have ordered the pulser FPG2-3000-MC2 from FID Technology, using a combination

7
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Table 2: FID Technology Pulser Specifications[15]
Pulser
FPG2FPG1- FPG33000-MC2
3000
3000
Output impedance[Ω]
50
100
100
Maximum output per channel [kV]
±1
1
3
Number of channels
2
1
1
Rise time 10-90% of amplitude [ns]
0.6-0.7
0.6-0.7 0.6-0.7
Pulse duration at 90% of maximum [ns]
2-2.5
2.5-3
2.5-3
Fall time 90-10% of amplitude [ns]
1-1.5
1-1.5
1-1.5
Maximum PRF in burst mode [MHz]
3
3
3
Maximum PRF in continuous mode [kHz]
15
15
15
Triggering - internal, external 5-10 v [ns]
20
20
100
Amplitude stability in burst mode [%]
0.3-0.5
Pre- and after-pulses [%]
0.3-0.5
Timing jitter, relative to trigger [ps]
20

FPG103000
100
10
1
0.6-0.7
2.5-3
1.2-1.7
3
15
100

Table 3: Timing features of calculated symmetric and asymmetric pulses and kicks
Feature
Symmetric Asymmetric
Pulse rise time (10% to 90%) [ns]
0.64
0.64
Pulse flat top (90% to 90%) [ns]
2.96
2.40
Pulse fall time (90% to 10%) [ns]
0.64
1.15
Kick rise time (10% to 90%) [ns]
1.97
1.91
Kick flat top (90% to 90%) [ns]
1.63
1.0
Kick fall time (90% to 10%) [ns]
1.97
2.1
Kick at 3.5 ns/Peak kick [%]
0.088
0.09
of funding from this proposal and from other sources. Delivery is estimated for June or
July, 2005.

2.3

Future plans

Once the prototype pulser described above arrives, we will test it with a 50 Ω dummy load,
and check that the performance specifications are met. In particular, we will measure the
amplitude stability, and the pre- and after-pulse levels, as well as the detailed shape of the
current pulse.
Subsequently, we are currently planning to test the pulser on a 100 Ω stripline kicker
which has been built by Fermilab and the University of Illinois. This stripline kicker will
be installed in the 16 MeV electron beam at the Fermilab A0 photoinjector facility. Measurements of the kick delivered by the pulser to the beam will allow the time-dependence
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Figure 5: Top, symmetric pulse (black) and asymmetric pulse (red) V (t). Bottom, resulting
time-dependent kick, K(t), in both cases. The timing features of the pulse and the kick
are given in Table 3.

of the kick to be studied in detail.
Provided that the FID pulser performs according to requirements, we will continue
development of the fast kicker system as planned in the original proposal. We will build
a 50 Ω kicker, suitable for the ILC damping ring, along the lines of the design described
above. We will procure a higher voltage FID pulser, probably in the ±5 kV range. We will
test this kicker-pulser combination, which will be a true prototype for the ILC damping
ring system, using the electron beam from the Cornell linac.
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Figure 6: 4 kV fast pulse from FID Technology pulser[15] Rise time (10% to 90%): 0.4 ns.
Flat top (90% to 90%): 0.9 ns. Fall time (90% to 10%): 1.1 ns

Figure 7: 4 kV fast pulse from FID Technology pulser. [15]
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Continuing Research and Development of
Linac and Final Doublet Girder Movers
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Accelerator Science
Institution and Personnel requesting funding:
Colorado State University
David W. Warner, Engineer
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Stanford Linear Accelerator Center:
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(970) 491-1035

Project Overview
This proposal is a continuation of the magnet mover R&D which was supported in the
2003 LCRD program. The project was not selected for funding in the 2004 round of
LCRD grants, but we were given a no-cost extension to our existing grant and strongly
encouraged to apply again in the next round. This extension has allowed us to continue
research at a very low level.
We are requesting funds for a three-year R&D program, which will continue our
investigations of the resolution attainable with mechanical movers similar to those
produced at SLAC for the FFTB, and our efforts to reduce the costs associated with
manufacturing them. We will also mount piezoelectric movers to the FFTB magnet
mover to possibly reduce cost and/or improve the precision of the design while
maintaining the required range of motion. After selecting the optimal design choice, we
will produce production mover designs and a prototype device, with an emphasis on
manufacturability and cost reduction. Vibration isolation and temperature control
requirements are beyond the scope of this project—we are investigating the feasibility of
manufacturing movers capable of meeting the motion precision required by the
accelerator.
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Two important decisions taken in the last year have had a major impact on magnet mover
requirements. First, the selection of cryogenic RF technology for the linac has reduced
the number of magnet movers required. Rather than the approximately 10,000 movers
which would have been required for the full linac, we are now developing movers for
only the warm magnets used in the beam delivery system of the accelerator, which will
require approximately 1000 movers. The reduction in the number of movers has lowered
the relative importance of cost while increasing the importance of performance. We are
in the process of re-evaluating our initial plans in light of this change in requirements.
Second, the requirement for 10nm step size for the final focus girder movers has been
changed to 50nm, allowing us to use the same basic mover design throughout the beam
delivery system.
Basic Mover Requirements
Every magnet and structure girder in the ILC beam delivery system will sit on movers to
allow it to be positioned accurately. Depending on the requirements of the component in
question, the movers will be required to position the beam components in either three
degrees of freedom (two linear positions and one angle) or five degrees of freedom (two
linear positions and three angles). Beam delivery system movers will typically be
adjusted every few minutes, and must have a resolution or “step size” of approximately
50nm. It is not required that each step be precisely 50nm, simply that the average step
size over a series of 10-20 steps achieve this limit. The movement will be relative, with
the motion required by the mover and achieved in operation determined by beam position
monitors. Since approximately 1,000 movers will be required, cost reduction,
manufacturability and reliability are important for this component.
Gordon Bowden has developed and produced movers used in the FFTB which have been
demonstrated to meet the requirements for final focus component movers except for
resolution (they were measured to achieve a position resolution of approximately 300nm)
and cost (a 5-degree of freedom mover would probably cost at least $5000 each to
manufacture in their current design, at least in small quantities). These movers are
mechanical, utilizing a kinematic support concept providing motion by rotation of
bearings mounted on an eccentric shaft, which are in contact with wedge-shaped anvils
supporting the linac component (See Fig. 1). Rotation of the shaft is accomplished by
means of a 200 step per rotation stepper motor driven through a 100:1 harmonic drive.
Mechanical movers such as these have several desirable features, including potentially
lower cost (due to reduced requirements for feedback and control circuitry), reliability,
and the ability to retain a set point without active compensation. Position monitoring can
be accomplished by simply mounting a rotary encoder on the shaft.

172

Figures 1A and B: Magnet mover prototype built at CSU from modified SLAC drawings

In order to meet the 50 nm step size requirement, the rotation of the eccentric shaft must
be controlled in approximately 60 microradian intervals, or about 100,000 steps per
rotation. This is challenging. One possibility for achieving the desired position
resolution with the existing mover design is to increase the step resolution of the stepper
motor to at least 2000 steps per rotation with a micro-step motor controller. This concept
remains untried, and testing is required to determine if a purely mechanical mover of this
type can provide 50 nm resolution.
The stepper motors and the harmonic drives are the cost drivers for this system. Any cost
reduction effort for the mover must begin here. One way to accomplish this is to use
stepper motors more efficiently, with less expensive mechanical reduction to replace the
harmonic drives. It may even be possible to eliminate the mechanical gear reduction
altogether, if it is possible to drive the stepper motor itself with sufficient precision and
maintain sufficient stopped torque from the stepper motor. A second option is to use the
mechanical mover to achieve rough positioning (with micron-scale precision) and
achieve the 50nm precision motion using piezoelectric stacks. A final option is to use
other mechanical options for driving the shafts with the required precision, such as DC
actuators or combinations of stepper motors with worm gears, vertical wedges,
piezoelectric inchworm movers or other systems.
Broader Impact and Student Involvement
This project will involve both graduate and undergraduate students in developing and
testing the LabVIEW control software used to actuate the stepper motors and also the
motion control software required to change the rotational motion of the shafts into
physical motion of the magnet through two linear and three angular degrees of freedom.
The precision movers developed for this project may be useful for other accelerator
projects, as well as for optics and other high precision applications.

173

Results of Prior Research
In September 2003 the Technical Design facility at CSU received funds from the Linear
Collider R&D program to develop linac magnet movers and final doublet girder movers.
At that time, work began on procuring a prototype mover, refining our understanding of
metrology techniques which will be used to qualify the mover, and exploring other shaft
drive options that might prove more cost-effective. Our request for continued funding as
part of the 2004 LCRD program was not supported, although a no-cost extension to our
existing LCRD grant was approved allowing us to continue work on this project at a
greatly reduced rate.
In the past year we have built a prototype mechanical mover system and are currently
working on the stepper motor microstep control system and rotational encoder systems.
We have made progress in identifying candidate metrology systems, but are awaiting the
results of this funding request before reaching a decision on the extent of the system we
will purchase.
Prototype mover system:
Unfortunately it was not possible to get an existing mover from SLAC, so we have
replicated a modified version based on the original design and drawings for the SLAC
three-axis mover. Our variant initially includes only three motors (as in the original
FFTB mover), which will allow us to control two linear dimensions and one angle (X and
Y and roll), but our model was designed to be expanded to 5 motors, allowing us to
control all three angles (Pitch, yaw and roll) and two linear dimensions (X and Y, not
along the beam axis). The prototype mover combines harmonic drive reducers and a
micro-stepped stepper motor to drive the mount shafts, which should allow us to achieve
the required step resolution.
Stepper Motor & Control System:
We have purchased and are studying the performance of a stepper motor system using
Lin Engineering Model 5704M stepper motors, with a resolution of 0.45 degrees per step,
or 800 steps/revolution. These motors are driven with Intelligent Motion Systems Inc.
IM483 microstep drivers, which have a published resolution of 256 microsteps per full
step. The combination of the motor and driver gives us a theoretical resolution of
204,800 microsteps per revolution. Using this motor/driver combination, it may be
possible to eliminate the mechanical harmonic drive mechanical step reduction. If we
can achieve sufficient precision and torque to drive the system, this would be a great
simplification to mechanical assembly and cost.
The rotational position of the drive shafts is measured using a Micro-E Chip Encoder,
with a resolution of 163,840 counts/revolution, allowing angular measurement with the
required precision.
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In preliminary bench-top testing we achieved very nearly the theoretically predicted
precision through a small (few hundred) number of microsteps, but the rotation became
less accurate as larger numbers of steps were moved. After further investigation it was
determined that driver cards were a major source of our difficulties, due to electronic
noise generated as the micro step driver crossed a full step boundary for the stepper
motor. We are replacing them with a new model recommended by Lin Engineering, and
expect better performance from our new system.
In addition to replacing the drivers as mentioned above we plan to acquire a Trinamic
TMCM-302 3-axis controller. This controller will act as the interface between the
drivers, encoders and a PC running Labview software.
Metrology:
We are investigating a metrology system based on capacitive position measuring, using a
system from Lion Precision that will allow measurements with a precision of
approximately 10 nm over a range of 50 microns. Additionally, each of the five drive
shafts (after harmonic drive reduction) will be read out using rotary encoders with 3mr
resolution. Together, this will allow us to measure the entire range of motion of the
mover. We are also investigating linear encoder measuring systems such as those
available from RSF electronics, which can achieve a resolution of approximately 100 nm.
We have a quote on a one sensor system that we will buy for our initial measurements,
and plan to expand to a full 5 sensor system after we have proven the system works.
This metrology is for use in testing our prototype movers, and would not be part of a
production design.
Facilities, Equipment and Other Resources
Our proposal is greatly enhanced by the mover prototype already funded by earlier
LCRD funds. Our group also has significant experience with PC-based control systems
and experienced LabVIEW programmers. We also have sufficient laboratory space with
power, internet access etc. and low cost access to a machine shop with precision lathes,
milling machines, etc., provided by the university.
This project is an excellent fit to the capabilities of the technical design facility at
Colorado State University. The facility has been involved in manufacturing many
components for HEP applications that require cost optimization due to the large number
of items to be procured, as well as a great deal of prototype development and fixturing
work. Through Prof. Wilson, the CSU HEP group has a long history of participation in
the Linear Collider Detector development. The group is fully supportive of the technical
design facility proposals to contribute to Linear Collider Accelerator development.
Additionally, there is a precision measurements group in the department working on laser
atom lithography projects lead by Prof. Siu Au Lee, which can provide advice and
assistance as required.
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Proposed Project
The work already funded by the LCRD program in our first proposal will be completed
by the end of the summer of 2005. Our new proposal expands on the work already
funded, taking advantage of the FFTB mover and metrology equipment we will build,
and the experience we will have gained to move towards final mover designs.
Year one of this new proposal continues the initial project, investigating rotary motion
drivers and motion encoders in an attempt to find a cost-effective version of the FFTB
mover with sufficient resolution. We now have an operational mechanical prototype, and
shortly will have the micro-stepped stepper motors in place and tested. We also hope to
have the metrology equipment in place to allow us to measure its motion by early
summer 2005. By October 2005, we will have determined if we can meet the step
resolution required with a mechanical three-motor microstepped mover, what type of
rotation reduction system will be required, and a preliminary indication of the cost per
mover and the difficulties in producing this type of mover
A LabVIEW-based control system and motion control software will be developed with
student assistance to allow us to move the magnet platform through a specified range of
motion.
Additionally, we plan to purchase a full 5-axis capacitive position measuring system
(actually an expansion of the system we are ordering for 1-axis measurements under our
current grant) in order to be able to fully monitor the 5-axis movement of the stage
simultaneously.
Deliverables:
-Measurements of the resolution achievable using the micro-step driven FFTB
mover, both for three-motor and five-motor configurations.
-Development of a metrology system capable of measuring the 5-axis motion of
the mover with better than 50 nm precision.
-Results from feasibility of alternate shaft driver options.
-Software and hardware for mover control system
-Designs for magnet mounts for a five-motor system
Year two goals are to evaluate the incorporation of piezoelectric movers and active
feedback into a reduced-precision mechanical mover, with feedback based on the
capacitive metrology system we are investigating for measuring the system performance
or strain gauges.
Our experience during the first year of the project will give us a solid understanding of
the limitations of the mechanical mover, and based on this platform we will develop a
piezoelectric stack to attach to the mover, and begin to investigate the resolution,
vibration isolation, and stability achievable with such a system.
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Additionally, we will investigate the possibility of using other mechanical movement
devices or alternate motor options, such as DC actuators or piezoelectric inchworm
devices to try to reduce costs by eliminating the harmonic drive.
Deliverables:
-A design for a feedback system to stabilize a piezoelectric stack add-on to a
mechanical mover capable of achieving 50 nm precision.
-A prototype mover system including these additions, and measurements of the
resolution and stability achievable by such a system.
Year three of the project will move towards manufacturability of the beam delivery
system mover at a low price, involving redesign of the components in collaboration with
manufacturing firms to reduce price and to determine the most cost effective option for
the driver system. Year three will also include development of any special mounts
required for the final focus girder cryostat.
Deliverables:
-An optimized-for-manufacturability design report for the beam line movers,
including an optimized shaft driving system, measurements of system
performance, and projected costs
-A design for a final focus element mover.
Budget Justification
There is no HEP base program grant support for Warner. All costs, including travel,
associated with this proposal must be provided by the project. Warner’s salary is charged
through the CSU Technical Design Facility at a flat rate of $50/hour. Fringe benefits
charges are included in this hourly rate. Technician support and machine shop labor are
also charged at flat hourly rates of $30/hour and $33/hour respectively, with fringe
included in these rates as well.
In Year 1 (FY 05) our labor costs include: 2.5 months support for Warner; technical
support funds in the form of machine shop and technician time for additional prototype
development work; and summer salary support for a one graduate student to assist with
control software development and system testing. We are requesting equipment and
M&S funding for the metrology system, computer control hardware, and continued
stepper motor development costs. We are requesting travel funds to support 3 trips,
typically to SLAC and/or FNAL, to consult with LINAC development experts and report
results.
In Year 2 (FY 06) our labor costs include: 3 months support for Warner; technician
support; and summer salary for one grad student to assist with measurements and
metrology software improvements. We are requesting equipment support for the piezoelectric mover; this equipment cost includes labor (including undergraduate student
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labor), materials and supplies, but will be capitalized as a single piece of equipment at
CSU. We are requesting travel funds to support 3 trips, typically to SLAC and/or FNAL.
In Year 3 (FY 07) our labor costs include: 3 months support for Warner; and technician
support for testing the mechanical prototype. We are requesting equipment funds to build
an industrial prototype mover in conjunction with a local manufacturing firm; as Year 2,
this equipment cost includes development and M&S expenses (including undergraduate
student labor) which will be capitalized as a single piece of equipment. We are
requesting travel funds to support 3 trips, typically to SLAC and/or FNAL.
Three-Year Budget, in then-year K$
Item
Other Professionals
Graduate Students
Undergraduate Students
Total salaries & Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs
Total Direct and Indirect Costs

FY2005
FY2006
FY2007
26.8
33.0
28.5
4.5
4.5
0.0
0.0
0.0
0.0
31.3
37.5
28.5
0.2
0.2
0.0
31.5
37.7
28.5
14.0
12.0
16.0
1.5
1.5
1.5
0.0
2.5
2.5
0.0
0.0
0.0
47.0
53.7
48.5
10.1
12.7
9.9
57.0
66.4
58.4
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Total
88.3
9.0
0.0
97.3
0.3
97.6
42.0
4.5
5.0
0.0
149.1
32.7
181.8
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FY04 award: 36,758
FY05 award: 36,758
FY06 award: 36,758
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Effects of CSR in Linear Collider Systems:
A Progress Report
Classification (subsystem)
Accelerator
Personnel and Institution(s) requesting funding
James A. Ellison, Professor of Mathematics, U. of New Mexico
Gabriele Bassi, PostDoc, Mathematics Department, U. of New Mexico
Klaus Heinemann, Research Assistant, Mathematics Department, U. of New Mexico
Collaborators
Robert Warnock, SLAC
Collaborating personnel will work on CSR but are not requesting funding here.
Project Leader
James A. Ellison
ellison@math.unm.edu
505-277-4110
Guide for Reviewer
This is a progress report on a DOE/LCRD proposal which was funded in May 2004 for 3
years at $36.8K/year. The award is in the form of a supplement to the project leaders DOE
grant, DE-FG03-99ER41104 for “Investigations of Beam Dynamics Issues at Current and
Future Accelerators” which is on the cycle April 1 - March 31. The supplementary award for
4/1/04-3/31/05 arrived at UNM in late August 2004.
In this report we have followed the Dugan format as much as possible. To make the progress report self-contained we have inserted the original four page proposal into the Project Overview
Section (adding only several references that should have been there). Since this is a DOE
progress report we have not included a “Broader Impact” section. The “Results of Prior
Research” contains our progress report. The three year plan was contained in the initial
proposal, however we make some additional remarks about activities for the second and third
years in a section entitled: Project Activities and Deliverables for Years Two and Three. A
reference section follows which contains the references from the original proposal as well as
some new references related to the progress report.
Project Overview
I. Motivation
There are two points at which coherent synchrotron radiation (CSR) could be of concern in
linear colliders. First, it may cause transverse x-emittance degradation in bunch compressors,
since energy changes due to CSR get mapped into transverse coordinates through dispersion.
Second, it might cause longitudinal bunch instabilities in the damping rings at high current,
possibly leading to a quasi-periodic, sawtooth behavior of the bunch length. Damping ring
designs contain many meters of wigglers (for instance 46 m at NLC and 432 at TESLA), to
1
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reduce the damping time to a manageable value. The coupling impedance from CSR in the
wigglers, combined with that from bending magnets, could induce the feared instability. For
a review of microbunch instabilities due to CSR see [1].
II. Bunch Compressors and Computation of CSR from Arbitrary Orbits
Preliminary estimates of emittance growth in bunch compressors have been made by Emma
and Woodley [2]. They have done calculations for the Stage 1 and Stage 2 compressors (BC1
and BC2) of the NLC and for the Tesla bunch compressor (TBC) [3]. For BC1, BC2, and TBC
their figures for emittance growth ∆x /x due to CSR were 2.4%, 5.5%, and 1%, respectively.
Although these values are regarded as reasonably small compared to other sources of emittance
growth, they are based on a simplified model of the CSR field, and cannot be considered a
definitive conclusion. The field calculation, as implemented in M. Borland’s code ELEGANT
[4], treats the source of the radiation as a line charge. In a macroparticle simulation the
transverse charge distribution is projected onto a longitudinal line to produce an effective
radiation source. Moreover, the formula for the field is for a source moving on a trajectory
which is straight except for a single bend. Consequently there is no proper integration of
single bends to make a true chicane orbit. Actually, there should be a residual field after a
bend which does not decay completely before the next bend is reached.
There exist large codes to compute CSR from an arbitrary charge/current distribution on
fairly general orbits (by Dohlus [5] at DESY and Rui Li at JLAB [6]), but these have proved
to be cumbersome for actual design work and are not much used for that purpose. We have
devoted considerable effort to finding a better calculational method, intended to be useful
both for bunch compressors and rings, and perhaps also for wigglers.
III. Ongoing and Proposed Work on Bunch Compressors and Computation of CSR from
Arbitrary Orbits
IIIA.
One approach that we have explored in recent months is to make a Fourier analysis of fields
and sources in all spatial dimensions, with account of the large-wavelength shielding of CSR
by the vacuum chamber (in a perfectly conducting parallel plate model). This avoids the
tricky integrations over singularities of the Green function that make the usual approach in
space-time quite difficult. The price to pay is in dealing with fast oscillations of the integrand
in the inverse Fourier transform to compute the field. We hoped that this problem could be
handled by the method of stationary phase, but it turns out that this method is only partially
effective. Since it still might be used in combination with other procedures, we are currently
writing a careful report on our experience.
IIIB.
We have recently made what appears to be great progress by using a Fourier series only in the
vertical coordinate y, perpendicular to the plane of the orbit. This makes it trivial to satisfy
the field boundary conditions on the parallel plates that model the vacuum chamber. The
resulting 2D wave equation has a “mass” term, the mass being the vertical wave number, and
a remarkably simple Green function with a softer singularity than the usual Green function
for the 3D wave equation. We think that this should provide an efficient and simple numerical
method, and propose the implementation of such a method as a main item of research. We will
first study a chicane bunch compressor with the charge/current source coming from a bunch
with energy chirp, evolving only in response to the fields of the dipoles. Horizontal transverse
spread of the charge distribution is fully accounted for, whereas the vertical distribution is
arbitrary but constant in time. Later we hope to make the calculation self-consistent, allowing
2
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the phase space distribution to be affected by CSR. This could be done in a macroparticle
simulation, or preferably in a less noisy Vlasov treatment if that could be done in reasonable
computation time.
IV. Damping Ring Instabilities
A representation of the impedance for CSR in wigglers has been proposed by Wu, Raubenheimer, and Stupakov (WRS)[7]. Wu, Stupakov, Raubenheimer and Huang (WSRH) [8] have
combined this impedance with the usual impedance for CSR in dipoles to discuss the longitudinal instability threshold in damping ring designs for NLC and TESLA, and for the existing
prototype damping ring at the KEK ATF. The instability study is done with coasting beam
theory for a line-charge beam, and without shielding of CSR. The conclusion is that the
instability is indeed worrisome. The threshold is close to the nominal current for NLC and
ATF. On the other hand, the dipole and wiggler impedances scale differently with frequency,
and that leads to a possibility of optimizing the damping ring design to raise the threshold,
perhaps by a factor of 4.
V. Proposed Work on Damping Ring Instabilities
Although the work of WSRH is a valuable first survey of the problem, it involves some serious
assumptions that one would like to avoid. We propose to pursue the following improvements:
1. Avoid coasting beam theory by applying our program for numerical integration of the
nonlinear Vlasov-Fokker-Planck (VFP) equation [9, 10]. We would begin with the
Haı̈ssinski equilibrium distribution, and see whether it becomes unstable under time
evolution by the VFP integrator. As the authors WSRH point out, the coasting beam
theory is doubtful in this instance, because the Boussard criterion does not apply: the
bunch length is not much larger than the unstable wave lengths.
2. Study possible saturation of any instability, again using the VFP code. That code has
proved to be very useful for long term simulations, giving plausible results over several
damping times.
3. Include shielding of CSR, which will be necessary in studying dynamics of unstable
cases, and may have some effect on thresholds as well. We are not yet sure how to describe shielding for the wiggler radiation, and there is the complication that the vacuum
chamber has different sizes in bends and wigglers. Some innovative approximations will
certainly be necessary.
4. Criticize the mathematics and physics of the model of the wiggler impedance in WRS.
This is for an infinite wiggler, and takes as its starting point results of Saldin et al. [11].
As far as we know the complicated Saldin analysis has not been verified by other authors,
and in any case there are some puzzling singularities in the result that we would like to
understand. After becoming familiar with the problem, perhaps we can treat the case
of a wiggler of finite length, which of course would be more relevant for the prediction
of thresholds.
5. Try to include non-zero transverse extent of the bunch. This would relate to work on
the 2D Green function mentioned above.
VI. Budget and Personnel
Warnock is a retired SLAC physicist with several years experience in CSR, see, for example,[10].
The proposal is based on his recent work, our joint progress over the last few months, and
3
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discussions with other experts at SLAC. Ellison has some modest experience with radiation
by moving charges from his work on channeling radiation at CERN and Aarhus in the late
eighties and is now deeply involved in the basic issues of CSR from particle bunches on more or
less arbitrary orbits. Bassi has been hired as a PostDoc, as of mid June 2003, after completing
a Ph.D. at DESY and the University of Bologna. He is making a substantial contribution to
our CSR work.
Warnock is not asking for financial support; he finds it sufficient to get theoretical and numerical collaboration from Ellison and Bassi. Ellison is not asking for financial support either as
CSR is one item in the research of his current DOE grant - DE-FG03-99ER41104 for “Investigations of Beam Dynamics Issues at Current and Future Accelerators”. In addition, Ellison
has funds in his DOE grant to partially support the CSR work of Bassi. We are requesting
$36.8K/year for the 3 year period June 1, 2004 to May 31, 2007 to fill out the support of
Bassi’s CSR work and to partially support a graduate research assistant. The $36.8K includes
salary, fringe benefits, tuition, health insurance and the 50% indirect cost rate. Our current
LCRD/DOE funding arrived too late to support a graduate student in the fall, however we
have just hired a student who will begin work in January.
The proposal outlines an ambitious program that we find quite challenging.
Results of Prior Research: Progress Report on DOE/LCRD Award
A. Bunch Compressor and Computation of CSR from Arbitrary Planar Orbits
Considerable progress has been made on the computation of CSR from arbitrary planar orbits
as proposed in IIIA above.
A detailed report [12] on the approach based on the full Fourier method has been written as
promised in IIIA. Our conclusion is that the method of stationary phase, applied to reduce
the number of integrations and the field calculation time, is not a good approximation in a
large enough region of Fourier space and thus the computation time is too long for practical
use. Although a negative result, we gained a great deal of understanding and it was helpful in
the implementation of the method based on the 2D wave equation of IIIB. Nevertheless, the
method of stationary phase may be useful in combination with other procedures and might be
effective in a third variant of the Fourier method (1D wave equation after a Fourier transform
in x).
In IIIB we proposed work on a new approach based on a 2D wave equation. To date, we
have focused primarily on the important task of the field calculation and we have reported
on our results in [13]. The fields exited by the bunch are computed in the laboratory frame
from a new formula that leads to much simpler computations than the usual retarded or
Lienard-Wiechert potentials. This computation is much faster than the full Fourier method
above. Work has begun on the fully self-consistent calculation in which the Vlasov equation
will be integrated in the beam frame interaction picture as discussed in [13]. Important to
this is the transformation from lab to beam frame. This is somewhat complicated and we
have a draft of a paper on this [14]. Our progress on the fully self-consistent calculation will
be presented at PAC 2005.
In addition, we have studied low order moments using particle simulation in a first order
perturbation theory, i.e., the field is calculated from the distribution evolving in response to
the fields of the dipole magnets only. We have compared our results for the mean energy loss
with results of Emma and Kabel (see figures in [13]). Our semi self-consistent results are in
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reasonable agreement with [15] which gives us confidence in our field calculation. The next
step will be to compare our fully self-consistent calculation with the Zeuthen benchmark.
B. Damping Ring Instabilities
The work on damping ring instabilities as proposed in IV and V above is in its initial stages.
As mentioned, the award didn’t arrive at UNM until late August 2004 and so we weren’t able
to hire an RA for the fall. However, we have now hired a research assistant, Klaus Heinemann,
and he is focusing his attention on the wiggler problem and the Saldin approximations. He
has a good background in beam dynamics and some experience with renormalization, which
should be helpful in understanding and improving upon the Saldin approximations. Prior
to the current LCRD award we had a $20K award. A significant part of this was used to
support an RA for the spring semester of 2004. His task was to work through the Saldin
papers however it took considerable time to get the proper background which didn’t leave
much time for understanding Saldin. However he did come to some useful insights on which
Heinemann is building.
Facilities, Equipment and Other Resources
Our only needs are office space and computing facilities. We have good work stations from
DOE money and UNM has a high performance computing laboratory which we can access.
At some point we might like access to NERSC.
Project Activities and Deliverables for Years Two and Three
A. Bunch Compressor and Computation of CSR from Arbitrary Planar Orbits
We will continue our work on CSR from arbitrary planar orbits. As mentioned above considerable progress has been made in the context of the Bunch Compressor. Now, our main
focus is on the implementation and testing of the fully self-consistent algorithm outlined in
[13]. The algorithm is based on a standard technique of numerical analysis, namely spline
approximation [16], to represent charge and current densities and the phase space distribution
function. Splines are extremely convenient and have well understood convergence properties.
As far as we know, other investigators have not used general methods of numerical analysis,
instead preferring special techniques such as a representation of the bunch as a superposition
of small Gaussian macro-particles [5]. We will focus on the construction of a good serial code,
afterwhich we will look for ways to take advantage of parallel platforms. The code will be
applied first to study CSR effects in a bunch compressor and carefully compared with the
Zeuthen benchmark case. We will then take steps to study the nonlinear chirp and nonGaussian case both in a semi and self-consistent approach. Next we will apply the code in
the context of the ILC.
B. Damping Ring Instabilities
Because the money for the first year arrived late, the work on wigglers and undulators is
just beginning. Here we will do as discussed in part V of the proposal. As mentioned above,
Heinemann has been hired and his initial charge is to study the Saldin and Stupakov papers,
to give more insight into the line charge models mentioned above. In addition once the code
of A is developed, we will consider modifications needed to apply it to the wiggler/undulator
problem as mentioned in part V5 of the proposal.
The bunch compressor work was partially supported by Ellison’s DOE grant DE-FG0399ER41104 for “Investigations of Beam Dynamics Issues at Current and Future Accelerators”, which was awarded at $145K per year for the period April 1, 2002 to March 31, 2005.
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The grant topics are Vlasov dynamics, nonlinear collective effects, collective and weak-strong
beam-beam and spin dynamics in addition to CSR.
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The budget justification is included in the original proposal. See VI above.
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Beam simulation: beam transport in the bunch compressor mainlinacs and beam delivery systems, beam halo modeling and transport, and implementation as a diagnostic tool for commissioning
and operation
Personnel and Institution(s) requesting funding
G. Dugan, L. Gibbons, B. Heltsley, M. Palmer, R. Patterson, D. Rubin, D. Sagan, J.Smith
Laboratory of Elementary Particle Physics, Cornell University
Collaborators
A. Seryi, P. Tenenbaum - SLAC
Contact Person
D. Rubin
dlr@cesr10.lns.cornell.edu
(607)-255-3765, -8183

Project Overview
This project will cover simulations of main beam transport in linear colliders, with an emphasis on integrated
damping ring to IP simulations; studies of the sources and transport of beam halo from its origin to the
IP; implementation of modeling tools as a diagnostic for addressing commissioning and operational issues.
Each of these topics is discussed in turn in the following paragraphs. Complete and robust simulation and
modeling tools are critical to the evaluation of design and commissioning of ILC, and our goal is to develop
software with the flexibility to investigate and evaluate design alternatives.
Main beam transport
One of the most essential features of a linear collider is the need for the preservation of a very small vertical
emittance during beam transport from the damping ring to the IP. The best estimate of what is required
to do this comes from integrated simulations of beam transport from the damping ring to the IP. Elaborate
simulation programs have been developed at SLAC, DESY and CERN for the linear collider projects, in
which errors can be incorporated, and realistic tuning algorithms can be explored, based on the expected
performance of diagnostic systems. The errors are both static and dynamic, and include initial alignment
errors, instrumentation resolution, ground motion and mechanical noise. Dynamic stabilization schemes and
linac-based and IP feedback can be incorporated.
The worldwide effort in this area could benefit from additional manpower working in collaboration with the
existing investigators to refine the simulation tools and develop improved tuning algorithms. We propose to
join these ongoing beam simulation efforts, providing additional manpower, as well as fresh perspectives.
We will work closely with our collaborators, who have extensive experience in beam simulation, to identify
critical issues which, in the context of the worldwide effort, require attention.
Particular areas of interest to us include the exploration of the tolerance of the baseline emittance preservation schemes to diagnostic faults, realistic modeling of the bunch compressors, and the effects of lattice
mismatches. Also, one of our aspirations is to develop the machine model so that it can eventually interact
with the control system in such a way that we can use it to diagnose and correct machine errors. Until a real
control system exists, we can simulate that as well and begin to understand how the operational problems
will become evident and then how they might be addressed.
We would also like to explore the utility of simulations of beam transport from the source to the damping
ring. Our group has considerable experience developing computer models to study the properties of stored
and accelerated beams, and for the evaluation of machine performance and diagnosis and correction of guide
1
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field errors etc. We have done extensive simulation of single particle dynamics, beam-beam interaction, long
range interaction of multiple bunch beams, and of the injection process for both CESR (5.3GeV) and for
CESR-c(1.9GeV). We also created a detailed simulation of the positron production process in our linac in
order to improve efficiency, and a rudimentary model of a superconducting linac to explore the dependence
of single and multi-bunch stability on cavity parameters. We are well equipped to contribute to the effort
to model beam transport in a high energy linac.
Machine commissioning and operation
During machine commissioning, interpretation of measurements of beam position monitors, beam size monitors, cavity higher order modes, etc. will be critical to identification of component failures and implementation of correction algorithms. Typically a simulation is used to compute the effects of the guide field on
the beam so that the consequence of various field errors, misalignments, etc. can be anticipated. But during
commissioning we must first measure the guide field errors, so that with the help of the models, appropriate
corrections can be determined. We plan to develop the modeling tools to extract information about the guide
field from the beam instrumentation, so that we can simulate the diagnosis and optimization of machine
performance.
Beam halo modeling and transport
Understanding and control of beam halo is a crucial issue for linear colliders. The extent of the beam
halo impacts the design of the collimation systems and muon spoilers, which in turn determine background
conditions at the detector. The collimation systems are also an essential part of the machine protection
system, a key issue for machine reliability.
One of the principal open issues in the baseline linear collider designs is the absence of a fully developed
pre-linac collimation system. Working with our collaborators, we propose to develop a realistic design for
such a system.
Beam halo typically explores regions of the vacuum chamber far from the central axis, where magnetic field
nonlinearities, often ignored in main beam transport simulations, may be important. We propose to study
the transport of halo particles, represented as longitudinal and transverse beam distribution tails, from the
damping ring to where the halo is intercepted, exploring, for example, the effects of nonlinear field errors.
The baseline linear collider collimation systems have been designed to cope with a relatively high level of
beam halo, based on previous linear collider experience. This level is typically much larger than simple
estimates would indicate. A more basic understanding of the origin of beam halo would allow a better
optimization of the collimation system design. We propose to simulate the sources of beam halo (e.g, due to
scattering processes in the damping rings, dark current in the linac cavities, etc.) and track these particles
from their sources to the collimation systems, where they are removed from the beam. Comparisons will be
made to the assumed halo used for the design of the baseline collimation systems for ILC, and to the SLC
beam halo experience.

Progress Report
The BMAD library of beam physics modeling routines is the basis for simulation, modeling, and diagnosis of
CESR beam dynamics[1]. The library has been extended to include the physics of linacs. Implementations
of the library routines, TESLAV and NLCV, have been developed to benchmark the BMAD code against
studies based on the existing codes, LIAR, MERLIN, and PLACET. For a detailed description of the implementation see
D.Sagan, J.C.Smith, The TAO Accelerator Simulation Program Environment, Proceedings 2005 Particle
Accelerator Conference
Calculation of machine parameters, multi-turn simulation of dynamic aperture, and multiparticle simulation
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of emittance dilution are all in good agreement with other codes. We have computed sensitivies, specifically
emittance dilution, to various misalignments, and find excellent agreement with the established codes. Documentation of the results will appear as
L.Fields, J.Urban, Comparisons of BMAD with Three Other Simulation Programs, Proceedings 2005 Particle
Accelerator Conference
Although not as important for the superconducting 1.3Ghz linac as the X-band room temperature structure,
both short and long range wakefields have been implemented with algorithms optimized for efficiency and
speed. Experimentation with various tracking methods, macro-particle vs single particle tracking, numbers
of particles, sensitivity to wakes etc. has allowed us to identify configurations that are both accurate and
efficient.
The dispersion free steering alignment algorithm has been implemented and results are in good agreement
with calculations based on Tenenbaum’s implementation[2]. We are investigating sensitivity to BPM misalignemnt, convergence and efficiency of the fitting procedure. We are implementing and testing alternative
algorithm’s including ballistic alignment and Kubo’s method[3] We are studying the effects of stray fields on
emittance preservation in general and consequences for the various alignment methods. The status of the
study of alignment methods will be presented at PAC05.
J.C.Smith, L.Gibbons, R.Patterson,D.Rubin,D.Sagan,P.Tenenbaum, Comparison of Beam-Based Alignment
Algorithms for the ILC, Proceedings 2005 Particle Accelerator Conference
We use the same BMAD library of subroutines and data structures to model all accelerators of the linear
collider, including injector, damping ring, bunch compresser and main linac and final focus. It is straightforward to link the accelerators together and propagate particles through the entire chain of machines. This
flexibility will permit a thorough investigation of beam halo beginning with formation in the damping ring,
propagation through bunch compressor and main linac to its fate in the beam delivery system.
Extensive investigation of the sensitivity to various misalignments, efficiency of alignment methods, the fate
of halo particles, etc. is cpu intensive. We have implemented MPI (message passing interface) routines on
two linux clusters that are available to us to enable parallel processing for the study of both beambeam
effects in CESR and dynamic aperture in ILC damping rings. We plan to exploit this capability for main
linac simulation as well.
We are members of the US ILC Low Emittance Transport working group and we are reporting progress and
coordinating our studies through that forum.
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Project Overview
Indispensable subsystems of the International Linear Collider (ILC) will be the damping
rings, which will shrink the emittances of the electron and positron beams. This idea was
first proposed by Amaldi [1]. Once the beams enter their respective main linacs, the ultra
low emittances should already have been achieved in the damping rings, where the equilibrium emittances are determined by the balancing of radiation damping, quantum excitations,
and intrabeam scattering. For the TESLA superconducting linac design, one wants horizontal/vertical normalized emittances of 10/0.03 µrad. Given the long TESLA bunch trains,
2820 particles per bunch with 337 nsec between bunches, the damping ring is driven to a
large circumference, 17 km. Also, various schemes require kickers with fast rise and fall
times. There are also the challenges of achieving good dynamic aperture and beam stability
during the long damping period. Any methods of alleviating some of these difficulties deserve
serious study.
One possibility was proposed some time ago by Dikansky and Mikhailichenko. They suggested
using a linear wiggler system to achieve small emittances at VLEPP [2]. There, they found
that 15 GeV electron beams required about 1 km of wigglers and accelerating structures to
decrease emittances the equivalent of a few damping times. Recently, Dugan [3] and Braun,
Korostelev, and Zimmermann [4] have revived interest in this technique. As noted by Dugan,
the length of the bunch train does not determine the length of a linear damping system
(LDS). Also, unlike a damping ring, an LDS has no arcs contributing to quantum excitations.
Moreover, as noted by Braun et al., putting the LDS at higher energies greatly reduces the
effect of intrabeam scattering.
Dugan considered alternating damping and accelerating structure sections. In order to completely replace the conventional ILC damping rings, Dugan showed that an electron or
positron beam of 23 GeV would require 10 Tesla wiggler fields, an 11 cm wiggler period,
and a total damping/accelerating length of 18 km to achieve the TESLA designed normalized
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emittances. However, he noted that high-field, short period wigglers could be challenging technologically and the small beta functions and high wiggler fields could lead to severe tolerances
and should be studied. Though it may not be feasible to replace completely the conventional
damping ring with an LDS, it may be advantageous to supplement the conventional damping
ring with a less ambitious LDS.
Braun et al. considered alternative, unconventional damping schemes, because the CLIC design as it stood did not achieve the desired electron and positron beam emittances. While the
goal for normalized rms horizontal/vertical emittances was 450/3 nm, the designed damping
ring only achieved 578/8.1 nm. First, they considered substituting rf wigglers and rf undulators for the conventional wiggler magnets in the damping ring. Since quantum excitations
scale as the square of the wiggler period, the wiggler period is reduced by using these alternatives to magnets. Rf undulators, which have been considered in the past for synchrotron light
sources [5-6], are defined by the regime where λu B0 < 0.01 T-m, where λu is the undulator
period and B0 is the peak magnetic field. Braun et al. found that rf wigglers performed better
than rf undulators. They also considered an LDS and obtained even better results, achieving
horizontal/vertical normalized emittances of 400/3.7 nm, requiring a peak magnetic field of
10 T and a wiggler period of 1.5 cm. The additional linac length necessitated by the LDS
was only 2.6 km.
This project describes research that is complementary to the baseline International Linear
Collider (ILC) design. It will be divided into three phases.
PHASE I
Quantify the Impact of Supplementary Damping Schemes on Various ILC Designs
A number of damping ring designs have been proposed for the ILC, such as the 17 km dogbone
design from the TESLA proposal and the 6 km design from Fermilab, both at a beam energy
of 5 GeV. Each lattice has its own set of challenges; thus, we would like to determine how
best to supplement the promising ILC designs with alternative damping systems. We will
determine whether it would be advantageous to employ supplementary damping systems
that are situated before and/or after the conventional damping rings. We will study such
issues as dynamic apertures of the supplementary systems, the effect on vertical emittance
of the opening angle effect of synchrotron radiation, the effect of small vertical dispersion in
the supplementary systems, and other aspects of coupling such supplementary systems to a
conventional damping ring.
For rf wigglers, Braun et al. examined the case of a rectangular waveguide in the TE10 mode.
We will perform calculations of the effect of using disk-loaded and other promising geometric
structures.
There are many issues that must be examined, and we will obtain a better overall assessment
than currently exists about the utility of employing supplementary damping systems. We
anticipate that PHASE I will take about a year and a half to complete.
PHASE II
Propose and Analyze Solutions to the Physics and Technological Challenges
Alternative damping schemes, such as the LDS, have a number of physics and technological
challenges for which we will propose and analyze solutions. For example, Dugan has pointed
out the challenge of implementing high-field, short period wigglers. We want to delve further
into this question. We will evaluate the tolerance issues due to small beta functions and
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high wiggler fields in an LDS. We will determine how best to avoid beam instabilities and
the adverse effects of coherent synchrotron radiation due to high peak currents that result
from bunch compression. These are some of the challenges that have been identified so far
[3]. Other challenges surely will be discovered and we will address them as they arise. We
anticipate Phase II to last about a year.
PHASE III
Design the Best-Case Supplementary Damping System and Propose Experiments at Existing
Damping Rings
This final phase will draw upon the knowledge gained in Phases I and II. By that time,
a viable conventional damping ring most likely will be settled upon by the worldwide ILC
community. Thus, it will be clear how to complement such a system with one or more of the
alternative damping schemes. We will design the specifications for such a system. Finally,
we will propose experiments to be performed at currently operating damping rings to test
the alternative damping ring concepts. This phase of the project should require about half a
year.
Broader Impact This research will be performed with the assistance of two graduate students and two undergraduate students from North Carolina A&T State University (NCA&T).
NCA&T has a Masters program in physics; thus, the graduate students working on this
project would use their work to satisfy the thesis requirement. For the undergraduate students, the project would provide invaluable research opportunities so that they could appreciate firsthand the art of basic scientific research. For both the graduate and undergraduate
students, the goal would be to encourage them to proceed to the doctorate in physics.
NCA&T is a public institution that is part of the University of North Carolina System.
More importantly, it is one of the Historically Black Colleges and Universities, with both
graduate and undergraduate enrollments containing in excess of ninety percent (90%) AfricanAmerican students. Moreover, the physics program enrolls a number of women students,
in some years comparable in number to the number of men students. Thus, this research
project would proceed within a student environment that is composed of sizable numbers of
underrepresented gender and ethnic groups.
NCA&T’s partnership with Penn State, SLAC, and UC-Berkeley would be extremely advantageous for all involved. Not only would those institutions become better acquainted with
the students’ abilities, hopefully leading to future recruitment opportunities, but the students
would gain a better appreciation of what is needed to perform at such institutions at the next
level of their studies.
Hopefully, the research results from this project will be implemented at the ILC. In the
meantime, the results will be presented at physics conferences and workshops and published
in premier physics journals.
Results of Prior Research
We recently made substantial progress on linear collider research under two NSF grants: Planning Grant Award number PHY-0303702 (9/15/03 - 8/31/04) and the current Grant number
PHY-0355182 (9/1/04 - 8/31/06). North Carolina A&T was a subcontractor with Cornell
University, and the grants were for an accelerator project entitled, Damping Ring Studies for
the LC. The goal was to derive more computationally friendly formulas for the phenomenon
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of intrabeam scattering (IBS). IBS involves multiple small-angle Coulomb scatterings of particles within a bunch. To compute emittance growth rates due to IBS, the theory involves a
series of matrix inversions and computations of the determinants of matrices at each of the
many lattice points in the damping ring. To compute emittance growth rates versus bunch
charge, popular mathematical codes take many hours to give results. Thus, approximations
to the theory are necessary to reduce greatly the time needed to compute emittance growth
rates. We derived such computationally-friendly approximations and showed that they give
excellent agreement with the full theory for damping rings corresponding to both warm and
cold linear collider designs.
For the lower energy damping rings for the warm linear collider designs, IBS would be the
most important impediment to achieving ultra low beam emittances. Now that the decision
has been made to use cold linear collider technology, the damping ring energies are sufficiently
high that IBS does not seem to be a big problem, although in some designs it is not negligible
and should always be checked.
The results of that work are now being revised for publication in Physical Review ST AB.
Also, it has much broader applicability than to just the ILC. It can be applied readily to
proton accelerators and other electron accelerators, such as synchrotron light sources.
Facilities, Equipment and Other Resources
This project will involve analytic calculations and computer simulations. As such, the main
resource will be the computational facilities available at North Carolina A&T. The university
offers main frames and personal computers in computer labs across the campus, with sufficient computer assistance to satisfy student and faculty needs. Moreover, the Department of
Physics has its own computer lab with local workstations that are available to students and
faculty. However, the computer labs are sometimes oversubscribed; thus, annually we would
like to purchase two (2) personal computers and computational software to assist with this
project.
FY2005 Project Activities and Deliverables
We will evaluate methods of supplementing the three (3) most promising genres of conventional ILC Damping Rings with alternative damping systems. We will evaluate the effects
of including rf wigglers in damping rings and the effects of adding linear damping systems
before and/or after them.
We will study disk-loaded rf wigglers in addition to simpler rectangular structures. We will
determine dynamic apertures and study various beam stability questions. We will complete
most of Phase I, and we will detail the progress on Phase I in a written report. Moreover, we
will submit some aspects of our work to refereed journals for publication.
FY2006 Project Activities and Deliverables
By the end of Phase I of the project, which should be completed halfway through FY2006,
a number of physics and technological challenges will have been identified. We will propose
and analyze solutions. Among the solutions, we will make progress on settling the issues
surrounding bunch compression and coherent synchrotron radiation. We will complete Phase I
and half of Phase II, and we will provide a detailed written report of our results.
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FY2007 Project Activities and Deliverables
During the final year of the project, we will complete Phases II and III. We will propose a
design for an alternative damping system to complement the damping ring that the worldwide
ILC community chooses. Finally, we will survey existing damping rings around the world and
determine how best to devise experiments to test the concepts proposed for the supplementary
damping systems. We will provide a final written report of our accomplishments.
Budget justification:
The entire project will consist mainly of computational and theoretical calculations, with
heavy use of simulation codes. The first year’s budget will provide research assistantships
for two (2) graduate students and two (2) undergraduate students; travel for domestic and
international conferences and the Principal Investigator, consultant, and collaborators to visit
each other’s institutions for the purpose of working on the project; materials and supplies in
the form of two (2) personal computers, computer software and other miscellaneous materials;
consultant services for S. Mtingwa at the rate of $524 per day for 41.1 days; and tuition
support for two (2) graduate students. Note that individual items such as the PCs, which
cost less than $5,000, are not considered equipment under NCA&T’s regulations.
During the second year, we provide two (2) months summer salary for the PI and we include
the same funds as requested the first year, increased mostly for inflation.
During the third year, we include the same funds as requested the second year, increased
mostly for inflation.
Fringe benefits are 24% of faculty salaries and 7.65%of $6,000 graduate student summer
salary. Other direct costs are tuition for two graduate students. Indirect costs are calculated
at North Carolina A&T’s 40% rate on modified total direct costs, which excludes tuition.
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Three-year budget, in then-year K$
Institution: Institution 1
Item
Faculty (Summer)
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Consultant Services
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
30
14
44.0
0.5
44.5
0
15
12
21.5
30
123.0
37.2
160.2

FY2006
13.0
0
32
15
60.0
3.6
63.6
0
16
14
22.6
31
147.2
46.5
193.7

FY2007
13.6
0
34
16
63.6
3.7
67.3
0
18
16
23.7
32
157.0
50.0
207.0

Total
26.6
0
96
45
167.6
7.8
175.4
0
49
42
67.8
93
427.2
133.7
560.9
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Project Overview
Studies of wiggler-related dynamic aperture limitations.
Two classes of circular electron accelerators will generate damping almost entirely in wiggler
magnets: linear collider damping rings and some low-energy e+ e− factories, such as CESR-c.
Wigglers are unlike typical accelerator magnets in that they have longitudinal magnetic fields
which are comparable to their transverse fields. Also, the design orbit has an angle and a
displacement relative to the wiggler axis. The combination of the longitudinal field and the
angle through the wiggler produces an effective field error, as does the combination of the
field roll-off near the wiggler edge and the displacement from the wiggler axis. The effective
field nonlinearity is quite strong, severely limits dynamic aperture in linear collider damping
ring designs, and may decrease the damping rate for large-amplitude particles. We intend
to develop and test a design algorithm for wigglers and lattices which preserves the dynamic
aperture, and test this algorithm with beam measurements in CESR-c. We will apply the
same techniques to the International Linear Collider (ILC) damping ring designs to demonstrate that they have adequate dynamic aperture and amplitude-dependent damping rate (or
optimize those designs until they do).
Studies of space charge effects.
The large density of particles in the ILC damping rings creates a significant space charge tune
shift. The tune shift is not the same for all particles, and the area of the tune footprint is
significant. If this tune footprint overlaps strong resonance lines, particles may be lost, or
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the emittance may grow. To evaluate the effects of space charge, we will incorporate suitable
algorithms into our particle-tracking simulations and modeling codes.
Development of simulation and modeling tools
We have begun the development, at Cornell and at Minnesota, of simulation and modeling
tools to support the measurements in CESR-c and the analysis of ATF data. The hardware to
be used will be an Intel-architecture computing farm (http://www.hep.umn.edu/∼cleo3/)
consisting of 48 dual-processor systems in 1U rack-mount enclosures. An undergraduate student will be supported to act as operator and to participate in code development. While
operating the farm for linear collider simulations, the high energy physicists at Minnesota
will continue to develop expertise in accelerator physics to allow contributions to algorithm
development and simulation-based benchmarking of designs for the damping ring project.
The modeling code is based on an existing object-oriented particle-tracking library, Bmad [1],
that has been extensively tested against an operating machine, CESR. To understand the
significance of measurements in CESR-c, we will make detailed comparisons of the simulated
properties of the linear collider damping rings with CESR-c, including dynamic aperture with
wiggler nonlinearities, space charge, and other collective effects. We will also use the models
to explore coupling and dispersion correction schemes that can then be tested in CESR-c.
Our study will include an independent evaluation of the characteristics of the ILC damping
rings.
Development of high-quality beam diagnostics systems
High-quality beam diagnostics are required for the measurement of small beam sizes and short
bunch lengths, and are critical to the development of any linear collider damping ring. We
plan to improve the following existing CESR diagnostic systems, which are also important
for linear collider damping rings: high-resolution beam size diagnostics (interferometric technique), and streak camera bunch length and shape monitoring.
Review of ILC damping ring design and optics.
The large number of bunches (2820) and the relatively large inter-bunch spacing (337 ns) in
the TESLA ILC design gives a bunch train which is more than 200 km long. A damping ring
of this size would be very costly, and so the bunch train is damped in a compressed form,
with a bunch spacing of 20 ns, leading to a damping ring with a circumference of 17 km.
This ring is still quite large, and, apart from the cost issue, has some technical disadvantages
(such as large space charge effects) related to its large size. We will investigate other technical
solutions for the damping rings, and compare the advantages and disadvantages relative to
the baseline design.
Investigation of the superferric option for the ILC damping ring wigglers.
The baseline design of wigglers for the ILC damping rings is based on permanent magnet
technology. Superconducting wigglers were also considered. At LEPP, we have experience
both with permanent magnet systems, and, in connection with CESR-c, have developed expertise in the design and fabrication of superferric wigglers. We will re-examine the possibility
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of superferric wigglers for the ILC damping rings. We will re-evaluate the technical and cost
advantages and disadvantages of each technology choice.
Studies of beam-based alignment and emittance correction algorithms.
The ILC damping rings designs have an unprecedented low vertical emittance. Coupling and
vertical dispersion must be very well corrected. It is likely that beam-based alignment (BBA)
will be needed to reference the beam position monitors to the magnets with high precision.
We plan to model BBA and correction algorithms in the ATF damping ring at KEK and in
CESR-c with the simulation code Bmad, with special attention to the role of systematic errors
in BBA. We will compare the simulation results with observations at ATF and at CESR-c.
The goal is to produce improved BBA and emittance correction algorithms.

Broader Impact
Much of the research described in this proposal is synergistic with efforts to improve the
performance of low-energy e+ e− factories, such as CESR-c and DAΦNE. The simulation and
modeling tools described above, as well as the diagnostic systems, will have applications in
the design and operation of any high-performance circular electron accelerator systems, such
as synchrotron radiation sources.
This proposal will support graduate and undergraduate students training in accelerator
physics. Most accelerator work is carried out in national labs, which do not have the strong
training mission of a university. The national shortage of accelerator physicists is related
to the relatively poor representation of this discipline in the university community. This
shortage affects not only high energy physics, but also many other fields, such as solid state
physics, materials science, biophysics, and medical science, which have come to depend on
accelerators as their front-line research tools. This proposal will contribute to the education
of accelerator physicists, and consequently can have a broad impact on all these fields.
Results of Prior Research
Prior research in this area has been supported as part of the current grant NSF PHY-0355182,
entitled “University-based Accelerator R&D for a Linear Collider”, in the amount $128,315,
covering the period 9/1/04-8/31/06. Under this grant, the specific activity entitled “Experimental, simulation, and design studies for linear collider damping rings” is supported at the
level of $45,133. Results of this prior research are described below.
Studies of dynamic aperture of wiggler-dominated damping rings
Work performed thus far in studying the dynamic aperture of the various ILC damping ring
designs has been focused on the development of simulation tools and methods to be used
for the accurate calculation of the dynamic aperture of a wiggler-dominated ring. Using
Bmad, we have optimized the application of conventional dynamic aperture calculations to a
damping ring lattice. A new dynamic aperture calculation which we have also implemented
to study the damping ring, is a frequency map analysis which shows the dynamic aperture
while also highlighting the chaotic nature of the particle orbits.
These simulation tools have been used on the TESLA dog-bone damping ring lattice using
a full non-linear representation of the wiggler magnets which are the predominant limiter of
the dynamic aperture. The non-linear modeling of the damping ring wigglers has been done
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using the same techniques developed at Cornell for modeling CESR-c wigglers, now modified
for application to the linear collider damping rings.
With simulation tools and algorithms in place, evaluating the robustness of the different ILC
damping ring designs will be a straightforward application of the simulations. Future work
will also be performed to maximize the dynamic aperture of a wiggler-dominated ring by
varying the physical geometry of the wiggler magnets and studying these new wiggler magnets in the proposed damping ring designs.
Alternate designs for the ILC damping rings
We are investigating a method for manipulating a compressed bunch train in the damping
ring using RF deflectors and multiple transfer lines. Bunches in the injection/extraction line
are four times as far apart as bunches in the main ring, thereby reducing the size of the ring
by approximately a factor of four without increasing requirements for the injection/extraction
kicker.
In order to model these rings, we have implemented deflecting cavity elements in Bmad.
These elements use realistic EM fields including spatial and temporal nonlinearities. We are
currently testing this scheme in a 4 km ring based upon the TESLA dogbone design and the
KEK-B deflecting cavities. Early results suggest that we can obtain the necessary emittance
and damping time without a significant compromise of the dynamic aperture.
Development of simulation and modeling tools.
In the past year we have completed the assembly and commissioning at Minnesota of an Intelarchitecture computing farm (http://www.hep.umn.edu/∼cleo3/) consisting of 48 dualprocessor systems in 1U rack-mount enclosures. Funding for this system was provided by
the Department of Energy and the University of Minnesota primarily to provide large-scale
simulations for the CLEO-c experiment, but with a planned 10% share for linear collider
accelerator simulations. The processors are Pentium 4 Xeons operating at ∼ 2.5 GHz. with
hyper threading enabled. Each worker node is equipped with 1GB of memory, modest local
disk space (40GB), and Gbit Ethernet. Libraries, and input and output files reside on a
dedicated 3.5-terabyte fiber-channel disk array. The operating system is Scientific Linux and
all nodes are network-administered in a PXE boot environment.
CLEO-c simulations are currently carried out under the Condor system, while accelerator
simulations are run in the LAM/MPI parallel computing environment. So far linear collider
simulations on computers at Minnesota have been limited to demonstration jobs with Bmad
and the TESLA Dog-Bone Damping Ring Lattice from W. Decking of DESY. CESR-c simulations are being run intensively, taking advantage of significant excess processing capacity
beyond the current needs of the CLEO-c program.
Development of high-quality beam diagnostics systems
Improved beam diagnostics capability is critical to our understanding of CESR-c as a wigglerdominated storage ring and for the measurement of small beams and short bunch lengths at
CESR. A general upgrade of CESR instrumentation is presently underway. Two aspects of
this upgrade that are particularly applicable to experiments for damping ring development
are upgrades of CESR’s streak camera and beam profile monitor systems.
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The data acquisition system for our Hamamatsu C1587 streak camera has recently been
upgraded. The camera is located at the end of an optical transport system which accepts
synchrotron light from both the electron and positron beams in CESR originating from source
points in two equivalent dipoles. The streak camera provides resolutions down to 1.6 ps for
bunch measurements in CESR where bunches are spaced at 14 ns intervals. The device is
presently undergoing in situ calibration and is in regular use for both low and high energy
CESR operation.
Double-slit interferometer hardware, operating on the principle of the Michelson Stellar Interferometer, has been installed in the optics systems of both the electron and the positron
vertical beam profile monitors in CESR. The system makes use of horizontally polarized
synchrotron light originating in a standard CESR arc bend magnet. The depths of the observed interference fringes can be measured with a CCD camera and used to determine the
vertical source size. With our current slit arrangement, a vertical resolution limit of approximately 50 µm is obtained. We are presently expanding the capability of this device for fast
bunch-by-bunch readout by installing a new optics line for a Hamamatsu H7260 multianode photomultiplier. This device consists of a 32 channel linear array of anodes with 1 mm
pitch and 0.6 ns rise-time. The fast response of this device makes it an excellent choice for
distinguishing the 14 ns spaced bunches in CESR. With suitable imaging optics, our simulations indicate it is capable of making beam size measurements with a resolution of several
percent in fewer than 10 passes of a single bunch. As such it can provide a unique probe
of multi-bunch beam dynamics in CESR. Turn-by-turn multi-bunch readout electronics has
been designed, built, and is currently being tested. We expect to start full system tests of
the positron monitor prototype during the first half of 2005. The addition of an optics line
and a second device for electron monitoring should follow shortly thereafter.
Due to the small beam sizes expected in a linear collider damping ring, beam profile measurement devices with improved intrinsic resolution are highly desirable. There is an ongoing
effort at LEPP [2] to develop a beam profile monitor using Si and/or GaAs PIN diode devices to image X-rays. Our development of turn-by-turn multi-bunch readout electronics for
our existing beam profile system will provide critical hardware for use in the testing of such
devices. At present we are developing suitable analog front-end electronics to read out the
proposed prototype detectors. The remainder of the electronics package will be a copy of that
developed for our visible light beam profile monitor.
Facilities, Equipment and Other Resources
The facilities of the Cornell Laboratory for Elementary-Particle Physics (LEPP) include an
accelerator complex (linac, synchrotron, storage ring, and insertion devices), the CLEO detector, substantial computer facilities with a computing support staff, an electronics shop
equipped with a variety of sophisticated electronic test equipment, electronic design and fabrication support staff, machine shops, and other related facilities.

FY2005 Project Activities and Deliverables
During the first year we plan to:
1. Develop a space charge element for particle tracking simulations.
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2. Make active use of the streak camera bunch length and shape monitor, and complete
upgrades to the interferometric beam size monitor, including integration into the CESR
control system.
3. Continue to investigate alternative damping ring solutions for the ILC.
4. Continue to benchmark the design algorithm and particle-tracking code for a wigglerdominated ring by measuring the dynamic aperture, orbit-dependent tune shifts, decoherence, phase space distortion, and amplitude-dependent damping rate in CESR-c.
5. Perform an evaluation of the technical and cost advantages of permanent magnet and
superferric wigglers for the ILC damping rings.
6. Continue to develop the infrastructure for supporting accelerator simulations on the
Minnesota farm. This will include investigating the MPICH implementation of multiprocessor parallel computing under Condor. This will have the benefit of more effective
utilization of resources within a cluster that is serving both CLEO-c and accelerator
simulations, and will allow the linear collider simulations to take advantage of the fault
tolerance, administrative resources, and other features of high-throughput computing
that Condor provides.
The first year deliverables are technical reports on the items described above.
FY2006 Project Activities and Deliverables
During the second year we plan to:
1. Complete the benchmarking of our design algorithm and particle-tracking code for a
wiggler-dominated ring.
2. Using this code, perform a complete simulation (tune plane scan) of candidate ILC
damping ring designs, including wiggler nonlinearities and space charge, to determine
the optimum operating points and particle loss rates.
3. Develop well-optimized correction algorithms for BBA and vertical dispersion and coupling correction that can be applied to the ILC damping rings and to tests in CESR-c
and possibly ATF.
4. Continue to develop the infrastructure for supporting accelerator simulations on the
Minnesota farm.
The second year deliverables are technical reports on the items described above.
Budget justification: Cornell University
The activities will require the involvement of Cornell LEPP staff members and graduate
students. One graduate student will be supported half-time from this grant in the first
year, and full-time in the second year. The activities at Cornell will require travel funds
for consultation with collaborators at DESY, SLAC, KEK, and LBNL. Indirect costs are
calculated at Cornell’s 58% rate on modified total direct costs.
Three-year budget, in then-year K$
Institution: Cornell University
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Item
FY2005
Other Professionals
0
Graduate Students
9.067
Undergraduate Students
0.0
Total Salaries and Wages
9.067
Fringe Benefits
0.0
Total Salaries, Wages and Fringe Benefits
9.067
Equipment
0.0
Travel
4.0
Materials and Supplies
0.0
Other direct costs
9.183
Minnesota subcontract
13.5
Total direct costs
35.75
Indirect costs∗
11.089
Total direct and indirect costs
46.839
* Includes 26% of first $25K subcontract costs

FY2006
0
19.767
0.0
19.767
0.0
19.767
0.0
4.0
0.0
17.964
13.5
55.231
16.775
72.006

Total
0
28.834
0.0
28.834
0.0
28.834
0.0
8.0
0.0
27.147
27.0
90.981
27.864
118.845

Budget justification: University of Minnesota
The budget for the Minnesota component of the project assumes that all support for scientific
personnel (Poling, Smith) will be provided by the Department of Energy through grant DEFG02-94ER40823. This grant also covers maintenance and software-licensing costs for the
Minnesota simulations farm. Salary support is requested for one undergraduate work-study
student to aid in programming and operation of this facility for linear collider applications.
The budget is based on the expectation of 10 to 15 hours of work per week during the
academic year and double that during the summer. A typical level of work-study support is
assumed. Funds are also requested for travel to three or four linear collider meetings per year.
DOE-supported travel to Cornell for CLEO-c work will also provide opportunities to consult
with collaborators. Indirect costs are computed using the University of Minnesota’s rate for
on-campus research (49.5%). Undergraduate student salaries do not incur fringe-benefit costs.
Three-year budget, in then-year K$
Institution: University of Minnesota
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Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
5.0
5.0
0
5.0
0.0
4.0
0
0
9.0
4.5
13.5

FY2006
0
0
5.0
5.0
0
5.0
0.0
4.0
0
0
9.0
4.5
13.5

Total
0
0
10.0
10.0
0
10.0
0.0
8.0
0
0
18.0
9.0
27.0

References
[1] D.L. Rubin and D. Sagan, “CESR Lattice Design”, Proc. 2001 Particle Accelerator Conference,
Chicago, paper RPPH121 (2001).
[2] J. Alexander, J. Ernst,“Design for a Fast Synchrotron Radiation Imaging System for Beam
Size Monitoring”, a component of the grant NSF PHY-0355182, “University-based Accelerator
R&D for a Linear Collider”
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E166(2.37) Update as of 4 April, 2005
A) Equipment and Readiness Status
Item

Responsible Institution

Beamline equipment
Undulator and power supply
Cornell
Undulator collimator, beampipe, SLAC
beam postion monitors,undulator
table, photon collimator, positron
production target, positron vacuum
chamber.

Status

Completed and delivered to SLAC, August 2004.
Nearly complete. Some installation and alignment
to be done immediately before run.

Special purpose magnets
Photon transmission magnets(2)
for photon and positron lines.
Positron focusing solenoid and
transport magnets.

DESY

Completed and shipped to SLAC, August, 2004.
Installed in FFTB.Not tested
Design Princeton- To be installed just prior to run.
Construction SLAC

Detectors
Photon lineAerogel photon counter(2)
SiW photon counters(2+spare)
Segmented SiW calorimeter
Positron lineCsI Calorimeter
Silicon positron counter

Princeton
Tennessee
Tennessee

Completed and installed-March 2005. not yet tested
Completed and installed-June2004. Commisioned
Completed and installed-June 2204. Commisioned

DESY
Tennessee

Faraday cup

Completed and installed
Commissioned
Completed and tested. To be installed after vacuum
chamber installation.
SLAC-Princeton Installation after vacuum chamber installation

Background monitorsCsI crystal
CsI crystal
SiW calorimeter
SiW photon counter
Scintillator Paddles(5)

SLAC
DESY
Tennessee
Tennessee
SLAC/Tenn

All detectors installed tested and operated in FFTB to
study FFTB background during E164-5, SPPS runs.
Installed in FFTB for >1.5 years.
No beam with E166 run conditions was available
during these experiments.

SLAC

Completed >2 years. Recently updated to include
controlled voltage ramp runs for transmission
magnets

DAQ
Labview system,
VME, CAMAC electronics,
HV control,

Analysis Software Output of DAQ is Ascii file
Ntuple creation for event data
PAW analysis filesData quality, calibration, photon
and positron transmission for
polarization measurement.
Magnet ramp control analysis

Tennessee
Tennessee

Root analysis software

DESY

Used extensively for background studies and detector
calibrations.
Polarization programs as yet untested.

DESY

Tested with simulated ramp. Actual magnet ramp not
yet implemented
Not yet used..
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B) Estimated Schedule.
E166 actually began a scheduled run in early October, 2004. The goal was to align the system, calibrate the
detectors, install and commission the undulator and if possible to make a first measurement of photon
polarization On October 8,9 we received the first low energy (28 GeV) test beam All detectors except the
photon line Aerogel detectors, the Silicon positron detector and the positron Faraday cup were in place and
background data were recorded. The following week was scheduled for undulator installation to be
followed by alignment and calibration studies and increase to 50 GeV. However, the electrical accident at
SLAC resulted in cancellation of all activities and shutdown of the accelerator.
Current expectations are that permission to reactivate the FFTB beam will be forthcoming in late April or
early May. It has been agreed that the SPPS experiment will run initially for a few (3-4) weeks and
followed by E166 at which time we will resume the program planned for last October. A one week
shutdown is required to install those items which cannot be in place during the SPPS run. We hope to
achieve in Phase 1 measurement of the undulator photon intensity and polarization. A later run is planned
for Fall, 2005 to measure the positron polarization.
The SPPS run will be used to thoroughly recheck detectors and DAQ system prior to E166 run
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Linear Collider Accelerator Physics R&D Progress Report 2.37a
April 14, 2005

Undulator-Based Production
of Polarized Positrons
(SLAC Experiment E-166)
Changguo Lu, Kirk T. McDonald
Joseph Henry Laboratory, Princeton University, Princeton, NJ 08544

Summary
Princeton University is participating in SLAC experiment E-166 [1], an international
accelerator-physics project involving 15 institutions to demonstrate undulator-based production of polarized positrons for a linear collider. This effort, and that of U. Tennessee,
forms LCRD 2.37 of the Linear Collider Accelerator Physics R&D Program [2]
The full exploitation of the physics potential of future linear colliders such as the JLC,
NLC, and TESLA will require the development of polarized positron beams. In the scheme
under study in experiment E-166, a helical undulator is employed to generate photons of
several MeV with circular polarization which are then converted in a relatively thin target
to generate longitudinally polarized positrons.
To characterize the success of this technique, the experiment includes diagnostics of
the polarization of both the MeV-scale photons and positrons, based on the polarization
dependence of the rate of transmission of photons through magnetized iron. Princeton
University has responsibility for construction of a magnetic spectrometer for the positrons,
and also for construction of a pair of siilica aerogel counters for use in the polarimeter to
diagnose the undulator photons.
All of the hardware construction for experiment E-166 is now complete. In addition,
Princeton has purchased tungsten shielding for the positron spectrometer, a waveform generator to control the reversal of magnetic field of the photon polarimeters, a 4-channel digital
oscilloscope for use with the 3 Faraday cup diagnostics of the positron spectromter, and two
PC’s for use in the E-166 data acquisition system.
The LCRD budget award for Princeton was $30k in FY05, with the anticipation of a
renewal of $40k in FY06. Because the experiment is to run in FY05, it has been necessary to
spend about $60k to date, with another $10k needed to cover travel expenses for the coming
run of the experiment.
Experiment E-166 had taken two days of beam at SLAC in October 2004, before the lab
was shut down due to an electrical accident. As of today, we believe the experiment can run
again from May 15-June 4, 2005, and for an additonal 3 weeks around Sept. 1, 2005.
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Section 1 presents some relevant extracts from the E-166 proposal [1]. Section 2 reviews
the Princeton effort on E-166.

1

Introduction

The full exploitation of the physics potential of future linear colliders such as the JLC,
NLC, and TESLA will require the development of polarized positron beams.
In the proposed scheme of Balakin and Mikhailichenko [3] a helical undulator is employed
to generate photons of several MeV with circular polarization which are then converted in a
relatively thin target to generate longitudinally polarized positrons.
To advance progress in this field, a new experiment, SLAC E-166 [1, 4] (approved June
30, 2003), will test this scheme to determine whether such a technique can produce polarized
positron beams of sufficient quality for use in future Linear Colliders. The experiment will
install a 1-meter-long, short-period (λu = 2.4 mm, K = 0.17), pulsed helical undulator in the
Final Focus Test Beam (FFTB) at SLAC. A low-emittance 50-GeV electron beam passing
through this undulator will generate circularly polarized photons with energies up to a cutoff
energy of about 10 MeV. These polarized photons are then converted to polarized positrons
via pair production in thin targets.

1.1

Undulator Based Production of Polarized Positrons

A polarized positron source for a Linear Collider was first proposed by Balakin and
Mikhailichenko in 1979 in the framework of the VLEPP project [3]. The concept, schematically sketched in Fig. 1, sends the high energy (≥ 150 GeV) electron beam of a Linear
Collider through a (∼ 200 m-long) helical undulator to produce circularly polarized photons
with energies of about 11 MeV. While the electrons are further accelerated and brought
into collision after passing through the undulator, the photons are converted in a thin target into electron-positron pairs. Here the polarization state of the photons is transferred
to the positrons and electrons. Only the on-axis photons of the helical undulator radiation
are completely circularly polarized; the degree of polarization is decreasing with increasing
emission angle. Hence, the polarization of the photons and of the generated positrons can
be increased at the expense of the total number of positrons by collimation. The positrons
are captured behind the target similarly to the case of a conventional positron source [5, 6],
and fed into a linac.
This undulator-based positron source concept offers the additional advantage that the
heat load on the target is less than that of a conventional source, and so the former is very
well suited for the production of high intensity positron beams [7]. An undulator-based
polarized positron source can in principle be realized independently of the linac technology,
i.e., independently of the details of the required pulse structure, because the number of
produced positrons scales with the number of the electrons in the drive linac, and the pulse
structure of the electrons is directly copied to that of the positrons. In this sense it is an
option for all Linear Collider projects.
1
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Figure 1: Conceptual scheme for undulator-based production of polarized
positrons.

1.2

Physics Opportunities at a Linear Collider with Polarized
Electrons and Polarized Positrons

Polarized electrons have been a part of each of the different Linear Collider proposals
for a long time. Recently much scrutiny has been given to the case for polarized positrons
in addition to polarized electrons. A consensus has emerged that polarized positrons are a
highly desirable option for a Linear Collider.
The importance of beam polarization in general was demonstrated e.g., at the SLAC
Linear Collider (SLC). Because of the high degree of electron polarization (during its last
run in 1997/98, an average longitudinal beam polarization Pe− = 74% was reached [8]) one
of the world’s most precise measurements of the weak mixing angle at Z-pole energies was
performed.
Having both beams polarized offers a number of advantages:
• Higher effective polarization.
• Increased signal to background in studies of Standard Model Physics.
• Enhancement of the effective luminosity.
• Precise analysis of many kinds of non-standard couplings.
• The option to use transversely polarized beams.
• Improved accuracy in measuring the polarization.

1.3

The Need for a Demonstration Experiment

The aim of the proposed experiment E-166 is to test the fundamental process of polarization transfer in an electromagnetic cascade. For this, a simplified version of the scheme
shown in Fig. 1 will be used, in which a 50-GeV electron beam passes through a 1-m-long
undulator as shown in Fig. 2. The resulting photon beam of MeV energy is converted to
positrons (and electrons) in a thin target, after which the polarization of the positrons (and
photons) is analyzed.
2
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Figure 2: Conceptual layout (not to scale) of the experiment to demonstrate
the production of polarized positrons in the SLAC FFTB. 50-GeV electrons
enter from the left and pass through an undulator to produce a beam of circularly polarized photons of MeV energy. The electrons are deflected away
from the photons by the D1 magnet. The photons are converted to electrons
and positrons in a thin target. The polarization of the positrons, and of the
photons, are measured in polarimeters based on Compton scattering of electrons in magnetized iron. BPMi = beam-position monitor; HSBi =“hard” soft
bend; OTR = optical-transition-radiation beam-profile monitor; Toro = beamcurrent toroid; WS = wire scanner; Ai = aperture limiting collimators; Hcor
= horizontal steering magnet; D1 = FFTB primary beam dump bend-magnet
string; PRd = dumpline beam-profile monitor; PRt = e+ target beam-profile
monitor; D2 = analyzing magnet.

While the basic cross sections for the QED processes relevant to polarization transfer
were derived in the late 1950’s, experimental verification of the polarization development in
an electromagnetic cascade is still missing. From this point of view, the proposed experiment
has some general scientific aspects in addition to its importance for Linear Colliders.
Each approximation in the modeling of electromagnetic cascades seems to be well justified
in itself, but the complexity of polarization transfer in cascades makes the comparison with
an experiment desirable, so that the decision whether a Linear Collider should be built with
or without a polarized positron source can be based on solid grounds. The achievable precision of the proposed transmission polarimetry of 5-10% is sufficient for this purpose. This
experiment, however, will not address detailed systems issues related to polarized positron
production for a Collider, such as capture efficiency, target thermal hydrodynamics, radiation damage in the target, or an undulator prototype suitable for use at a Linear Collider;
such issues are well within the scope of R&D by a Linear Collider project that chooses to
implement a polarized positron source based on a helical undulator.

1.4

Overview of Experiment E-166

The goal of the experiment is
• To measure the yield and polarization of the photons produced by passing an electron
3
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beam through a helical undulator.
• To measure the yield and polarization of the positrons produced by conversion of
undulator photons in a thin target.
• To compare the results to simulations.
A schematic layout of the experiment is shown in Fig. 2 with emphasis on the particle
beams, while Fig. 3 shows the layout of the detectors to measure the flux and polarization
of the photons and positrons.

Figure 3: Conceptual layout of the E–166 positron generation and photon and
positron diagnostic systems. Representative rates of photons and positrons,
per electron pulse, are shown in various regions of the apparatus.
The experiment uses a low-emittance, 50-GeV electron beam in the SLAC Final Focus
Test Beam (FFTB) plus a 1-meter-long, short-period (λu = 2.4-mm, K=0.17), pulsed helical
undulator, to produce circularly polarized photons of energies up to 10 MeV. These polarized
photons are then converted to polarized positrons through pair production in a Ti target
which has a nominal thickness of 0.5 rad. len. The polarizations of the photons and positrons
are measured by the Compton transmission method using a magnetized iron absorber [9].
This experiment is a demonstration of undulator-based production of polarized positrons
for Linear Colliders at a scale of 1% in length and intensity:
• Photons are produced in the same energy range and polarization as in a Linear Collider;
• The same target thickness and material are used as in the Linear Collider;

4
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• The polarization of the produced positrons is expected to be in the same range as in
a Linear Collider.
• The simulation tools being used to model the experiment are the same as those being used to design the polarized positron system for a Linear Collider: EGS4 [10]
and GEANT3, both modified to include spin effects for polarized e+ production, and
BEAMPATH [11] for collection and transport.

1.5

The Photon Polarimeter

Measurements of the circular polarization of energetic photons are most commonly based
on the spin dependence of Compton scattering off atomic electrons [12, 13]. One can either
observe the scattered electrons and/or photons emerging from a thin, magnetized iron foil
[14], or measure the transmission of unscattered photons through a thick, magnetized iron
absorber [9, 15, 16]. Experiment E-166 uses the latter technique, which is sketched in Fig. 4.
The basic components are a magnetized iron absorber and a detector that measures the
photons that penetrate through the absorber.

Figure 4: The concept of transmission polarimetry, in which the survival rate
is measured for photons that pass through a magnetized iron absorber.
On reversing the sign of the magnetization of the absorber, an asymmetry δ = Pγ Pe− Aγ
is measured in the rate of transmitted photons, where Pγ is the photon polarization, Pe− is
the polarization of the electrons in the iron, and Aγ is the so-called analyzing power which
is proportional to the spin-dependent part of the Compton scattering cross section [1].
The implementation of the photon polarimeter for E-166 is sketched in Fig. 3. The photon
polarimeter will include two types of photon detectors, a total absorption calorimeter and a
Čerenkov detector.
1.5.1

Silicon-Tungsten Calorimeter

The total absorption calorimeter for the transmitted photons is a silicon-tungsten sampling calorimeter, similar to that employed in SLAC experiment E-144 [18]. As shown in
Fig. 5, this device consists of 20 plates of tungsten, each 1 rad. len. thick, separated by silicon
detectors in the form of a 4 × 4 array of pads, each 1.6 × 1.6 cm2 in area. The pads are read
out in longitudinal groups of 5, for a total of 64 readout channels. The resulting transverse
5
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and longitudinal segmentation of the calorimeter will permit confirmation that the energy
deposited in the calorimeter has the profile expected from the signal of undulator photons,
rather than that of possible backgrounds of scattered electrons and photons.

Figure 5: a) The silicon tungsten calorimeter consists of 20 longitudinal samples of 1 X0 each, grouped into 4 segments of 5 X0 each. The transverse
sampling is via a 4 × 4 array of pads, each 1.6 × 1.6 cm2 each. b) View of
E-166/T-467 test apparatus in the FFTB: the silicon tungsten calorimeter is
the small object (with cabling)at the right; a CsI counter is under the lead
brick shield in the center; the aerogel flux counters are at the top center.
The resolution of a similar sampling calorimeter has been measured to be [18]
σE2 = (0.19)2 E + (0.4)2 ,

(1)

where E is the electron energy in GeV. For a pulse of 1010 electrons, some 4 × 107 photons of
average energy 5 MeV reach the calorimeter, depositing about 200 TeV. Hence, the relative
error on that energy of only 0.06 %.
1.5.2

Aerogel Flux Counters

A complementary measurement of the transmitted photon flux will be made with a pair
of aerogel Čerenkov counters with index of refraction n = 1.009 [19]. This extremely lowindex material is available from the BELLE experiment. The two flux counters are deployed
before and after the magnetized iron absorber, as shown in Fig. 3.
The signal in the aerogel flux counter is generated by conversion of undulator photons
in the aerogel, after which electrons and positrons of energy greater than 4.3 MeV will emit
Čerenkov light. This light is observed in a photomultiplier that views the aerogel through
an air light pipe, as shown in Fig. 6.
Because of their threshold energy of 4.3 MeV, the aerogel flux counters are insensitive
to synchrotron radiation in the beam. Hence, a pair of aerogel flux counters that are placed
upstream and downstream of the magnetized iron absorber, as shown in Fig. 3, can confirm
6
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Figure 6: a) Sketch of the photon flux counter, consisting of a 2-cm-thick block
of aerogel of index n = 1.009, viewed by a photomultiplier tube at the end of
an air light pipe. b) Photograph of the two aerogel flux counters. c) A block
of aerogel mounted in a Michelson interferometer in order to measure its index
of refraction [19].

the attenuation of this absorber on photons of energy above 5 MeV, independent of possible
backgrounds of lower-energy photons.
The conversion probability of an undulator photon in the 1-mm-thick Al cover plate of
the detector will yield about 1 electron or positron per 300 photons, but only 1/3 of these
will have energy above Čerenkov threshold. The number of photons of energy that penetrate
the iron absorber is about 4 × 107 per pulse of 1010 electrons, so the number of useful
conversions is about 4 × 104 . There will be about 50 θC2 ≈ 5 ǒptical Cerenkov photons per
conversion, leading to about 1/2 photoelectron per conversion in a photomultiplier whose
photon collection efficiency times quantum efficiency is 10%. Hence, the expected signal
in the Čerenkov counter downstream of the magnetized iron absorber is about 2 × 104
photoelectron per electron beam pulse.

1.6

The Positron Polarimeter

The measurement of positron polarization is to be made by first transferring the polarization to photons, and then using a photon-transmission polarimeter [17]. Measurements
of the asymmetry δ = Pe+ Pe− Ae+ in the rate of transmitted photons can be related to the
positron polarization Pe+ and the polarization Pe− of the electrons in the magnetized iron
absorber via a calculable analyzing power Ae+ [1].
The layout of the positron polarimeter has been shown in Fig. 3, and is shown again
in Fig. 7. A double 90◦ -bend magnet transports a ±20% momentum bite of the positron
spectrum to the reconversion target (0.5 rad. len. of tungsten). The photons that emerge
from the target are then incident on an 7.5-cm-long magnetized iron absorber. The photons
that are transmitted through the absorber (≈ 103 per pulse) are detected in a CsI array.
The latter device was chosen, rather than a Si-W calorimeter, because the typical energy of
7
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photons reaching the detector in the positron polarimeter is only about 1 MeV; the energy
resolution of a CsI calorimeter for such energies is about 2.5%, compared to 20% for a Si-W
device.

Figure 7: Layout of the positron polarimeter.
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2

Princeton Activities on E-166
1. K. McDonald is Co-Spokesperson of E-166 (along with J. Sheppard of SLAC).
2. The solenoid and dipole pair for the positron spectrometer were fabricated at Princeton,
and are now installed in the FFTB tunnel (Fig. 8).

Figure 8: The positron spectrometer in the FFTB tunnel.

3. Princeton participated in the mechancial design of the vacuum chamber for the positron
spectrometer (Fig. 9).
4. Princeton participated in the mechancial design of the Faraday “cup” at the end of
the positron spectrometer (Fig. 10).
5. Princeton participated in the design and fabrication of the temporary articulated bellows system that permits use of two parallel beam pipes at the location of the unulator
(Fig. 11).
6. Princeton fabricated a pair of silica aerogel detectors (index of refraction n = 1.09) for
use with the undulator photon polarimeter (Fig. 12).

9
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Figure 9: The half of the vacuum chamber that fits inside the first dipole of the
positron spectrometer. The tungsten jaws of the momentum slit are visible.

Figure 10: The Faraday cup and associated motion control, to be placed at
the downbeam end of the positron spectrometer.

Figure 11: The temporaty articulated bellows system at the eventual location
of the undulator in the FFTB tunnel.
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Figure 12: The aerogel detectors in the FFTB tunnel, surrounding the
undulator-photon polarimeter solenoid.

7. Princeton purchased 3 sets of tungsten (heavimet) shielding of various geomtries for
use in and around the positron spectrometer.
8. Princeton purchased an Agilent 33220A arbitrary function generator to control the
ramping of the iron-core solenoids, when their field directions are reversed during the
polarimetry measurements.
9. Princeton purchased a Tektronix TDS5504N 4-channel digitial oscilloscope for use with
the 3 Faraday cup diagnostics of the positron spectrometer.
10. Princeton purchased to PC’s for use in the E-166 data acquisition system.
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Results of Prior Support
The proposal submitted in Oct. 2003 was approved for funding on Oct. 2004. The research
is focussed on producing photocathodes which have polarization in excess of 90% and a peak
output charge meeting the charge requirements of the ILC. The technical decision for the
superconducting version of the linear collider has a favorable impact on this R&D program.
The cathode surface charge limit problem is much less for the cold machine since the bunch
spacing is 300 ns compared to the much shorter bunch spacing of 1.4 ns that was proposed
for the warm machine.
The research to date has been successful in achieving higher polarization and higher QE,
but the goal of > 90% polarization has not been achieved. The polarization appears saturated at 85% and a material-specific spin-depolarization mechanism appears to be present.
Consequently, we have embarked on a program to study several types of superlattice structures.
To address material-specific spin depolarization mechanisms and achieve higher polarization, we will continue to study a superlattice stucture proposed by the Russian St. Petersburg
group of Y. Mamaev. The Mamaev group has had CDRF funds in partnership with SLAC
to study and grow certain superlattice structures. The two year CDRF grant ended Nov.
2004 and resulted in an interesting structure which requires additional study. The stucture
developed is a InAlGaAs/GaAs superlattice of about 18 periods. This particular stucture
has a lattice matched buffer layer which should result in higher quality with less dislocations
and a smaller conduction band offset which should result in greater electron transport. The
previous GaAsP/GaAs superlattice structures we have studied do not have these particular
beneficial characteristics. The structure has several parameters which require systematic
study.
We have placed an order for several of the InAlGaAs/GaAs stuctures with SVT Associates
in Minneapolis. This company has grown other structures for us and we are pleased with
the quality of their work.
Another structure we plan to study is a superlattice based on GaAs and InGaP. A
GaAs/InGaP superlattice structure differs from the previously studied GaAs/GaAsP superlattice structure in that GaAsP superlattice barrier layers are replaced by InGaP. The GaAs
strained wells remain the same.
The new strained superlattice is expected to increase the polarization because the spin
relaxation rate in InGaP is less than in GaAsP. Since the band-gap energy of InGaP is larger
than that of GaAsP, an enhancement of the Quantum Efficiency is also expected.
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Proposal to the University Consortium for a Linear Collider

October 21, 2003

Proposal Name
Development of Polarized Photocathodes for the Linear Collider

Classification
Accelerator (New Proposal)

Personnel and Institution requesting funding
Richard Prepost, University of Wisconsin, Madison WI 53706

Collaborators
SLAC
J. Clendenin
E. Garwin
R. Kirby
T. Maruyama

Contact Person
R. Prepost
prepost@hep.wisc.edu
608 262 4905

Project Overview
The development of high current polarized photocathodes is very important for the Linear
Collider (LC) project. Physics requirements call for highly polarized electron beams with a
goal of at least 90% polarization.
A Wisconsin-SLAC collaboration has been developing and studying polarized photocathodes which have been used for the SLAC SLD and fixed target programs. A more recent
goal is the development of photocathodes with a polarization in excess of 90% which meet
the NLC charge requirements. This work started as a SLAC-Wisconsin collaboration (E.
Garwin, T. Maruyama of SLAC and R. Prepost of Wisconsin) and has evolved into a formal SLAC collaboration called the Polarized Photocathode Research Collaboration (PPRC).
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SLAC personnel now also include J. Clendenin, R. Kirby, D. Luh, A. Brachmann, and S.
Harvey
To date, well over 80% polarization has been achieved with strained gallium arsenide
photocathodes which have been used in past SLAC experiments. The 1994-1998 SLC operation with the SLD detector and subsequent fixed target experiments E-142, E-143, E-154,
E-155, and E-155X used strained gallium arsenide cathodes which produced at least 80%
polarization at the source. More recently, a newly developed high current polarized photocathode used for SLAC experiment E-158 achieved a polarization of about 85% with a
charge approaching that required for the NLC.
These applications were the world’s first use of strained photocathodes specifically designed for a polarized electron source, resulting in record polarization for a high intensity
electron linac. The research and development program will continue to focus on studying the
properties of these cathodes with respect to spin relaxation, quantum efficiency, and charge
saturation, with the goal of developing photocathodes for use with the LC.
Early research efforts focused on the development of strained photocathodes since electron
spin polarization higher than 50%, approaching 100%, is theoretically possible using cathode
structures which have less crystal symmetry than unstrained GaAs. As long as GaAs or any
zinc blende type structure is used for cathodes, the electron polarization is limited to ≤50%
due to the degeneracy of the valence bands.
Since the seminal studies with strained InGaAs, research has been carried out with
strained GaAs epitaxial layers grown on a GaAsP buffer layer. Electron spin polarizations
approaching 85% were observed at low quantum efficiency (QE), decreasing to about 80%
at high QE. A variety of layer thicknesses and strains were studied using MOCVD grown
samples commercially obtained from the SPIRE Corporation in Bedford, MA. The samples
were of high quality, and all samples studied to date have shown a significant polarization
enhancement in excess of the unstrained maximum polarization of 50%. The epitaxial layer
thicknesses varied from 0.1 µm to 0.3 µm and the strains of approximately 1% resulted
from phosphorous concentrations ranging from 21% to 28%. Even the 0.3 µm thick sample,
well in excess of theoretical estimates for the critical thickness for pseudomorphic growth,
reached an electron spin polarization of 75% at low QE and 70% at high QE, demonstrating
significant persistance of lattice strain.
We have continued R&D efforts on cathode structures to address certain issues, specifically 1) fundamental properties of materials, 2) higher polarization, and 3) higher charge
limit. The cathode charge limit, was not a limiting factor for the SLAC SLD and fixed target
programs but is an issue for a LC polarized source with an NLC micro-bunch structure. The
LC with an NLC micro-bunch structure requires higher peak current than can be obtained
from the photocathodes that were used for the SLAC SLC program. Provided that the
photocathode output charge is not limited by the space charge limit of the electron gun, the
output charge is limited by charge saturation of the photocathode itself. Charge saturation
occurs because a photovoltage develops at the cathode surface at high currents acting as a
potential barrier for further charge emission
One possible cure for this problem is to increase the p-type doping in the epitaxial surface
4

229

layer. Over the past two years systematic studies have been made of strained GaAs samples
where the electron polarization was measured as a function of the high doped surface layer
thickness. The results showed, as expected, that the polarization increases as the high
doped layer thickness is reduced. From these studies it was concluded that greater than
80% polarization could be obtained with about 5-10 nm of a surface layer doping of 5 × 1019
cm−3 .
High surface layer doped samples have been grown to our specifications by the Bandwidth
Semiconductor Corporation (former SPIRE Corporation). The basic structure was a 0.1 µ
GaAs active layer highly doped for the first 10 nm of surface and strained by a GaAsP
buffer layer. The highly doped surface layer is kept very thin so as not to decrease the
electron polarization. The high doping surface layer has the effect of decreasing the band
gap near the surface, resulting in a small potential barrier. A small amount of phosphorus
(5%) was added to the active layer to compensate the energy difference in the conduction
band resulting from the high gradient doping.
This structure was tested with a long pulse laser system to simulate the NLC 190 microbunch train of total length 266 ns. The NLC charge requirement for the source is 2.2
nC in each microbunch for a total of 420 nC, about 25 times the SLC maximum charge. A
short YAG-Ti laser pulse was superimposed on the long flash-Ti laser pulse to simulate the
peak charge requirement of a single microbunch. The resultant measurements of extracted
charge vs laser energy showed no charge saturation up to the maximum laser energy. Both
the microbunch peak charge and the total charge of the macrobunch nominally approach
the NLC charge requirements. This new cathode structure was used for the first two runs
(2002) of the fixed-target experiment E-158 which required about 80 nC in a 300 ns pulse,
a higher charge requirement than previous cathodes have been able to deliver. The electron
polarization was in excess of 80%, in accord with polarization measurements measured in
the test lab.
Another approach to obtain higher photocathode output charge is to increase the thickness of the photocathode active layer, ordinarily limited to about 0.1 µ. Larger thickness
of the active layer results in serious degradation of the strain. Superlattice structures can
in principle overcome the inherent thickness limitation of single heterostructures. Molecular
Beam Epitaxy (MBE) superlattice structures have been grown for us by SVT Associates
through an SBIR award with SLAC as the technical partner. Measurements of these structures during 2002-2003 have shown both good QE and high polarization. These measurements are continuing during 2003-04 with the goal of fine-tuning the superlattice parameters.
To this date, peak polarizations of 85% and QEs of about 1% have been achieved. Fig. 1
shows polarization and QE vs. laser wavelength for several different SVT photocathode
structures with varying superlattice parameters. The peak polarizations and QE are consistent with superlattice computer simulations. The superlattice structures shown here are
typically 16 periods of 3-4 nm GaAs1−x Px barriers alternating with 3-4 nm GaAs wells with
a phosphorus fraction of x = 0.35. The extracted charge nominally meets NLC peak charge
requirements. One of these superlattice photocathodes was used successfully for the final
run of E-158 in 2003.
5
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Polarization and QE
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Figure 1: Polarization and QE for several SVT GaAsP/GaAs superlattice samples vs. laser
excitation wavelength. Here w is the well width and b is the barrier width.

Another problem which has been addressed during 2003 is the dopant loss and strain
relaxation during the relatively high temperatures used for heat-cleaning. This factor tends
to prevent the achievement of ultimate performance from the photocathodes. To this end
we have tested an atomic hydrogen cleaning system based on a Jefferson Lab design. The
goal of atomic hydrogen cleaning is to achieve high QE using a heat cleaning temperature
of 450◦ C. This temperature is in contrast to the normal heat cleaning temperature of 600◦ C
which results in the degradation effects mentioned above. Our studies have shown that
when hydrogen ions are prevented from reaching the photocathode, the performance goals
are achieved.

Description of Project Activities
The research and development program divides into several well defined parts as follows:
1. Fabrication
The cathode structures are grown by a commercial or academic partner who has the
6
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facilities required for structure growth. Currently we receive structures from SVT
Associates with whom SLAC currently has a Phase II SBIR award, now in the final
year, and from a Russian group at St. Petersburg Technical University with whom
SLAC shares a CRDF grant.
2. Photocathode Characterization
The parameters of the photocathodes must be measured, requiring a variety of techniques including, but not limited to, X-Ray Bragg measurements, Electron Microscopy,
Secondary Ion Mass Spectroscopy (SIMS), Auger analysis and Photoluminescence measurements.
3. Measurement of Polarization, Quantum Efficiency (QE), and Charge Limits
SLAC has the facilities for these measurements using a cathode test system (CTS) for
measurements of polarization and QE, and a HV gun test lab for measurement of
charge saturation properties.
4. Structure Design
The design of a photocathode structure requires computer programs to calculate the
parameters for a band structure which calculations show have the desired polarization
and charge. The analysis of X-Ray curves also requires X-Ray simulation software.

0.1

Results of Prior Support

The proposal submitted in Oct. 2003 was approved for funding on Oct. 2004. The research
is focussed on producing photocathodes which have polarization in excess of 90% and a peak
output charge meeting the charge requirements of the ILC. The technical decision for the
superconducting version of the linear collider has a favorable impact on this R&D program.
The cathode surface charge limit problem is much less for the cold machine since the bunch
spacing is 300 ns compared to the much shorter bunch spacing of 1.4 ns that was proposed
for the warm machine.
The research to date has been successful in achieving higher polarization and higher QE,
but the goal of > 90% polarization has not been achieved. The polarization appears saturated at 85% and a material-specific spin-depolarization mechanism appears to be present.
Consequently, we have embarked on a program to study several types of superlattice structures.
To address material-specific spin depolarization mechanisms and achieve higher polarization, we will continue to study a superlattice stucture proposed by the Russian St. Petersburg
group of Y. Mamaev. The Mamaev group has had CDRF funds in partnership with SLAC
to study and grow certain superlattice structures. The two year CDRF grant ended Nov.
2004 and resulted in an interesting structure which requires additional study. The stucture
developed is a InAlGaAs/GaAs superlattice of about 18 periods. This particular stucture
has a lattice matched buffer layer which should result in higher quality with less dislocations
and a smaller conduction band offset which should result in greater electron transport. The
7
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previous GaAsP/GaAs superlattice structures we have studied do not have these particular
beneficial characteristics. The structure has several parameters which require systematic
study.
We have placed an order for several of the InAlGaAs/GaAs stuctures with SVT Associates
in Minneapolis. This company has grown other structures for us and we are pleased with
the quality of their work.
Another structure we plan to study is a superlattice based on GaAs and InGaP. A
GaAs/InGaP superlattice structure differs from the previously studied GaAs/GaAsP superlattice structure in that GaAsP superlattice barrier layers are replaced by InGaP. The GaAs
strained wells remain the same.
The new strained superlattice is expected to increase the polarization because the spin
relaxation rate in InGaP is less than in GaAsP. Since the band-gap energy of InGaP is larger
than that of GaAsP, an enhancement of the Quantum Efficiency is also expected.

Project Activities and Deliverables–FY2004-2006
Research will continue with the goal of producing photocathodes which have polarization
in excess of 90% and a peak output charge meeting the charge requirements of a LC with
the microbunch structure of the NLC LC. Some of the structures studied to date are excellent candidates for meeting these requirements. The current research is with superlattice
structures. Superlattice structures are particularly difficult to design since there are many
parameters, making it difficult to simultaneously optimize QE and polarization. The target
parameters for a structure are not always met during the fabrication process, making it very
important to have many samples and high quality characterization techniques. One of the
key studies is how to achieve maximum possible polarization while still satisfying the peak
charge requirements.
Work will also continue with studies of atomic hydrogen cathode cleaning which results
in being able to use lower heat cleaning temperatures. Lower heat cleaning temperatures
result in lower dopant loss, dopant diffusion, and strain relaxation. We propose to build a
hydrogen cleaning system with a load-lock system which will enable the transfer of cathodes
between test systems.

Budget Justification
We propose a budget for the following items:
1. Purchase of photocathode structures from a commercial source The commercial source is presently SVT Associates which has the facilities for MBE growth with Be
doping. The request for each FY is for 5 cathode structures @ 3K$ each, representing
about 1/2 of the research requirements.
2. Facility Upgrade We plan to upgrade the photoluminescence facility which Robin
Mair, a former Wisconsin student, used for his PhD work on the study of strained
8
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photocathodes. The photoluminescence facility has proven to be very valuable for
structure characterization. The photocathode structures discussed above require an
expanded wavelength range which will be accomplished by obtaining more diode laser
heads. The request is for two laser heads for year 1 with a similar amount for additional
photoluminescence diagnostic equipment in years 2 and 3.
3. Characterization Studies X-Ray and SIMS analyses are done off-site and payment
is required. We have in the past done X-Ray analyses at Wisconsin and currently use
a facility on the Stanford campus. We run the analyses but pay to use the facility.
SIMS analyses are done by a commercial vendor. SIMS analyses measure the doping
profile of the samples. The request is for 1/2 of the anticipated research needs.
4. Travel The travel request is for 1/2 of the Prepost trips to SLAC.

Budget (K$)
Item
FY2004 FY2005 FY2006
Cathodes
15
15
15
X-Ray Analyses
5
5
5
SIMS Analyses
3.6
3.6
3.6
Laser Heads
3
0
0
Diagnostic Equipment
0
3
3
Travel
5
5
5
Total Direct Costs
31.6
31.6
31.6
Indirect Costs
3.0
3.0
3.0
Total
34.6
34.6
34.6
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Investigation of acoustic localization of rf coupler breakdown
Classification (subsystem)
Rf couplers
Personnel and Institution(s) requesting funding
J. Williams, Department of Physics, University of Illinois at Urbana-Champaign

Collaborators
G.D. Gollin, M.J. Haney, J. Calvey, M. Davidsaver, J. Phillips, Department of Physics, University of Illinois at Urbana-Champaign
W.D. O’Brien, Department of Electrical and Computer Engineering, University of Illinois at
Urbana-Champaign
M. Ross, Stanford Linear Accelerator Center

Contact Person
J. Williams
jbw@mail.lns.cornell.edu
(217)-649-8481
Project Overview
Electrical breakdown in accelerating structures produces electromagnetic and acoustic signals
that may be used to localize (in a non-invasive fashion) the breakdown site inside a cavity.
Other indications of breakdown (microwave, X-ray, and dark current measurements) have
proven insufficient to elucidate the basic physics of cavity breakdown. During tests of the
ILC design it will be important to record information describing electrical breakdown in order to understand why cavities break down, and how cavity design and operating conditions
influence accelerator reliability.
The goal of this project is to understand the acoustic properties of coupling structures with
a substantial (over 300K) temperature gradient, in order to relate the acoustic signatures
of breakdown events to the underlying electromagnetic catastrophes taking place inside the
structures. We would do this by deriving (whether explicitly or implicitly) a time-dependant,
invertible, acoustic Green’s function for an individual structure. This Green’s function could
be used to predict the signals arriving at various sensors as functions of the acoustic excitation
caused by a cavity breaking down. The inverse function, derived from data from a sufficiently
large number of sensors, can be used to localize and classify breakdown modes in TESLA rf
couplers.
Two years of investigation have so far been conducted at UIUC. The first year of investigation concentrated on building software tools and developing a small amount of laboratory
1
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infrastructure so that we could begin learning about the problems we are confronting. Our
second year of investigation continued these developments, increasing the sophistication of
the simulation and testing the simulation’s fidelity to the underlying physical system.
We have developed an understanding of acoustic events propagating forward in time. In addition to deepening this understanding, our purpose now is to trace backward from effects
to causes. We have three methods that may be able to identify the source of an event from
signals received at sensors. Each method still needs testing – both simulated and actual –
before we can use it to understand electrical breakdown.
Broader Impact
Williams is currently involved in a search for a faculty position at an undergraduate institution. This proposal will be updated when the results of that search are known. Undergraduate
institutions are underrepresented for purposes of high-energy physics (HEP) research; most
have no active HEP programs. Because the effects of breakdown events are well described by
classical mechanics, the research has proved ideal for participation by undergraduates – even
undergraduates in the early stages of their higher education. The UIUC students involved
have been remarkably productive and insightful; they are continuing LCRD involvement, but
shifting their emphasis to a different project. Williams plans to recruit students to continue
this project.
Results of Prior Research
Our investigation has begun with examining NLC rf accelerating cavities. Although these
cavities are simpler in structure, they have electromagnetic breakdown problems similar to
those of TESLA rf couplers; they were a good place to begin investigations prior to the decision on an accelerating technology. Since the NLC structures are held at high temperature
when they are assembled by brazing, the copper’s grain size grows so that sound waves must
propagate through a crystalline medium with randomly oriented, irregularly shaped grains
a few millimeters in size. We have worked with two sets of copper dowels on loan from the
Fermilab NLC structure factory. The copper stock is from a shipment of material used to
construct actual NLC test structures. One set of dowels has been heat-annealed to bring up
its grain size; the other has not and consequently has microscopic grains.
We have borrowed several 1.8MHz transducers and associated signal conditioning electronics
from Bill O’Brien’s lab as well as purchasing a pair of 500kHz Panametrics transducers. A
variety of measurements (including speed of sound, attenuation length, and beam spread) for
dowels of different lengths provide us with a nice set of experimental inputs with which to
confront our acoustic models. Instead of a transducer, we can also use a mechanical tapper to
produce acoustic waves in the dowels; this avoids cross-talk between transmitting and receiving transducer channels, although at the cost of not knowing the exact timing of the initial
impulse.
We have developed a model for the propagation and detection of acoustic waves in copper.
The model describes copper as a (possibly irregular) grid of mass points connected by springs.
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We can vary the individual spring constants and the arrangement of interconnections to introduce irregularities representing grains in our simulated material. We can alter the spring
constants over larger regions to model varying materials with different speeds of sound. This
model, although it may seem simplistic, is able to support a variety of complex phenomena;
we are able to tune various physical properties (such as the speeds of sound for compressionand shear-acoustic waves through adjustments of the model’s parameters.
Our model, written by two students, performs a fourth-order Runge-Kutta numerical integration to compute the response of mass points to acoustic perturbations. Our early model
systems were two-dimensional grids of roughly 10 5 points. We ”drive” signals into them using a transducer model in which the piezoelectric device is described as a damped oscillator
excited by shocks of short duration. Because of reflections at the ends of the cable used to
drive the real transducers, the actual drive signal is complicated; we find we can model it
adequately as a series of four closely-spaced impulses. We have used the first echo to guide
our selection of drive parameters; the shape of the second echo is well reproduced. We can
simulate the transducer signal as a function of time by summing the amplitudes at the ”face”
of a transducer as it experiences the effects of the acoustic pulse. Figure 1 shows propagation
of a simulated acoustic wave in a homogeneous 250 × 650 point grid. Figure 2 compares a
real oscilloscope record of transducer signal vs. time to the results of this two-dimensional
simulation. These results are promising but need a considerable amount of refinement.

Scattering off grains produces very complicated effects and it is important to confirm that
our calculations are accurate. We have used MatLab as a computational engine to generate
an analytic solution to the coupled equations describing the forces acting on each mass point.
The numerical integration model is able to handle considerably larger systems than is possible
with MatLab. However, when applied to smaller systems (with a few hundred mass points),
the analytical calculation agrees with our model to an accuracy consistent with integration
step size and machine precision.
The effect of inhomogeneities on an acoustic wave is dramatic. The disruption suffered by
a pulse in an inhomogeneous crystal dumps a significant amount of acoustic energy into the
bulk of the copper. This produces an acoustic glow that washes over the transducer site. Figure 3 shows this effect in the (real) heat-treated dowels when we drive them with our 1.8MHz
transducers. The existence of the glow implies that transducers monitoring rf couplers are
not limited to detecting acoustical breakdown in select regions, but can sense breakdown
wherever it occurs.

There are two limitations on transducer placement for our investigations. One limitation is
the cost of transducers, making it desirable to choose a method that requires fewer transducers to isolate a breakdown event. The second limitation is the geometry of the systems we are
3
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Figure 1: Acoustic wave propagating in a homogenous 250x650 point grid.

studying; even if cost were not a barrier to tiling the outside of NLC cavities or rf couplers
with transducers, cooling pipes and power connections still would be.
We are investigating three methods of isolating the source of an acoustic event. One method
uses the time-dependent transducer outputs of a simulation as inputs and runs the simulation
backward in time. The waves detected by multiple transducers can then be used to isolate
the place and time of the original impulse. A small number of transducers (three or four) is
capable of isolating the source of an event if they have complete information about the behavior of the small area of the copper surface with which they are in contact. However, because
the real transducers we use only receive information about the component of acoustic waves
perpendicular to their surface, directional information is lost. Additional information is lost
compared to the simulation because, unlike the mathematical points in the simulation, real
transducers are extended objects that average over their surface. Better reconstruction may
be possible with a large number of transducers. Also, transducers capable of measuring all
three directional components of acoustical waves exist, but are custom-made and considerably
more expensive than the transducers we use. In order to test the usefulness of transducers
capable of sensing motion in three dimensions for isolating acoustic events, it may be possible
to rent or borrow such transducers built for another purpose.
A second method is to triangulate the source of an event based on relative arrival times of
glow at various transducers. Because arrival time is susceptible to analytic treatment, it is
possible to pursue source triangulation both in conjuntion with and independently of our
4
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Figure 2: Real transducer output compared to a simulation.

simulations. Without a priori knowledge of the absolute time of the event, a minimum of
four transducers is necessary to define a point source uniquely by this method. If the source
is not pointlike, additional transducers are necessary to determine its location and extent.
Propagation of direct signals precedes that of the glow; the process of triangulation could be
disrupted by early responses by transducers in the direct path of an event. The geometry
of the material in which the acoustic waves propagate can create discrete ambiguities in signal source. So far, we have only considered triangulation in a simplified model of an NLC
accelerating cavity; we do not yet know how well this method will work in systems of more
complicated geometry (such as TESLA rf couplers).
Our third method uses not only the leading edge of the acoustic glow but also its timeevolution. Figure 4 shows simulated responses for four transducers staggered in both axial
(z) and azimuthal (φ) directions along an NLC cavity. Shown for each transducer are responses to signals from five sources at the same φ but separated in z by intervals of 2 cm.
This method requires us to build a library of transducer responses to various breakdown
modes, and then use a fitting program such as MINUIT to distinguish among the modes. By
using the complete time-dependent record (rather than just the arrival time) from each transducer, we can treat the transducer responses as linear combinations of breakdown modes, and
thus distinguish point sources from extended sources without requiring additional transducers.
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Figure 3: Acoustic glow at long times observed in a heat-treated, long, copper dowel. Note that
the scope trace is not showing noise; the fine structure is reproducible from shot to shot.
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We have solved several of the immediate challenges that faced us one year ago. We have
made improvements in the efficiency of the simulation code, allowing us feasibly to simulate
systems with a larger number of mass points, including three-dimensional systems. We have
moved from simulation of simple geometrical regions to models of accelerating structures.
The simulation is now able to handle multiple grains in the simulated medium (a year ago,
at most one grain was possible). We have added a mechanical tapper as an alternate source
of signals for the laboratory setup. We have improved our simulation of the transducers.
We will continue to pursue this investigation on several levels. Our models of accelerating
structures still have room for additional refinements, modeling both temperature dependence
and the more complex makeup of the TESLA rf coupler (the latter is shown in Fig. 5). We
need a more quantitative understanding of grain structure and its effect on signal transmission. All three methods of source localization appear promising, and it is not yet clear which
will yield the best resolution; each has its own particular challenges. The test of our methods
is not merely internal self-consistency nor simulation benchmarks, but external validation by
testing with real systems including the couplers.

Facilities and Resources
The University of Illinois High Energy Physics group has excellent computing, networking,
and electronics design infrastructure. Our group includes three electrical engineers and two
technicians; Haney heads this electronics group. Another member of the group’s technical
staff manages the group’s computing, which comprises a mixture of unix, linux, and Windows
machines as well as file and print serving resources. Some of our laboratory instrumentation
is managed by realtime systems such as VxWorks running in VME processors; a number
of groups use PCI bus modules installed in lab Windows machines which run LabVIEW to
control devices.
FY2005 Project Activities and Deliverables
The collaborators’ work on this project is already funded as part of LCRD. Williams, a UIUC
postdoc, is currently seeking a faculty position; this proposal will be updated when the results
of this search are known. A principal activity of the first year of this proposal, therefore, will be
transplanting the project to a different institution and recruiting new students to participate.
During the first year, we also plan to:
• Develop a geometrical description of TESLA rf couplers suitable for use in our simulations.
• Ensure the isotropy of signal propagation in three-dimensional simulations.
• Determine the precision with which the source of a breakdown event can be located in
rf couplers by profile matching.
• Develop a quantitative description of how wave behavior (e.g. propagation speed, dispersion, attenuation) varies in the simulation with grain size.
• Determine the minimum number of transducers needed for the location of a point source
in a rf coupler to be unambiguously determined by signal arrival time.
7

243

FY2006 Project Activities and Deliverables
For the second year, we plan to:
• Adapt our simulations to include the temperature dependence of ultrasound propagation.
• Develop a method to measure ultrasound in materials at temperatures below the operating range of the transducers, perhaps by coupling acoustically without thermal coupling.
• Expand our model of rf couplers to include material and temperature variations.
• Acquire (preferably by renting or borrowing) transducer(s) capable of two- or threedimensional measurements to test their use with our back-propagation technique.
• Match wave attenuation between simulation and bench tests.
• Investigate the possibility of field-testing our methods in conjunction with tests of rf
couplers at ANL and FNAL.
• Complete such other studies as are suggested by our first-year objectives.
FY2007 Project Activities and Deliverables
By the third year, we plan to have at least one functioning method (and preferably more) to
localize breakdown in rf couplers and determine optimum placement of transducers.

Budget justification: Unidentified Institution
The largest component of budget is student wages. This figure is based on two students each
working 750 hours/year at a rate of $ 6.50 / hour. Because new students have not yet been
recruited, we halve the number of hours for FY2005.
Equipment is a second large component of the budget. In FY2005, this includes two PCs on
which to run simulations. In later years, we require transducers for bench tests. Conventional
500 kHz transducers cost $ 500 each; to locate an acoustic event requires at least four. Conventional transducers are sensitive to one component of an acoustic wave; one of our methods
requires transducers sensitive in two or three dimensions. Such sensors are custom-built at a
price of about $ 1500 each.
We include travel funds sufficient for one trip to a national laboratory in the first year and
two trips per year thereafter.

Three-year budget, in then-year K$
Institution: [University of Illinois at Urbana-Champaign]

8
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Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

9

245

FY2005
0
0
4.9
4.9
0.1
5.0
6.0
0.7
0
0
11.7
2.9
14.6

FY2006
0
0
9.8
9.8
0.2
10.0
7.0
1.4
0
0
18.4
5.9
24.3

FY2007
0
0
10.1
10.1
0.2
10.3
7.0
1.4
0
0
18.7
6.0
24.7

Total
0
0

0.5
20.0
3.5
0
0
48.8
14.8
63.6

transducer 2, z=-1

amplitude, arbitrary units

amplitude, arbitrary units

transducer 1, z=-3
800

0

-800
0

40

80
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400

0

-400

-800
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120

170
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250

130 + time steps

200

amplitude, arbitrary units
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400

z=4
z=2

0

-200

transducer 3, z=1
260

300

340

0

-400

-800
390

380

z=0
z=-2
z=-4
transducer4, z=3
430

470

510

390 + time steps

260 + time steps

Figure 4: Amplitude vs. time for four simulated transducers staggered in both φ and z about a
cylinder. The time range is the same for each of the four transducers. For each of the transducers,
response to signals from five different z positions (colors) is shown.
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2.44: 20-MW Magnicon for ILC
(new proposal)
Accelerator Physics
Contact person
J.L. Hirshfield
jay.hirshfield@yale.edu
(203) 432-5428
Institution(s)
Budker Institute
Omega-P Inc.
Yale

New funds requested
FY05 request: 60,507
FY06 request: 64,875
FY07 request: 65,850
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20 MW Magnicon for International Linear Collider ILC
Classification (subsystem)
linear accelerator RF system

Personnel and institution requested funding
J. L. Hirshfield, M. A. LaPointe, S. Finkelshteyn; Yale University

Collaborators
O. A. Nezhevenko, Omega-P, Inc.
V. P. Yakovlev, Omega-P, Inc.
E. V. Kozyrev, Budker Institute of Nuclear Physics, Novosibirsk

Project leader
J. L. Hirshfield
jay.hirshfield@yale.edu
(203) 432-5428

PROJECT OVERVIEW
Introduction
The overall goal of the R&D program outlined here is to design, build, and test a
magnicon amplifier at 1.3 GHz with a peak power output in the range of 20 MW, for the future
International Linear Collider ILC that is based on superconducting RF technology. This overall
project is to evolve into a collaboration between the Yale Beam Physics Laboratory (YBPL),
Omega-P, Inc., and Budker Institute of Nuclear Physics, Novosibirsk. Three-year funding for
YBPL in the present proposal is mostly to provide infrastructure needed to accommodate the
magnicon experimental test facility; further funding for YBPL is anticipated from a Phase II DoE
STTR grant to Omega-P, to follow a pending Phase I SBIR grant for refinement of the design of
the 1.3 GHz, 20 MW magnicon, and/or from other sources.
There is broad agreement in the high energy physics community that a linear e+-ecollider with a center-of-mass energy Ecm = 500-1000 GeV and a luminosity above 1034 cm-2s-1 is
of fundamental importance for the future development of particle physics; it is in many respects

1
248

expected to be complementary to the Large Hadron Collider LHC (under construction at CERN),
and is anticipated to be built as the next large accelerator facility. In 2004, the International
Committee for Future Accelerators (ICFA) formed the International Technology
Recommendation Panel (ITRP) to evaluate the two competing technologies and to recommend a
single choice on which to base ILC. One approach, developed by the TESLA collaboration [1],
accelerates beams in 1.3 GHz (L-band) superconducting cavities. The second approach, a result
of joint research by the NLC and GLC collaborations [2], accelerates beams using 11.4 GHz (Xband) room temperature copper structures. ITRP recommended that ILC be based on
superconducting L-band RF technology [3].
In TESLA [2], considered to be the basis for ILC, the two main linacs would each be
constructed from about 104 one-meter long, nine-cell superconducting cavities operating at 1.3
GHz. Groups of twelve such cavities would be installed in a common cryostat. The accelerating
gradient would be about 25 MeV/m and the final center-of-mass (c.m.) energy would be 500
GeV. RF-power would be generated by some 600 klystrons, each feeding 36 nine-cell cavities.
Required peak power per klystron is 9.5 MW, including a 10% overhead for correcting phase
errors during the beam pulse which arise from Lorentz force detuning and microphonics. RF
pulse length is 1.37 ms, which includes the beam pulse length of 950 µs, and the cavity fill time
of 420 µs. The repetition rate is 5 Hz for the major part of the linac, but the 5-50 GeV section
stations will run at 10 Hz to alternate between XFEL and linear collider operation. Three
versions of 10 MW multibeam klystrons (MBK) have so far been designed and built as candidate
RF source for TESLA. The MBK TH1801 (Thales) [4] having a beam voltage of 117 kV and an
efficiency of 65% was tested; three tubes were built and one tube is now in use at the TESLA
Test Facility. However, the tube still has a problem caused by arcing in the gun [5] and needs
improvements in order to achieve stable operation. Another MBK, VKL-8301 (CPI) [6] that
demonstrated efficiency of 60%, but with an achieved pulse width of only 10 µs, is under test at
this writing. The third MBK, E3736 (Toshiba) has demonstrated parameters close to full design
values, namely a peak power of 10 MW, an efficiency of 65%, and operation with a 1 msec pulse
width [7]. The major differences between ILC and TESLA are (i) a higher accelerating gradient
for ILC of 35 MeV/m, which has already been achieved [8], or possibly a yet higher gradient of
about 40 MeV/m [9]; and (ii) ILC should be upgradeable to a c.m. energy of 1 TeV.
The requirement for the capability of an upgrade in c.m. energy to 1 TeV represents a
serious challenge for the RF system, especially for the high-power RF sources. In the simplest
scenario of upgrade, the collider would require about 1200 - 10 MW klystrons. The high cost
and complexity of this approach have led to suggestions of other scenarios, some which require
development of an RF amplifier with a peak power about 18 MW [10]. However, regardless of
the details of a given scenario, the availability of a 20 MW amplifier would allow lowering the
number of tubes to 300 in the 0.5 TeV option, and to 600 in the 1 TeV option, representing an
important step towards reducing the complexity and cost for ILC. But despite its evident appeal,
this option has not been realized because development of a 20 MW, 1.3 GHz, 1.5-2 msec pulsewidth tube represents a highly serious technical challenge. Even at the 10 MW power level, the
three MBK developers are faced with problems caused mainly by breakdown in the gun,
impossibility to achieve the desired beam area compression, and increased level of beam current
interception. In principle, a single beam klystron (SBK) could be designed for this parameter
range, but it will be impractical due to its enormous length.
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The program proposed here has as its ultimate goal the laboratory demonstration a 20MW, 1.3 GHz magnicon amplifier* that would replace two MBK′s, and thus reduce by a factorof-two the number of tubes required for ILC. The magnicon is a deflection-modulated RF
amplifier, which has already demonstrated in a wide range of frequencies from 915 MHz to 34.3
GHz a capability for producing multi-megawatt peak power, very high efficiency, and high gain
[11-15]. The interaction mechanism of the magnicon does not require beam bunching, and
consequently does not require long drift spaces between the RF cavities. As a result, the RF
system of a 20-MW magnicon can be substantially shorter than that of an SBK, and similar in
size to the RF system employed in 10 MW MBK′s that are now contemplated for ILC.
In the Yale portion of the program as outlined here, laboratory infrastructure would be
established in YBPL to allow installation and operation of the magnicon. This infrastructure
includes provision of sufficient mains power and of adequate chilled water flow to dissipate the
spent power, re-arrangement of an existing access door to provide necessary x-ray shielding,
instrumentation to monitor x-ray dose, and data processing instrumentation for monitoring
magnicon performance. Under a pending Phase I DoE SBIR grant that would run through April,
2006, Omega-P will on its own carry out design refinements for the magnicon. It is anticipated
that joint support for collaborative R&D would then materialize under a follow-on two-year
Phase II DoE STTR grant to Omega-P, with Yale as the participating research institution. Until
July 2006, the Yale and Omega-P activities would be closely coordinated, but formally
independent of one another. Until establishment of the STTR, no Yale facilities will be used for
research tasks originating with Omega-P. In the proposal for the Phase II STTR grant that
would run until about June 2008, formal linkage is to be established in the manner that is
customary between universities and R&D companies operating under STTR auspices. But,
because of the long lead time for realization of the infrastructure installations, and since physical
modifications of Yale research space should be undertaken with funds directly administered by
Yale, independent support is needed to prepare the facilities in advance of final engineering
design, installation, and testing of high-power components of the magnicon setup. The
modulator, electron gun and beam collector are the first components that would be so tested.
Technical Approach
Several versions of the magnicon have been built, from the decimeter to the millimeter
wavelength domains, operating in the first, second and third harmonic modes. The first
magnicon gave a power of 2.6 MW at 915 MHz with a pulse length of 30 µsec and electronic
efficiency of 85% [11]. That tube, a first harmonic (fundamental) amplifier, was successfully
tested in 1985 not only with absorbing loads, but with also a resonant accelerating structure,
without use of a ferrite circulator [17]. This success led to projects for development of
magnicons at wavelengths from decimeter to millimeter wavelength ranges. A second magnicon
is a frequency doubler (or second harmonic amplifier), operating at a frequency of 7 GHz
[18,19]. This tube has demonstrated experimentally an output power of 55 MW, an efficiency of
56%, and a gain of ~70 dB in 1 µsec pulses, in very good agreement with simulation results
[13,20]. Another frequency-doubling magnicon amplifier at the NLC frequency of 11.424 GHz
has been designed and built in a collaboration between Omega-P, Inc. and Naval Research
__________
*Design simulations for the 20-MW, 1.3 GHz magnicon shown in this proposal were obtained by V. P.
Yakovlev and O. A. Nezhevenko, of Omega-P, Inc.
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Laboratory (NRL). The tube is designed to produce ~60 MW at 60% efficiency and 59 dB gain,
using a 470 kV, 220 A, 2 mm-diameter beam. At present, the tube is conditioned up to power
level of 25 MW for 0.2 µsec pulse widths. The power is limited by oscillations in the beam
collector [14]. Construction of a new collector was completed recently, and the collector is
scheduled to be installed in January 2005. Operation of this latter magnicon has established a
research facility located at NRL as only the second laboratory in the USA, after SLAC, where
high-power microwave development at X-band can take place. A high power third-harmonic
magnicon at 34.272 GHz has been designed and built as a microwave source to develop RF
technology for a future multi-TeV electron-positron linear collider. After preliminary RF
conditioning, this tube produced an output power of 10 MW in 0.25 µs pulses, with a gain of 54
dB [15]. These preliminary results already constitute record values for a millimeter-wave
accelerator-class amplifier. While the second and third harmonic magnicon amplifier concepts
were introduced in order to achieve high power in the cm- and mm-wave ranges, the first
harmonic amplifier has higher efficiency and smaller size than harmonic versions; this can be
especially critical at decimeter wave lengths.
Preliminary design parameters of a 20 MW, 1.3 GHz first-harmonic magnicon design for
ILC are presented in Table I, and the schematic arrangement is shown in Fig. 1.
The electron gun injects a small diameter pencil beam into a chain of cavities forming the
RF system. The deflection system consists of a drive cavity (#1 in Fig. 1) and gain cavities (#2
to #7) to provide the required deflection angle. The external magnetic field provides both beam
focusing and coupling between the electrons and the RF fields in the cavities. The scanning
beam rotates at the frequency of the drive signal, then enters the output cavity (#8) and emits
radiation by interacting with the TM110 mode. All cavities of the RF system oscillate in the
circularly polarized TM110 mode at 1.3 GHz. The proposed magnicon amplifier will operate with
a 300 kV, 100 A electron beam to meet the requirements for operation in ILC, namely 20 MW
peak output power with a 1.5 ms pulse duration, and a 10 Hz repetition rate. The average power
level for this beam is thus 450 kW.

Table I. Preliminary design parameters of 20 MW, 1.3 GHz magnicon amplifier.
operating frequency, MHz
output peak power, MW
average power, kW
pulse duration, msec
repetition rate, Hz
efficiency, %
gain, dB
FWHM bandwidth, MHz
beam power, MW
beam voltage, kV
beam current, A
beam perveance, A/V3/2

4
251

1300
~21
300
1.5
10
~70
>44
~2
30
300
100
0.61×10-6

Figure 1. Schematic of 20 MW, 1.3 GHz magnicon amplifier. Note that the 1.75-m length of
the RF system is about the same as for the 10 MW Thales MBK TH1801 [4].
The shapes of the cavities are carefully designed to get high efficiency with the smallest
possible magnitude of RF fields in the cavities. The maximum surface electric fields in the
penultimate and output cavities do not exceed 75 kV/cm. All cavities in the deflection system
(#1 to #7 in Fig. 1) are 280 mm in diameter and 100 mm long. For efficient interaction the RF
electric and magnetic fields in the output cavity (#8 in Fig. 1) must have nearly similar profiles
along the axis, as shown in Fig. 2. Such profiles were obtained by increasing the diameter of the
cavity near its entrance [21] as can be seen in Fig. 2. Increase in diameter of the output cavity to
306 mm is also advantageous when using four output waveguides and windows, which may be
desirable at the high power level (e.g. as suggested in [10]).
Fig. 3 shows the required magnetic field profile (top) and the coil configuration and iron
yoke geometry to achieve this profile (bottom). For effective deflection, the magnetic field in
the deflection system should be about 930 Gauss. However, in the output cavity, for efficient
extraction of energy, the magnetic field should be about 650 Gauss. One can see that the
required levels of magnetic field are quite modest.
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Figure 2. (a) The output cavity layout, (b) transverse magnetic field and (c) longitudinal electric
field distribution along the cavity axis at a radius of 20 mm.

Figure 3. Required axial magnetic field profile (top), coils and iron yoke layout (bottom).
Cavity chain is also shown at the bottom.
In Fig. 4 are shown the results of magnicon steady-state simulation. One can see that the
deceleration is relatively uniform, and that the beam loses a substantial part of it’s energy (>70%
on average). The beam trajectories indicate that there is no current interception in the tube. The
absence of current interception was proven experimentally in different tested versions of
magnicons [11-15].
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Figure 4. Results of preliminary simulations for a 20 MW, 1300 MHz magnicon. Shown is an
outline of the RF cavities, energy E and radial coordinates of beam electrons r, all as functions of
coordinate z along the axis of the tube.
Results of time-dependent simulations of transient process in this magnicon amplifier are
shown in Figure 5. One can see that the transient process is smooth, and that the build-up time
for steady oscillations is about 0.8 µsec. The calculated dependence of the drive curve, i.e.
output power vs. input power, is shown in Figure 6. The drive curve is monotonic, indicating
that the tube operates stably within the full range of output power. Calculated magnicon output
power vs drive frequency is shown in Figure 7. It indicates that the tube’s FWHM bandwidth is
about 2 MHz.
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Figure 5. Example of transient processes in the magnicon. Shown are the computed RF
amplitudes in the cavities and phase ϕ in the output cavity, vs time from the start of the RF pulse.
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Figure 6. Output power vs. input power.
Note, in this example, that the output power
actually rises to > 22 MW.

Figure 7. Output power vs. frequency.
FWHM bandwidth is about 2 MHz.

Due to the long pulse, the acceptable electric field in the gun must be relatively low. For pulse
lengths longer than about 1.0 msec, an empirical relation on the high voltage breakdown
condition is given by EsVe < 800 kV2/mm, where Es is surface electric field on the electrode at
lower potential and Ve is the voltage between two electrodes [22]. This requirement represents a
challenge in the gun design which can be overcome by using a multi-gap (multi-anode) gun
concept. In the proposed magnicon, the beam parameters are: beam voltage of 300 kV and
beam current of 100 A. To provide these parameters with a pulse-width of about 2 msec, a
triple-anode gun with a spherical cathode 8 cm in diameter has been designed, as shown in Fig.
8. The maximum cathode loading doesn’t exceed 2.7 A/cm2, which allows one to expect good
cathode longevity of ~100,000 hours according to [23].

8
255

Due to the long pulse, the acceptable electric field in the gun must be relatively low. For
pulse lengths longer than about 1.0 msec, an empirical relation on the high voltage breakdown
condition is given by EsVe < 800 kV2/mm, where Es is surface electric field on the electrode at
lower potential and Ve is the voltage between two electrodes [22]. This requirement represents a
challenge in the gun design which can be overcome by using a multi-gap (multi-anode) gun
concept. In the proposed magnicon, the beam parameters are: beam voltage of 300 kV and
beam current of 100 A. To provide these parameters with a pulse-width of about 2 msec, a
triple-anode gun with a spherical cathode 8 cm in diameter has been designed. A layout of the
electrode configuration for the gun and sample electron trajectories are shown in Fig. 8. The
maximum cathode loading doesn’t exceed 2.7 A/cm2, which allows one to expect good cathode
longevity of ~100,000 hours according to [23]. Current density distribution over the cathode
surface is shown in Figure 9. In the present gun design, Es = 51 kV/cm on the focus electrode
and EsVe = 510 kV2/mm between the first anode and the focus electrode. On the first anode Es
= 45 kV/cm and EsVe = 450 kV2/mm between the two anodes. On the second anode Es = 50
kV/cm and EsVe = 500 kV2/mm between the two anodes. These values are comfortably below
the breakdown limit. Long life cathode operation can be expected with these levels of surface
field in the gun [23]. Preliminary gun design parameters are listed in Table II.

Figure 8. The triple-anode gun layout, trajectories and equipotential lines.
These preliminary design results show that no fundamental impediment exists to
realization of a 1.3 GHz magnicon amplifier with a peak power of 20 MW in a pulse-width of
1.5 msec. Logistical issues in the realization of a prototype involve detailed engineering designs
and fabrication for the components of the tube, namely the electron gun, RF cavity system,
magnetic field, system, and beam collector. A suitable modulator must be obtained, although
some compromise in average power (below the 450 kW design beam power) might be required
due to ac mains power limitations in YBPL, and to specifications of the modulator that can be
acquired within budgetary limitations; however tests at the full pulse width of 1.5 ms are deemed
essential for validation of the design. But before engineering designs can be deemed final, space,
utility, and radiation shielding parameters must be fixed. Infrastructure needs can be met within
an unused 1200 sq. ft. vault in YBPL, a drawing of which is shown in Figure 10. The x-ray
shielded control area encloses a 12′×24′×8′ high RF shielded room with two access doors.
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Figure 9. Current density distribution along the cathode surface;
l =0 corresponds to the cathode center.
Table II. Design parameters of the electron gun for a 20 MW, 1.3 GHz magnicon.
beam voltage, kV
beam current, A
beam power, MW
beam perveance, A/V3/2
pulse duration, msec
repetition rate, Hz
cathode diameter, mm
maximum cathode loading, A/cm2
number of anodes
voltage between the cathode and the 1st anode, kV
maximum electric field on the focus electrode (the 1st gap), kV/cm
voltage between the 1st anode and 2d anode, kV
maximum electric field on the 1st anode (the 2d gap, kV/cm)
voltage between the 2d anode and 3d anode, kV
maximum electric field on the 2d anode (the 3d gap), kV/cm
electrostatic compression

300
100
30
0.61×10-6
1.5
10
80
2.7
3
100
51
100
45
100
50
11:1

At present, only 72 kW of 208-V, 3-phase mains power is wired into in the test vault. One goal
of the infrastructure up-grade that is proposed is to increase the mains power as much as possible
by re-directing power from the 1.5 MW sub-station that powers some of the other areas in
YBPL, with the goal of operating the magnicon at a repetition rate of at least 2 Hz. It will also
be necessary to install a closed-loop cooling system to dissipate spent power; it is proposed to
accomplish this by installing a cooling tower on the laboratory roof (at a position above the 3′
shielding wall) which, together with a pump and heat exchanger, will provide the cooling. An
additional modification is needed to allow the large radiation shielding door shown in Fig. 10 to
close; it is now blocked by water pipes that were thoughtlessly installed before re-use of the vault
was contemplated. These infrastructure changes should be in place before engineering design for
the 20-MW, 1.3 GHz magnicon is completed, so that specifications for the mains power needs
10
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Figure 10. Test vault available within the Yale Beam Physics Laboratory.
will match needs of the available modulator, and so that the physical arrangement in the vault of
the (relatively) large experimental magnicon tube and associated components can be optimized.
As stated on p. 2 of this document, this would require the infrastructure improvements for the
vault to be fully designed, with installations underway by July, 2006, when the formal
collaboration sets in between Yale and Omega-P, assuming timely award of a Phase II STTR
grant to Omega-P for this project. The third-year portion of the Yale grant requested here is for
acquisition, installation, and calibration of instrumentation to monitor x-ray dosage in designated
areas of the laboratory, and to diagnostic signals from the magnicon under test. It is appropriate
that the costs for these infrastructure installations and instrumentation come from a research
award directly to Yale, as they would become integrated as permanent facilities of YBPL.

RESULTS OF PRIOR SUPPORT
There has been no prior support for development of the specific magnicon described in
this proposal. However, prior support has been provided by DoE and BINP for a number of
versions of the magnicon to be designed and built from the decimeter to the millimeter
wavelength domains, operating in the first, second and third harmonic modes. The first
magnicon was built and tested in 1985 in Novosibirsk [11]. A power of 2.6 MW was obtained at
915 MHz with a pulse length of 30 µsec and electronic efficiency of 85%. That tube is a first
harmonic (i.e., fundamental) amplifier. The device was successfully tested not only with
absorbing loads, but with a resonant accelerating structure as well, without use of a ferrite
circulator [17]. This success led to projects for development of magnicons at wavelengths from
decimeter to millimeter ranges for different accelerator projects. A second magnicon, also
developed in Novosibirsk, is a frequency doubler (or second harmonic amplifier), operating at a
frequency of 7 GHz [18,19]. This tube has demonstrated experimentally an output power of 55
MW, an efficiency of 56%, and a gain of ~70 dB in 1 µsec pulses, in very good agreement with
simulation results [13,20]. Another frequency-doubling magnicon amplifier at the NLC
frequency of 11.424 GHz has been designed and built in a collaboration between Omega-P, Inc.
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and Naval Research Laboratory (NRL). The tube is designed to produce ~60 MW at 60%
efficiency and 59 dB gain, using a 470 kV, 220 A, 2 mm-diameter beam. At present, the tube is
conditioned up to power level of 25 MW for 0.2 µsec pulse widths. The power is limited by the
oscillations in the beam collector [14]. Construction of a new collector was completed recently,
and the collector is scheduled to be installed in January 2005. Operation of this latter magnicon
has established a research facility located at NRL as only the second laboratory in the USA, after
SLAC, where high-power microwave development at the X-band frequency can take place. A
high power third-harmonic magnicon at 34.272 GHz has been designed and built as a microwave
source to develop RF technology for a future multi-TeV electron-positron linear collider. After
preliminary RF conditioning, this tube produced an output power of 10 MW in 0.25 µs pulses,
with a gain of 54 dB [15]. Higher power currently obtains, as RF conditioning progresses.
These preliminary results constitute record values for a mm-wave accelerator-class amplifier.

FACILITIES, EQUIPMENT, AND OTHER RESOURCES
Since 1992, efforts have been underway in the Physics Department at Yale to establish
and equip the Yale Beam Physics Laboratory. Space in the Wright Nuclear Structure Laboratory
(WNSL) on the Yale campus vacated by decommissioning of a 50 MeV L-band electron linear
accelerator was made available by the Physics Department for beam physics research. However,
the Room 112 vault within the Beam Physics Laboratory shown in Fig. 10, used at present for
staging and preparation of experiments, requires the refurbishment described above. Utilities
include dedicated use of a 2 MW power company substation (1.5 MW at 480 V; and 0.5 MW at
208 V). Approximately 3500 sq. feet of shielded laboratory space has been refurbished so far,
including a 10′×10′×100′ buried tunnel, wherein high voltage, high power rf accelerator
operations are conducted without danger of human exposure to penetrating radiation. Areas for a
control room, experimental staging, cold testing, electronics assembly, and some staff offices are
also part of the laboratory. A copious supply of chilled re-circulating deionized water is available
for disposal of at least 100 kW of waste heat, with distribution installed along the tunnel from
overhead feed and return lines. Experiments that have been carried in this facility include a 10
MW CARA (Cyclotron Autoresonance Accelerator), a 4th harmonic 11.424 GHz multi-MW
gyroharmonic converter, a 6 MeV rf gun and 17-element beamline, microwave inverse freeelectron laser accelerator (MIFELA) and microwave inverse Cerenkov accelerator (MICA). It is
within this laboratory that the 34-GHz magnicon is installed, together with its 100 MW, 1.5 µsec
modulator, data analysis, and test equipment. Other installations include a 24 MW XK-5 former
SLAC 2.856 GHz klystron, that is powered by a 65 MW modulator providing 3 µsec, 250 kV,
250 A pulses at up to 10 pps. A 3 MW modulator provides 100 kV, 31.4 A pulses synchronized
with the klystron pulses to drive the CARA injector. Test equipment is available for S-, X-, and
Ka-band measurements, including a scalar network analyzer operating up to 40 GHz. The Yale
group also carries out experiments on wake field acceleration in dielectric-lined structures and on
LACARA at Brookhaven National Laboratory, Accelerator Test Facility in collaboration with
Columbia University and Omega-P, Inc. A fully equipped machine shop is located in Yale
Gibbs Laboratory, a few steps from WNSL, where a wide range of operations for the fabrication
and vacuum brazing of experimental components can be carried out. Other machining, hydrogen
brazing, e-beam welding, waveguide fabrication and internal pipe honing necessary for
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specialized steps in equipment fabrication can be carried out at small shops close to New Haven.
Mechanical design can be carried out by mechanical engineers at the Gibbs shop. Electronics
design, construction and repair operations are performed by a full-time YBPL technician.

STATEMENT ON BROAD IMPACT
The R&D program proposed here has as its goal the design of the 20 MW, 1.3 GHz
magnicon amplifier that would replace two multi-beam klystrons, and thus reduce by a factor-oftwo the number of high-power tubes required for ILC. This would allow significant
simplification of the RF architecture and reduction in cost of ILC, as well as strengthened
participation by US entities in RF source R&D and manufacturing in what is so far fragmented
between US, European, and Japanese firms. The technical challenges that will be addressed
during the proposed R&D will provide training in high-power vacuum electronics to young
researchers and students that is only available at a select few universities, and which is needed to
provide know-how and experience required to maintain US capability in this field. Results of the
R&D can be applied in the industrialization of the 1.3 GHz, 20 MW magnicon, should it be
selected for use in the ILC test accelerator; and in the development of similar magnicons for
applications in nuclear physics and high-power microwave systems for defense. Costs to support
students are not provided for in the budget presented here. Nevertheless, it is anticipated that
opportunities for undergraduate and graduate participation in the program will occur. Such
participation could include senior research projects required of all Yale physics majors, and
summer employment for graduate students prior to their selection of a Ph.D. thesis topic.
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PROJECT ACTIVITIES AND DELIVERABLES
As stated above, activities to be supported under the grant requested here include infrastructure improvements in the Yale Beam Physics Laboratory YBPL necessary to accommodate
an experimental 20 MW, 1.3 GHz, 1.5 ms pulsed magnicon amplifier intended as an RF power
source for the superconducting linacs for the future International Linear Collider ILC. Activities
would be distributed over the three-year duration of the grant as follows:
FY2005 Project Activities would include redistribution of electrical power that is now available
to YBPL from a nearby power vault, so as to provide sufficient power to a modulator to allow
generation of an average beam power of at least 90 kW (corresponding to operation at a pulse
repetition rate of at least 2 Hz), plus ancillary power needed for the tube’s < 1 kG solenoid
magnet and other loads. In addition, runs of water piping that now block the x-ray shielding
door shown at the bottom right in Fig. 10 would be relocated so as to allow the door to close.
FY2005 Deliverable would include a written annual report, plus whatever other presentation(s)
are requested by the sponsor, or that are appropriate for dissemination at scientific conferences.
FY2006 Project Activities would include installation of a cooling tower on the building roof
above the experimental area shown in Figure 10, of a suitable circulating pump, and of a heat
exchanger in the experimental area that can be used to dissipate the > 120 kW of heat expected to
be generated from operation of the magnicon at a pulse repetition rate of at least 2 Hz. FY2006
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Deliverable would include a written annual report, plus whatever other presentation(s) are
requested by the sponsor, or that are appropriate for dissemination at scientific conferences.
FY2006 Project Activities would include acquisition of instrumentation required to monitor and
record x-ray dose levels in areas of the laboratory occupied by radiation-certified personnel
during operation of the magnicon, and adjacent areas open to the general public. It is also useful
to monitor radiation levels in areas that are never occupied during experimental runs, and to
monitor for the presence of any detectable activation. In addition, instrumentation would be
acquired for installation in the control area shown in Figure 10 to allow monitoring of diagnostic
signals from the operating magnicon. FY2007 Deliverable would include a written annual
report, plus whatever other presentation(s) are requested by the sponsor, or that are appropriate
for dissemination at scientific conferences.

BUDGET JUSTIFICATION
The budget given below includes salary and fringe benefits for one month each per year
for Dr. Michael A. LaPointe, Yale Research Scientist; and Mr. Saveliy Finkelshtyen, Yale
Research Technician; these are listed together in the category “Other professionals.” Levels are
based on current Yale salaries, with a 5% increase each year for FY2006 and FY2007. Fringe
benefit rate for DoE grants is 42.3% for all three years. No salary request is made for the
Principal Investigator, Dr. Jay L. Hirshfield. Equipment acquisitions include $18,000 for a heat
exchanger and pump in FY2005; $22,000 for a cooling tower in FY2006; and $25,000 for
radiation monitors ($5,000) and signal processing instrumentation ($20,000) in FY2007. These
costs are extrapolated from costs in a facilities study carried out for YBPL by Yale Physical
Plant Department in 2001. For FY2005, $5,500 is for costs of re-routing plumbing installations,
and in FY $6,000 for installation of the chilled-water cooling circuit in FY 2006. Materials and
supplies include electrical, electronic, plumbing, and other infrastructure parts and components
needed for the installations. Indirect costs are 63.5% of all direct costs, excluding equipment.
Three-Year Budget Request
Item
Other professionals
Graduate students
Undergraduate students
Total salaries and wages
Fringe benefits
Total salaries, wages and fringe benefits
Equipment
Travel
Materials and supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
10,188

FY2006
10,698

FY2007
11,233

Total
32,119

10,188
4,310
14,498
18,000

10,698
4,525
15,223
22,000

11,233
4,752
15,985
25,000

32,119
13,587
45,706
65,000

6,000
5,500

5,000
6,000

9,000

20,000
11,500

43,998
16,509
60,507

48,223
16,652
64,875

49,985
15,865
65,850

142,206
49,026
191,232
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2.45

Accelerator Physics

2.45: SCRF Low-Level RF (LLRF)
Development for ILC-SMTF
(new proposal)
Accelerator Physics
Contact person
Nigel Lockyer
lockyer@physics.upenn.edu
(215) 898-5806
Institution(s)
University of Pennsylvania

New funds requested
FY05 request: 21,794
FY06 request: 95,232
FY07 request: 98,089
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SCRF Low-Level RF(LLRF) Development for ILC-SMTF
Classification (Cryomodule LLRF)
Personnel and Institution(s) requesting funding
N. S. Lockyer
University of Pennsylvania
Collaborators
There are several groups interested in working on the project and others that are willing to
consult based on their significant experience. Those presently interested in working on the
project include a group from Fermilab (Helen Edwards, Philippe Piot, Ralph Pasquinelli,
Brian Chase, Bill Foster), the Pisa group led by Giorgio Bellettini, and the University of
Pennsylvania. Experts being consulted include Stefan Simrock from DESY, Larry Doolittle
from LBNL, Mark Champion from Oak Ridge, Matthias Liepe Cornell, and Marc Ross from
SLAC.
Project Leader
N. S. Lockyer
rutherford.hep.upenn.edu
215-898-5806
Project Overview
We are planning to participate in a new national initiative in Superconducting Radio Frequency (SCRF) research. A Expression of Interest (EOI) or pre-proposal has been submitted
to Fermilab outlining the ambitious plan. The proposal is entitled “Superconducting Module
Test Facility” or SMTF. The proponents (except Penn) are all accelerator physicists. This
proposal is intended to help establish a new direction of research in the particle physics group
in the Physics Department, SCRF research in accelerator physics. We propose to collaborate
on instrumentation for the LLRF and controls for the “capture cavity” and future energy
upgrades planned for the electron beam test facility at Fermilab called the A0 photoinjector
and SMTF in general. The photo injector will be the injector for the SMTF in Meson East at
Fermilab. Several upgrades to the injector are planned. The purpose of the instrumentation is
to control the frequency, phase, and amplitude of the RF electric field in the superconducting
cavity, commonly referred to as the RF Control System or Low Level RF (LLRF). A new
“capture cavity” will be commissioned beginning this summer at the meson lab at Fermilab
as “Phase Zero” of the SMTF program. The Penn instrumentation group has extensive expertise in instrumentation, especially FPGAs (Field Programmable Arrays) as well as analog
and digital electronics and this allows us to contribute uniquely to the hardware and firmware
aspects of the project, while at the same time allowing the physicists an opportunity to learn
the essential physics of the impact of SCRF cavities on low emittance electron beams. This
project is intended to help begin to establish the researcher at Penn in accelerator physics
instrumentation and educate a number of students and postdocs in the accelerator physics
and prepare them for participation in future accelerator projects, hopefully the ILC. The two
students, entering graduate school fall 05 at Penn, have been identified and they explicitly
asked to work on an ILC based project for summer 05.
1
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Prior Support
There is no prior support for this activity. Thus far, the preparation for making this transition from particle physics to accelerator physics has really just begun. I am co-editing the
SMTF proposal, have sent Penn post-doc Chris Neu to the accelerator school at Berkeley
last month(EPICS controls course), organized a video meeting with the world LLRF experts,
and interacted mostly with Philippe Piot and to a lesser extent Helen Edwards on the subject. Penn instrumentation engineer Mitch Newcomer has started to read documentation and
spent two days at Fermilab understanding the needs of the A0 injector. The instrumentation at A0 would benefit from Penn’s involvement. I created a WEB page with much of the
documentation available on the TTF LLRF. The URL is
http://rutherford.hep.upenn.edu/~lockyer/llrf.html
Broader Impact
This proposal will train accelerator physicists. In particular, it is my intention to co-supervise
a Ph.D student with my colleagues at Fermilab, hopefully Helen Edwards or Shekhar Mishra.
In addition, I plan to train students during the summer, both undergraduates and graduate
students.
Facilities, Equipment and other resources
The Penn High Energy Physics group is well supported by DOE HEP. We have one of the
best instrumentation groups at a university in the country. The group provides integrated
circuits as a by product of our own program, custom designed at Penn, to other groups
around the world, at cost, as a service to the community. The ASDQ chip, used for drift
chamber readout, is one example. It is the frontend readout chip for the CDF Central Outer
Tracker(30,240 channels), that was my main responsiblity to CDF. We design and build
circuit boards (Cadence), program FPGAs, and design numerous electronic systems. Penn
has excellent computing available and substantial lab space for the HEP group.
FY2005 Project Activities and Deliverables
Since 1992, Fermilab has been engaged in the production of high-brightness electron beams.
In conjunction with the TESLA collaboration, it has constructed and operated an L-band
(1.3 GHz) photo injector, a copy of which was installed at the TESLA test facility in DESY
Hamburg, for various tests, especially for the proof-of-principle UV SASE free-electron laser
experiment. The Fermilab/NICADD photo injector laboratory (FNPL) is used as a test facility for beam dynamics studies associated to high brightness beam and its associated diagnosis,
along with application to advanced accelerator physics.
We plan to start by preparing the LLRF for the SCRF 1.3 GHz “capture cavity” this summer. We will also begin evaluation the LLRF system used by DESY and design by Stefan
Simrock and collaborators. We may use this system for SMTF but we do not yet have enough
knowledge of that system to understand whether it meets the needs of SMTF.
We propose to implement the RF control system for the 3rd harmonic accelerating structure
after the capture cavity and evaluation is complete. The 3rd harmonic 3.9 GHz accelerating
structure planned for the photo injector is necessary to linearize the energy of the electron
bunch after acceleration in the preceding RF cavity and is this important for optimal bunch
2
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compression.
The RF control system fulfills several functions. It stabilizes the frequency, amplitude, and
phase variations induced by sources such as the RF drive, beam current variations, Lorentz
force detuning, and microphonics. The typical loaded Q of superconducting cavities is chosen
to be a few 106 . The resulting narrow bandwidth makes superconducting cavities much more
sensitive to mechanical vibrations (microphonics). The RF field in a cavity also interacts with
the RF wall current resulting in a Lorentz force which causes a deformation of the cavity shape
which results in a change in the cavity resonant frequency.
The precision and stability of the combined resonant frequency, amplitude, and phase control
determines the energy spread in the beam of the linear accelerator. The energy spread is
critical to measuring the mass of new elementary particles as well as the top quark. These
precision mass measurements are essential to the understanding of dark matter candidates.
The high Q value of these cavities makes the LLRF system crucial for the success of the program. Interestingly, the criteria are not as stringent as needed at the X-FEL at DESY. Their
experience will be important for us to monitor. (private communication Hasan Padamsee)
Deliverables: Commissioning of the LLRF and controls for the new “capture captivity” by
the end of summer 05. Evaluate the DESY LLRF system and recommend whether it should
be used for the 3rd Harmonic accelerating cavity and SMTF cryomodules.
FY2006 Project Activities and Deliverables
The activities in year two will be to complete and expand the plans for year one. A “Chechia”
horizontal test facility is planned for the Meson East area. We will need to install the controls
and LLRF for that facility. This will be a prototype SMTF cryomodule system, but it will
work for only one 9-cell cavity.
We will be working toward preparing the controls and LLRF for the first US-ILC 8-cavity 1.3
GHz cryomodule that we expect to arrive during FY07.
Deliverable: LLRF for “Chechia” horizontal test facility at Fermilab. Install and commission
the controls and LLRF for the first full cryomodule at SMTF.
FY2007 Project Activities and Deliverables
The following section is from the SMTF plan.
Electron Beam Tests:
We outline below possible studies with an electron beam. First, the RF performance of the
cavities can be measured directly with beam and secondly, the impact of the cavity on the
beam can be assessed. Note that item three below is primarily the responsibility of Penn and
the control system performance. However, we plan to be involved with many measurements
with the facility. An initial set of measurements would include:
Beam energy: a spectrometer would provide an independent and accurate measurement of
the accelerating gradient (RF based techniques are not as accurate). Long Range wake-field
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characterization: Measure frequency spectra of bunch positions downstream of cryomodule to
search for high Q cavity dipole modes that could cause beam break-up in the ILC. Correlate
these data with HOM power measurements. Tests of low-level RF system: demonstrate that
a < 0.1% bunch-to-bunch energy spread can be achieved in a 1 msec bunch train. (Penn
proposed responsibility) Impact of the SCRF cavity on transverse beam dynamics: measure
the beam kicks caused by the fundamental mode fields. Study beam centering based on HOM
(higher order modes) dipole signals.
To study basic cavity performance during beam operation, the photo injector should provide
bunch trains comparable to those envisioned for the linear collider. The main requirements
include:
bunch charge: up to 2e10 electrons bunch length: as low as 300 microns rms bunch spacing:
nominally 337 ns with option of halving this. bunch energy stability < 1% rms average (Penn)
current stability < 1% rms (preferably < 0.1% rms) number of bunches: up to 2820 pulse rep
rate = up to 5 Hz.
This broad range of measurements will present several technical challenges, the details of
which have to be worked out.
Deliverables:
Operate the full LLRF system with a crymodule and begin to understand the beam and
cryomodule performance. We expect to make many measurements on the cryomodule with
and without beam.
(Budget justification)
The first year budget is for two incoming graduate students for one summer. Travel and
subsistence is included.
The second and third year we request additional funds for a postdoc as well as continued
summer support for the students.
(Three-year budget)
Year 1: $21, 794
Year 2: $95, 232
Year 3: $98, 089
Total: $215, 115
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Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs(1)
Total direct and indirect costs
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FY2005
0
8750
0
8750
0
8750
0
5000
0
0
0
13750
8044
21794

FY2006
43000
9012
0
52012
4171
56184
0

FY2007
44290
9282
0
53572
4296
57869
0

0
3900
0
60084
35149
95232

0
4017
0
61886
36203
98089

Total
87290
27046
0
114334
8467
122803
0
5000
0
7917
0
135720
79396
215115
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2.46: Polarized Positron Sources
(new proposal)
Accelerator Physics
Contact person
Mayda Velasco
mvelasco@lotus.phys.nwu.edu
(847) 467-7099
Institution(s)
Livermore
Northwestern

New funds requested
FY05 request: 36,209
FY06 request: 0
FY07 request: 0
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Polarized Positron Sources
Classification (subsystem)
Accelerator
Personnel and Institution(s) requesting funding
Northwestern University, Department of Physics and Astronomy:
Mayda Velasco (Assistant Professor),
Armen Apyan (Research Associate).

Collaborators
Lawrence Livermore National Laboratory:
Jeff Gronberg

Project Leader
Mayda Velasco
mvelasco@lotus.phys.northwestern.edu
847 467 7099

Project Overview
Future high energy e+ e− linear colliders require high intensity positron beams with low emittances and a high degree of longitudinal polarization. Low emittance is essential to attain
high luminosity, while the beam polarization expands the physics capabilities of the machine.
How to produce polarized electrons is well understood. It is known that we can get longitudinal polarization that is as high as 75-80% for electrons produced by photo-emission in a
semiconductor photocathode. However, although the polarization of positron beams is very
useful, the technical progress to produce intense polarized positron sources has been rather
slow, and significant R&D is needed.
A few methods to produce polarized positrons are being considered by the linear collider (LC)
community. For example:
• to use β decay of naturally existing radioactive isotopes or short-lived isotopes produced
by an accelerator.
• to use e+ e− pairs created by converting circularly polarized γ rays. The main concept
is to produce circularly polarized photons, followed by the collection of longitudinally
polarized positrons produce in a target that acts a converter. The circularly polarized
γ’s come from one of these sources:
1
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– Helical undulator radiation by unpolarized electron beams [1].
– Compton scattering of circularly polarized laser-light off a high-energy electron
beam [2].
– Bremsstrahlung of longitudinally polarized electrons in high-Z amorphous targets [3].
Each of these three concepts have their own problems connected with their cost and/or
technical complexity.
We propose to investigate and develop a simple alternative method which is also cost effective.
It is based on a two-target scheme:
• Target#1: uses an aligned single crystal diamond as a radiator (e− → e− γ) for a polarized electron beam to make the polarized photon source instead of using an amorphous
target. We will exploit the enhancement of photon radiation via the mechanism of
Coherent Bremsstrahlung (CB). In addition, photons produced by the interaction of
longitudinally polarized electrons with a crystalline targets are circularly polarized due
to conservation of angular momentum [4], just like radiation in an amorphous material.
We will perform detailed Monte-Carlo (MC) simulations of the photon production by the
CB of an electron beam in a diamond crystal. MC simulations will provide the optimum
crystal thickness, crystal orientation and expected photon yield and circular polarization. All these studies will take into account the multiple scattering of the electrons
inside the crystal, beam divergence and photon emission angle.
In addition, we will investigate the effect of radiation damage on the degradation of CB.
A significant energy will be deposited in the crystal when high energy electron beam
passes through the crystal. This can leads to crystal stress, heating and damage. This
could be the main problem for using the diamond crystal as a photon source. Synthetic
diamonds look promising, but needs to be checked [5].
• Target#2: produce polarized positrons from the conversion of circularly polarized photons in a high Z material.
We plan to carry out the calculations for the positron yield and polarization for several
high and low Z materials, such as W,W-Re, Ti etc. after taking into account the characteristics of the photon beam produced above.
We need to take into account the depolarization of the positrons in the photon converter.

Broader Impact
In the past, we have already worked with, both undergraduate and prospective graduate,
students on the NA59 physics simulations. These students enjoyed their work and participated in our research for a significant amount of time. An example is Mengkai Shieh, now
in medical school at Stanford. He was interested in using the knowladge that he was getting
from us to make imaging devices for medical purposes. The NA59 collaboration studies the
coherent interactions of high energy electrons and photons in an oriented single crystal, which
2
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are the basis for the positron production scheme that we want to investigate next. Therefore,
we plan to hire undergraduate students to participate in this project again.
Results of Prior Research
We have carried out preliminary MC simulations where we compare the photon yield from
electrons radiating from a 1 cm thick single crystal diamond and 0.2 mm thick tungsten. The
simulations were done assuming that the initial electron energy is 10 GeV.
The photon yield for the chosen crystal orientation is shown in Fig. 1 along with the expectation from the chosen amorphous material.

Figure 1: Number of photons per incident electron.

For the chosen parameters, 90% of the photons are from the first generation of radiated photons in the energy range between 6.5 -7.5 GeV. This was the condition used to select the
target thickness because only the first radiated photon ‘remembers’ the electron polarization.
However, the electron can radiate several photons as it passed through the target leading to a
decrease in polarization of the incident electron beam. The thickness of the photon converter
was chosen in the same manner. We chose a 0.3 mm amorphous Tungsten as photon converter.
With this configuration we have 0.007γ/e− from Tungsten radiator and 0.03γ/e− from single
crystal Diamond. As shown, the crystal scheme provides ∼ 3 times larger photon yield than
amorphous configuration with the same beam parameters. This leads to increase of positron
yield. In addition, the emittance of the photon beam is 6 times smaller in the useful energy
range. For example, photon emission angles for amorphous Tungsten is ∼ 50µrad, while for
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aligned diamond is ∼ 8µrad in the photon peak.
In the Fig. 2, we show the expected circular polarization of photons produced by the CB
of longitudinally polarized electrons in aligned diamond crystal (LEFT), and the degree of
polarization for the positrons produced from pair production in the Tungsten target (RIGHT).

Figure 2: Circular polarization of photons and Longitudinal polarization of positrons

The expected polarization of the positron beam in the energy range 6 GeV -7.5 GeV is about
45 %, as show by our preliminary MC simulations.
All the results require detailed calculations taking into account the influence of the all processes arising in the targets when charged particles traverse them, and details of the beam.
Preliminary results were presented at the ICAR meeting in Argonne May 2004, see
http://www.capp.iit.edu/ icar/ANLWorkshop5-04/Workshop-agendaMay04.html,
and Fermilab Accelerator Physics and Technology Seminars, October 2004, see
http://www-bd.fnal.gov/ADSeminars/references.html#Armen.
This research was funded by a grant from the state of Illinois to do accelerator development,
ICAR.

Facilities, Equipment and Other Resources
The work will use the computer resources of the high energy group at Northwestern University.
4
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FY2005 Project Activities and Deliverables
Year
2005

Period
May-July
July-October

Activity
Prepare MC simulation codes for the photon beam production.
Production and formation of the circularly polarized photon beam.
Preparing detailed MC code for polarized positron production.
Formation and capture in accelerator of the positron beam.
Write up and Publication

FY2006 Project Activities and Deliverables
N/A
FY2007 Project Activities and Deliverables
N/A
Budget justification: Institution 1
We are requesting financial support for a six months period for the successful fulfillment of
the planned studies of the project. The financial support will cover the salary of the post-doc
researcher who will work on the project.

Three-year budget, in then-year K$
$32,209
Institution: Institution 1
Item
FY2005 FY2006
Other Professionals
23,484
0
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
23,484
0
Fringe Benefits
5,253
0
Total Salaries, Wages and Fringe Benefits 28,737
0
Equipment
0
0
Travel
0
0
Materials and Supplies
0
0
Other direct costs
0
0
Institution 2 subcontract
0
0
Total direct costs
28,737
0
Indirect costs(1)
7,472
0
Total direct and indirect costs
36,209
0
(1) Includes 25% of first $28,737 subcontract costs
5
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FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
23,484
0
0
23,484
5,253
28,737
0
0
0
0
0
28,737
7,472
36,209

References
[1] V. E. Balakin and A. A. Michailichenko, Preprint INP 79-85 (1979).
[2] T. Okugi et al., Jpn. J. Appl. Phys. 35, 3677 (1996).
[3] A. P. Potylitsin, Nucl. Instr. and Meth. A398, (1997) 395-398.
[4] H. Olsen et al., Phys. Rev., 114 (1959) 887.
[5] A. Apyan et al. [NA59 Collaboration], “Coherent pair production by photons in the 20-GeV 170-GeV energy range incident on crystals and birefringence,” arXiv:hep-ex/0306028.
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Magnetic Investigation of High Purity Niobium
for Superconducting RF Cavities
Proposal for LCRD/UCLC 2005
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Material science on niobium for superconducting cavities of main linac
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Applied Superconductivity Center, University of Wisconsin at Madison
Collaborators
P. Bauer, L. Bellantoni, Fermilab
Project Leader
P. J. Lee
lee@engr.wisc.edu
(608)263-1760
Project Overview
Introduction
Fermilab is developing superconducting RF cavities for a future high-energy electron-positron
linear collider as the next international, large-scale high energy physics discovery machine [1].
More than one year ago Fermilab and the Applied Superconductivity Center (ASC) of the
University of Wisconsin-Madison (UW) have joined forces to investigate high purity niobium
used in the cavity fabrication. As a mission statement the work agreement between Fermilab and
the ASC/UW states that the goal of the collaborative effort is:
“… to improve the understanding of the effects of chemical composition and surface topology
(grain size, grain boundaries) in Niobium for superconducting RF applications and possibly to
explain the so-called Q-slope observed in superconducting resonators.”
Motivation
The study of the magnetic properties of high purity niobium is extremely important for the
advancement of the understanding of performance limitations of this material in the high gradient
superconducting RF cavities for a future linear collider. During RF operation the high power RF
fields penetrate only into a very thin layer on the surface of the cavity. This penetration layer is
approximately 50 nm thick. It is currently believed that the penetration of only a few magnetic
flux quanta into this layer will lead to a break-down of the superconducting state as a result of
local heating due to the oscillation of the flux lines in the RF fields. The onset of flux penetration
is believed to occur, in the best case, at a field close (or related) to the thermodynamic critical
field (~180 mT in niobium). No niobium-based cavities have surpassed that surface field to this
date. Grain boundaries and normal-conducting defects are potentially regions of suppressed
superconductivity, allowing the penetration of magnetic flux lines even at low external magnetic
fields. Therefore the assessment of the local shielding behavior of the superconductor in magnetic
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fields is paramount for a better understanding of the performance limits of SRF cavities. The
investigation of the effect of DC fields, such as with magneto-optics is the first step in this
direction. The magneto-optical technique together with transport measurements can be used to
quantify the possible suppression of superconductivity in grain boundaries or other surface
defects. These two measurement techniques will be described next.
Magneto-Optics and Transport Measurements at the ASC/UW
We have been the first to show that the magneto-optical technique, a remarkable tool that can
image local field penetration into a superconductor, can be applied to the study of high purity Nb
for SRF application. The magneto-optical (MO) technique is described in detail in [3]. It uses the
strong Faraday effect in YFe garnet to measure the vertical magnetic field component above a
sample, in this case of superconducting material. The spatial resolution attained is ~5-10 microns.
The garnet is placed on the face of the sample to retain the highest possible sensitivity. The
technique is able to resolve fields of the order of 1 mT. The sample is typically a 5x5 mm2
rectangle. Via indirect cooling with a cold finger containing liquid helium the sample temperature
was held at temperatures between 5.6 and 7 K. An external solenoid is used to apply a vertical
magnetic field on the sample.
We propose to also use grain-boundary critical current and grain boundary resistance (in the
normal state) measurements to further support the magneto-optical measurements of the
penetration of RF magnetic flux. The grain-boundary critical current measurements (as a function
of external field) give an independent assessment of flux penetration into the grain boundaries.
Normal state grain boundary resistivity measurements measure the electron scattering at the grain
boundaries and therefore give further information about the grain boundary properties. These socalled transport measurements are best performed in bi-crystal samples, that is samples which
consist of two single crystals separated by a grain boundary. The experiments then consist of the
measurement of the current/voltage characteristic of each grain and the grain boundary.
ASC/UW and Fermilab Collaboration Overview
The ASC/UW and Fermilab have agreed to collaborate on the study of the magnetic properties
of bulk niobium for SRF cavities using magneto-optics, transport measurements, XPS and
microscopy. According to the agreement, Fermilab will be responsible to provide samples for the
studies conducted at the ASC/UW. Both parties share the efforts related to analysis and
publication.
The following project goals have been defined:
1)

2)
3)

to improve the understanding of the effect of the chemical composition and topology of
the surface, in general, and the grain boundaries, in particular, of state of the art high
purity niobium for SRF cavities, including e-beam weld regions, on the capability of the
material to shield magnetic flux;
to provide quantitative estimates of the grain-boundary critical currents and grain
boundary resistance (in the normal state) such as further characterize grain-boundaries;
to correlate surface and grain-boundary chemical composition with the RF performance
of SRF cavities, such as for instance for the case of the observed improvement of
performance following a low temperature, in situ bake-out;

To achieve the above-defined goals a series of samples need to be provided to the ASC/UW,
which are optimized for the use of various measurement techniques, such as magneto-optics and
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transport measurements, without compromising the chemical condition of the surface. In
particular we would like to test samples of the following type:
1)
2)
3)
4)

samples representative of the e-beam weld region in the cavities (MO, SEM and XPS);
samples representative of the non-weld region in the cavities (MO, SEM and XPS);
single crystal samples to study grain boundary free material (MO, SEM and XPS);
bi-crystal samples for transport measurements of the grain boundary properties (transport,
SEM and XPS);
5) samples obtained via sputtering of niobium on a copper substrate to study very small grain
material (MO, SEM and XPS);

The samples should be prepared with different degrees of completeness (e.g. mechanically
deformed and deeply etched vs mechanically deformed, deeply etched and heat treated, … etc)
such as to allow measurement of the evolution of the magnetic and transport properties during the
fabrication of the cavities. The polishing variants, i.e. using chemical etching and electropolishing, should also be differentiated. Furthermore this series of experiments should also
include the low temperature bake (~120C, 50 hrs) that was recently shown to improve cavity
performance significantly.
Broader Impact
One of the primary goals of this work will be to introduce a graduate student, trained in
metallurgy/materials science, to the field of superconducting cavities. The Applied
Superconductivity Center has been very successful in training students who have gone on to make
valuable contributions to superconducting materials fabrication in both industry and laboratories.
Results of Prior Work
Although we have not been previously funded under LCRD we have achieved the following with
funds made available by FNAL:
1)
SEM and optical microscopy analysis was performed at the ASC/UW on large and small
grain samples provided by Fermilab. Large grain samples (produced both by welding and
high temperature heat treatment) showed deep (~1 µm) groves at the grain boundaries.
All BCP etched samples showed surface roughness associated with differing rates of
etching from grain to grain resulting in localized height variations of up to 10 µm. New,
computer software based techniques were successfully employed to make the quantitative
topological estimates quoted above.
2)
XPS analysis revealed no direct evidence of sub-oxides (sputtering rate 0.3 nm/step,
penetration depth of X-ray photons: ~4 nm) in the case of the samples that were surface
treated in the same way as cavities. After re-oxidation in air for 5 minutes following a
complete sputtering cycle, however, evidence of sub-oxides was found.
3)
Magneto-optical measurements revealed strong variations in the magnetic shielding
between large and small grain samples. A large grain weld sample as well as a sample,
which was heat-treated at high temperature to grow large grains, showed evidence of flux
penetration deep into the sample, indicating a breakdown of shielding in the grain
boundaries (more in [2]).
4)
Successful measurements of magnetization (Fermilab and ASC/UW) and specific heat
(ASC/UW) have been performed on some samples.
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Most of these results were presented at the “Pushing the Limits of RF Superconductivity”
workshop at the Argonne National Laboratory in Sept. 2004 and at the Applied Superconductivity
conference in Jacksonville in Oct. 2004 [2]. Our presentations at ANL can be viewed at the
workshop website and a paper will be published in the proceedings. The measurements
mentioned above raised several questions, which need to be resolved. Among them is the
question of what caused the flux penetration into the large grain samples and whether this
condition is present in e.g. the e-beam welds of SRF cavities, which similarly have very large
grains. The collaboration between Fermilab and the ASC/UW has already provided new and
interesting insights into the properties of chemically polished Nb for SRF cavities in magnetic
fields and provides a model for University-National Laboratory collaboration in this field.
Facilities, Equipment and Other Resources
At the University of Wisconsin-Madison Applied Superconductivity Center we have
comprehensive facilities for superconducting materials testing and microstructural
characterization (including adjacent Materials Science Center). A comprehensive list can be
found at http://www.asc.wisc.edu/facility/facility.htm. For electromagnetic testing we have 1416 T and 15-17 T Oxford Instruments magnets with Variable Temperature operation from 2 to
120 K, a 5.5 T Quantum Design SQUID magnetometer, an Oxford Instruments 14 T Vibrating
Sample Magnetometer with Cantilever Torque magnetometer, a Quantum Design 9 T Physical
Property Measurement System with DC and AC susceptibility and specific heat capability. We
also have a Very-Low-Field Shielded Test Facility and extensive high-sensitivity electronics
permitting nanovolt DC measurements.
Activities and Deliverables for this Proposed Work
Under this proposal we plan to recruit a graduate student to:
1)
2)

start transport measurements to derive the grain-boundary critical currents as well as the
grain boundary normal state resistivity;
support this work with SEM (OIM for grain boundary orientation), XPS and light
microscopy

The list of samples to be prepared by Fermilab and submitted to tests at the ASC/UW is
outlined in Table 1. The preparation and testing of all the samples discussed in this table is a
multi-year task.
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Table 1: Run-plan for Fermilab/ASC-UW studies on niobium for SRF cavities. The roster of samples
includes specimen prepared to different degrees of completeness. Also for each preparation condition
there should be samples representative of the two different cavity areas (the weld and non-weld area)
and/or the two main polishing techniques: BCP and EP (where BCP refers to “buffered chemical
polishing” and EP stands for “electro-polishing”).
Sample
normal/weld/
sputtered/single-crystal
1
2
3
4
5

as
received

deep
drawn

100 µm
etch
(BCP/EP)

heat
treatment
(750C/5hrs)

20 µm
etch
(BCP/EP)

Low temp
bake
(120C/50hrs)

X
X
X
X
X

X
X
X
X

X
X
X
X

X
X
X

X
X

X

The deliverables for the next years are expected to be quantitative estimates of the DC flux
penetration field in the various samples as well as the grain boundary critical currents and the
grain boundary normal state resistance. The results of these studies should be published in a
renowned journal such as Physical Review as well as in the important meetings of the SRF
technology community.
Budget Justification
The activities outlined above will involve Fermilab staff members, whose salaries are not
included in the budget request below. The budget request only includes salaries for the ASC/UW
staff members participating in this study. The quoted amount includes a
3% of annual time Peter Lee to co-ordinate work at UW;
3% research fraction of Anatolii Polyanskii to train student for the magneto-optical
measurements;
3% research fraction of A. Squitieri to train student for the transport measurements;
The following budgetary estimate is in $.

Table 2: Budgetary estimate for ASC/UW-Fermilab collaboration on the study of high purity niobium
for SRF cavities.

Item

FY 2005

FY2006

FY2007

Other professionals
Graduate Students
Total Salaries (incl. fringe benefits)
Equipment
Travel
Materials and Supplies
Sample preparation
Total direct costs
Total indirect costs
Total direct and indirect costs

$9,164
$22,253
$40,319
0
$500
$1000
$200
$47,583
$19,119
$66,702

$9,530
$22,253
$41,927
0
$500
$1000
$200
$49,412
$19,850
$69,262

$9,530
$22,253
$43,608
0
$500
$1000
$200
$51,326
$20,615
$71,941

281

References
[1]

[2]

[3]

L. Bellantoni, N. Solyak, I. Gonin, T. Berenc, H. Edwards, M. Foley, N. Khabiboulline,
D. Mitchell “Test Results of the 3.9 GHz Cavity at Fermilab”, presented at the LINAC
2004 Conference, Luebeck, Germany, Sept. 2004.
P. Lee, P. Bauer, A. Polyanskii, C. Boffo, L. Bellantoni, H. Edwards, A. Gurevich, M.
Jewell, D. Larbalestier, G. Perkins, A. Squitieri “An Investigation of the Properties of
BCP Niobium for Superconducting RF Cavities”, submitted to the proceedings of the
“Pushing the Limits of RF Superconductivity” workshop, Argonne National Lab, Sept
2004.
A. A. Polyanskii, D. M. Feldmann, and D. C. Larbalestier, "Magneto-Optical
Characterization Techniques “, The Handbook on Superconducting Materials, Edited by
David Cardwell and David Ginley, Institute of Physics UK , pp. 1551, 2003.

282

Peter J. Lee
Tel: 608 263-1760
EFAX: (503) 907-5676
email: peterlee@wisc.edu

Applied Superconductivity Center
Rm. 939, Eng. Res. Bld., 1500 Engineering Drive,
Madison WI 53706-1609

CURRENT POSITION

1994 -

Senior Scientist in the Superconducting Materials Research Group of the Applied Superconductivity
Center at the University of Wisconsin-Madison. Focus: Microanalytical and microstructural
evaluation by transmission electron microscopy, Scanning Auger, field emission SEM and electron
microprobes of superconducting composites Low Temperature Superconductors. Currently coprincipal investigator with Prof. David C. Larbalestier for grants from the US Dept. of Energy
Division of High Energy Physics (~$530,000 per annum), DOE-Office of Fusion Energy (~$100,000
per annum) and Fermi National Accelerator Laboratory ($75,000 to explore SRF Cavity work). Our
analytical expertise has also attracted additional funding from industry for service work via the DOESBIR program.

COMMITTEE MEMBERSHIPS
Conductor Advisory Committee for High Energy Physics High Field Magnets (1999 - present).
Applied Superconductivity Conference, elected board member since 2002.
ICMC, elected board member 2004 (term expires 2011)

RECENT INVITED TALKS AND SEMINARS
“Advances in Superconducting Materials for Accelerator Magnet Application,” 2003 Particle Accelerator Conference,
Portland, OR, May 13th 2003.
"Microstructural and Microchemical Homogeneity for High Critical Current Density in Nb3Sn," 1st International
Workshop on Progress in Nb Based Superconductors, Tsukuba, Japan February 2-3, 2004.

PUBLICATIONS
Patent: “Artificial and Multiple Phase Micro-Electropolishing,” US Patent Number 5,354,437, Oct. 11, 1994

Books: “Composite Superconductors,” ed. K. Osamura, T. Matsushita, P. J. Lee, S. Ochiai, pub. Marcel
Dekker, New York, 1994.
“Engineering Superconductivity, ed. Peter J. Lee, Wiley-Interscience, New York, 2001

Book Contributions: 21, most recently:
"Handbook of Superconducting Materials," Chapter 3.3: Conductor Processing of Low-Tc Materials: The
Alloy Nb-Ti, Lance Cooley, Peter Lee, and David Larbalestier. A Pre-publication draft is available for
download from http://128.104.186.21/asc/pdf_papers/630.pdf
"Superconductor: WIRES AND CABLES: MATERIALS AND PROCESSES," Peter J. Lee, in the
ENCYCLOPEDIA OF MATERIALS: SCIENCE AND TECHNOLOGY - Update, Edited by K. H. J.
Buschow, R. W. Cahn, M. C. Flemings, P Veyssiere, E. J. Kramer, S. Mahajan. Published on-line by Elsevier
at the EMSAT website in 2003. To appear in the full electronic update of EMSAT in 2004.

1

2

3

Refereed Articles: 69 articles, most recently:
"Development Of Point-Array APC Nano-Structures In Nb-Ti Based Superconducting Strand," P. J. Lee,
L. R. Motowidlo, M. K. Rudziak and T. Wong. Advances in Cryogenic Engineering, 50B, pp. 314-321,
2004. http://128.104.186.21/asc/pdf_papers/780.pdf
“Flux Pinning Properties In Nb-Ti Composites Having Nb And Ti Mixed Artificial Pins,” O. Miura, D.
Ito, P. J. Lee, and D. C. Larbalestier, Advances in Cryogenic Engineering, 50B, pp. 307-313, 2004.
http://128.104.186.21/asc/pdf_papers/782.pdf
“Simulations of the effects of tin composition gradients on the superconducting properties of Nb3Sn
conductors,” L. D. Cooley, C. M. Fischer, P. J. Lee, and D. C. Larbalestier, accepted for publication in J.
Applied Physics (August 1st) 2004.

Further information available at: http://homepages.cae.wisc.edu/~plee

283

2.48

Accelerator Physics

2.48: 3D Atom-Probe Microscopy on
Niobium for SRF Cavities
(new proposal)
Accelerator Physics
Contact person
D.N. Seidman
d-seidman@northwestern.edu
(847) 491-4391
Institution(s)
Argonne
Fermilab
Northwestern

New funds requested
FY05 request: 43,500
FY06 request: 44,300
FY07 request: 45,100

2.48

284

3D Atom-Probe Microscopy on Niobium for SRF Cavities
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D. N. Seidman, d-seidman@northwestern.edu, (847) 491-4391

Project Overview

Introduction
Fermilab (FNAL) is developing superconducting RF cavities for a future high-energy
electron-positron linear collider as the next international, large-scale high energy physics
discovery machine [1]. In this context FNAL has been steadily developing its SRF cavity
expertise, infrastructure and technology base. Recently FNAL and the Northwestern
University Center for Atom-Probe Tomography (NUCAPT), Evanston, Illinois, have
joined forces to investigate the properties of the high purity niobium used in the cavity
fabrication. The NUCAPT is among the world leaders in the field of three-dimensional
atom-probe microscopy, particularly as result of the recent installation of a localelectrode atom-probe (LEAP) microscope, manufactured by Imago Scientific Instruments
(http://www.imago.com) Currently only three other LEAP microscopes, with a
comparable performance, exist throughout the world. Atomic-probe microscopy consists
of dissecting a specimen on an atom-by-atom basis, employing pulsed field-evaporation,
and determining the chemical identity of each field-evaporated atom by time-of-flight
mass spectrometry, with single atom identification capability, using a 2D position
sensitive delay line detector, which yields the position of each atom in a specimen with
sub-nanoscale resolution. Analysis rates of upwards of 72 million atoms hr-1 have been
achieved employing a LEAP microscope at NU. The collected data is used to reconstruct
a specimen in three-dimensions, where the chemical identity of each atom is known. The
collaboration between FNAL and NUCAPT will produce spectacular results with lasting
impact and strongly advance the understanding of the surface chemistry in state of the
art high purity niobium for superconducting RF cavities.
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Motivation
The study of the surface chemistry of high purity niobium is extremely important for the
advancement of the understanding of performance limitations of this material in the high
gradient superconducting RF cavities for a future linear collider. During RF operation the
high power RF fields penetrate only approximately 50 nm into the surface of the cavity.
The interaction of RF photons with the complex electronic system in the surface of the
superconductor produces the so-called BCS resistance loss, heating and ultimately
thermal quenching. In niobium this surface resistance contribution is well understood for
the “ideal” surface. It is less well understood in the case of “realistic” surfaces. It is
known, however, that the presence of metallic oxides and hydrides (e.g. in grainboundaries) strongly affect the BCS surface resistance because of a weakened
superconducting state (reduced gap energy). The BCS resistance measured in state of
the art bulk niobium cavities is consistent with a gap energy that is smaller than in the
ideal case. This measurement, however, averages over the entire RF penetration layer
and thus presumably includes ideal behavior at greater depths and strongly suppressed
behavior in the first 10-20 nm of the material. The weakening of the superconducting
state also reduces the shielding of magnetic flux associated with the RF electromagnetic
fields. It is currently believed that the penetration of only a few magnetic flux quanta will
lead to a break-down of the superconducting state as a result of local heating due to the
oscillation of the flux lines in the RF fields. Therefore, the assessment of the surface
chemistry at the microscopic level is paramount to better understanding the surface
resistance of and magnetic flux penetration into a “real” niobium surface as in high
performance RF cavities.
Previously the analysis of the surface chemistry was obtained mostly through x-ray
spectroscopy [2, 3] or electron spectroscopy [4]. This research has already yielded a
good understanding of the issues at hand. It became clear, for instance, that below the
insulating (and therefore inert) Nb2O5 layer, a mix of Nb-O compounds with varying
stoichiometries exist, which are usually referred to as sub-oxides. The role of these suboxides is not completely understood yet, but their mere presence can be a source of gap
suppression and flux penetration. The XPS studies were not capable, however, to
resolve the surface chemistry layer-by-layer (although new proposals exist to do just
that), nor could they clearly resolve the chemistry of grain-boundaries. The 3D atomprobe technique we propose to use, would be the first attempt to reveal the surface and
grain boundary chemistry in state-of-the-art niobium for SRF cavities at the most
microscopic level possible, namely atom-by-atom. It needs to be stressed as well that
the superior spatial resolution and analytical sensitivity of the atomic probe microscope
also makes it possible to investigate how macro-processes, such as chemical polishing,
heat treating, welding, exposure to gases,..etc, affect the micro-structure. Furthermore
the high spatial resolution of the technique promises to allow the detection of field
emitters, another performance limitation encountered in high gradient SRF cavities.
Project Goals
Northwestern University (NU) and Fermilab (FNAL) have agreed to collaborate on the
study of the surface chemistry of bulk niobium for SRF cavities using the Imago LEAP
microscope in NUCAPT. According to the agreement, FNAL will be responsible to
provide samples for the 3DAP studies conducted at NU. Both parties will share the
efforts related to analysis and publication.
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The following project goals have been defined:
1)
2)

3)

to improve the understanding of the chemical composition of the surface of state
of the art high purity niobium for SRF cavities, including e-beam weld regions;
to improve the understanding of the chemical composition of the grain
boundaries in state of the art high purity niobium for SRF cavities, including ebeam weld regions;
to correlate surface and grain-boundary chemical composition with the various
macro-treatment steps used to prepare cavities for RF performance of SRF
cavities, such as for instance the low temperature, in-situ bake-out, which was
recently shown to significantly increase cavity performance;

To achieve the above-defined goals a series of samples need to be provided to the
NU, which are optimized for the use of 3DAP without compromising the chemical
condition of the surface. Therefore the initial phase of the project will be devoted to the
test of different samples preparation techniques and sample shapes. Different possible
techniques are wire erosion cutting of individual specimens from a bulk specimen
combined with chemical etching. Alternatively, focused ion beam (FIB) milling of posts,
to a diameter in the range 100 to 200 microns, in an initially flat surface, followed by
sharpening of the tops of the posts to a radius of less than 50 nm. The samples will
undergo the same surface preparation steps as the inner surfaces of cavities, including
mechanical deformation, etchings and heat treatments. The weld-samples will be
prepared from e-beam welded strips. Following the initial assessment of the best-suited
sample preparation technique we will investigate the effect of all major cavity preparation
steps on the surface chemistry. Samples prepared with different degrees of
completeness (e.g. mechanically deformed and deeply etched versus mechanically
deformed, deeply etched and heat treated, etc). The polishing variants, i.e. using
chemical etching and electro-polishing, should also be differentiated. Furthermore this
series of experiments should include the low temperature bake (~120ºC, 50 hrs) that
was recently shown to improve cavity performance significantly.

Broader Impact
Toward attracting underrepresented groups and women for careers in science we will
provide access to NUCAPT to students and professors at: (1) Harold Washington
College, a minority serving institution in downtown Chicago (Profs. Thomas Higgins and
Cecilia Lopez); (2) Saint Mary’s College, Notre Dame, Indiana, a liberal arts women’s
college with a strong chemistry major (Prof. Deborah McCarthy); and (3) College of St.
Benedict/St. John's University in St Joseph, Minnesota (Prof. Anna McKenna), which is
also a liberal arts women’s college with a strong undergraduate chemistry program. We
will help Professor Higgins in the development of an Undergraduate Research Center
(URC). Similarly we will open the doors of NUCAPT to Professors McCarthy and
McKenna of Saint Mary’s College and College of St. Benedict/St. John’s University,
respectively, and their students through NSF REU/MRI grants and faculty development
awards. Furthermore, we will obtain REU/MRI students through Northwestern’s NSF
funded Nanoscience and Engineering Center (Prof. M. Hersam) and Material Research
Center (Prof. M. Olvera). We will help Dr. Vondracek (Evanston Township High School
(ETHS)) construct a field-emission microscope from components we are no longer
using. This will allow ETHS students to see molecules on the surfaces of sharply pointed
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wire tips. The members of my research group will provide Dr. Vondracek the necessary
help to maintain these microscopes. In addition to supervising the research projects of
women and underrepresented groups we will conduct a short course for all REU/MRI
students each summer to explain to them how the LEAP™ microscope works and how it
is employed for diverse research projects being performed throughout the world.

Results of Prior Research

Although not previously been funded by LCRD, NUCAPT has a long been involved in
3DAP. The following presents an example of results that employ three-dimensional
atom-probe (3DAP) microscopy, [5],[6], which is the successor to so-called 1DAP
microscopy [7]. The example we now focus on is that of an Al-2.2 at.% Mg-0.12 at.% Sc
alloy, which is relevant for aerospace applications, where segregation during aging
adversely affects the high-temperature creep properties, and as a model system for its
microstructural properties. This alloy was prepared employing solidification and
homogenization procedures. During aging
at 300°C, the supersaturated solid-solution
decomposes into an α-Al matrix and
4±2x1022 precipitates m-3 of nanoscale
Al3Sc precipitates with radii <4.5 nm. HREM
observations demonstrate that the αAl/Al3Sc interface remains coherent, that is,
dislocation free, in both the binary Al-0.18
at.% Sc and ternary Al-Mg-Sc alloy, even
for precipitates with radii of 4.5 nm. Without
Mg, the precipitate shows pronounced
facets on the {100}, {110}, and {111}
planes, which tend to shrink with the
addition of Mg. To investigate the behavior
of Mg, we performed 3DAP microscopy
resulting in solute composition profiles
suitable to determine the Gibbsian
interfacial excesses [8]. This demonstrates
that segregation decreases the interfacial
free
energies,
which
concomitantly
decreases the coarsening rate, thereby
stabilizing the microstructure at elevated
temperatures.
The spatial resolution of the 3DAP is
Fig. 1: (A) 3D reconstruction of an Al3Sc precipitate with
illustrated
in Fig. 1(A), where an analysis
a slice taken through it showing the (110) planes. (B) 3D
reconstruction of an analyzed volume from a specimen
reveals
the
{220}
atomic
planes
aged at 300°C for 1040 hours, showing the
perpendicular
to
the
analysis
direction.
The
isoconcentration surface used to delineate the Al/Al3Sc
curvature of the planes comes from the
interface. Sc (Mg) atoms are in pink-red (light green),
and Al is in blue. (C) Proximity histogram showing Al,
projection of the hemispherical tip onto a
Mg, and Sc concentrations with respect to distance from
planar detector. In the Al3Sc precipitate,
the interface, which is an average for many precipitates.
alternating planes containing 100% Al and
50% Al are visible, consistent with the L12 structure and stoichiometry of the Al3Sc
phase. A proximity histogram calculates average compositions in shells of 0.4 nm
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thickness at different distances from the
α-Al/Al3Sc interface; the interface is
defined by an isoconcentration surface
corresponding to 18 at.% Sc [Fig. 1(B)].
Interfacial Mg segregation was observed
for all analyzed aging times, and the
particular example of Fig. 1(C) exhibits a
Mg concentration enhancement of
180%. First-principles calculations were
conducted to investigate the energetics
of Mg solute atoms in the vicinity of
planar coherent α-Al/Al3Sc interfaces.
The
agreement
between
the
experimental and theoretical values of
the relative Gibbsian interfacial Mg
Fig. 2: Analysis volume containing 25 million atoms
excess establishes that the measured
collected in approximately one hour on a Ni-5.2 Al-14.2 Cr
interfacial Mg enhancement reflects
at. % specimen aged for 256 h at 600°C using the LEAP
microscope. The highlighted volume in yellow contains
pronounced segregation of Mg to
50,000 atoms and marks the volume that would be
coherent
α-Al/Al3Sc
heterophase
collected in the same amount of time on a conventional
interfaces.
3DAP microscope.
Only Al (red) and Cr (blue) atoms
within gamma-prime precipitates are shown for clarity.
The analytical sensitivity and spatial
resolution of 3DAP microscopy are well
documented in the following example. Figure 2 displays a data set for a Ni-Al-Cr alloy
recorded with a LEAP microscope; the nanoscale precipitates is the γ’-phase (L12
structure). The yellow parallelepiped indicates a typical data set recorded with a
conventional 3DAP microscope. The LEAP microscope is capable of recording data a
rate that can be a factor of 667 faster than a conventional 3DAP microscope and the
volumes analyzed are concomitantly significantly larger.

Facilities, Equipment and other Resources
A. Atom-probe tomographic facility – Northwestern University Center for AtomProbe Tomography (NUCAPT)
•

•

A high mass resolution 1D-atom-probe field-ion microscope system: It utilizes a
single-stage reflectron lens to determine the time-of-flight of the field
evaporated ions, and it has a mass resolution of 800, full-width at halfmaximum (FWHM) employing electrical pulses to field evaporate ions. The
time-of-flight electronics allow for the measurement of up to 128 ions per field
evaporation pulse. It also can be used as a pulsed laser atom probe (PLAP),
which has a mass resolution of 900, FWHM. It is equipped with a pre-chamber
that permits us to deposit controlled amounts of different metallic evaporants.
This instrument is also completely computer controlled.
An Imago Scientific Instruments local-electrode atom-probe (LEAP)
microscope, which is a state-of-the-art tomographic atom-probe microscope.
This instrument allows us to collect data at a rate of up to 20,000 ions sec-1
(72x106 ions hr-1) from a volume that can be 100 nm2 x several microns. This
instrument has a variable tip-to-detector distance (80 to 170 nm), which implies
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•

•

that we can obtain wide-angle field-of-views, as well as analyzing smaller preselected areas. This instrument can also examine microposts on a wafer, which
implies that we can sample sequentially different areas of the same region with
atomic resolution
A three-dimensional (3D) atom-probe microscope: This instrument has an
ultrahigh vacuum system, with a specimen exchange system that holds ten
specimens, which allows us to change specimens within approximately 20
minutes. It employs an optical detection system fabricated by Kindbrisk Limited
and the capability of the detection system is 110,000 ions per hour with a 90%
positioning efficiency (defined as the fraction of the detected ions that can be
associated uniquely with a given x-y position and simultaneously a given massto-charge state ratio). This implies that data sets exceeding one million atoms
can be collected in less than a day. The main chamber is equipped with a
single-stage reflectron lens, which has a mass resolution (m/∆m) exceeding
300. This instrument can also be adapted for use as a pulsed laser atom probe
(PLAP). This is a completely computer-controlled instrument.
A versatile system for highly controlled electroetching or electropolishing of
field-ion microscope specimens has been developed.
This system is
particularly useful for backpolishing an atom probe specimen to place a
preselected Al/Al3Sc interface in the field-of-view of a field-ion microscope
image. The preselection is performed by TEM in a specially fabricated double
tilt stage for an Hitachi transmission electron microscope; this stage can hold a
wire specimen about 1 cm long and about 125 to 200 µm in diameter.

B. High-resolution, scanning transmission, and analytical electron microscopes
•

•

•
•

At Northwestern University, there is an Hitachi 2000 analytical electron
microscope that is equipped with both a parallel electron energy loss
spectrometer and an energy dispersive x-ray spectrometer; that latter has a
thin window that makes possible the detection of oxygen. This microscope has
a cold field-emission gun that produces an electron beam with a spot diameter
of 1 nm under best operating conditions. It also has a recently installed GIF.
At Northwestern University, there is also an Analytical Scanning Transmission
Atomic Resolution (A STAR) electron microscope (JEOL JEM-2100F FAST
TEM) with the following features: High brightness Schottky emitter operated at
200kV; BF/ADF STEM detectors, EDS system and EMISPEC system for
atomic resolution Z-contrast imaging, sub-nanoscale resolution EDS and
PEELS point analysis, and automated line scans and maps; UTW x-ray
detector; Gatan TV-rate CCD camera; Top-hat aperture to eliminate hard x-ray;
Several side-entry specimen holders; Standard single and double-tilt holder;
Low-Z(Be) holder for analytical x-ray microanalysis
At Argonne National Laboratory, there is a JEOL 4000EX, a 400 kV highresolution microscope available for this project; this instrument has a point-topoint resolution of 0.165 nm and a line resolution of approximately 0.11 nm.
At Argonne National Laboratory, there is a Vacuum Generators, VG 6032
advanced analytical electron microscope, operated in UHV with a field
emission gun (FEG) at voltages up to 300 keV with a 0.28 nm point-to-point
resolution. This instrument is equipped with EELS, XEDS, AES, SIMS, LEED
and will be available for our use.

6
290

•

•

In addition to the HREM instruments at Argonne, a number of conventional
tools for structural and analytical observation are available. A listing of the
instruments available is as follows: Philips CM 30-300 kV TEM, Energy
dispersive x-ray analysis (EDX), PEELS, Philips 420, 120 kV TEM, EDX,
EELSJEOL 100 CX 100 kV TEM, EDX.
At Argonne National Laboratory there is also a dual beam FIB instrument,
which is useful for preparing atom-probe microscope specimens from bulk
specimens.

C. Heat-treatment and metallography facility
•
•

Three resistive-convection furnaces (temperature capability: 1050˚C) in the
P.I.’s laboratory, allowing precise temperature measurement (within 1˚C) for
heat-treatment in air or vacuum of samples to be homogenized or aged.
The Optical Microscopy and Metallography Facility (OMMF) is equipped for the
metallographic preparation of specimens by producing strain-free surfaces
usually examined by optical microscopy. Equipment includes fourteen optical
microscopes bright field and dark field modes, and polarized light and digital
image capture, a micro hardness tester (loads from 10 grams to 1000 grams
with either Knoop or Vickers indentors), an interference microscope, and a hot
stage (300 C maximum) for viewing optically clear specimens are available. A
"digital" darkroom with AV Macintosh, scanner and a dye-sublimation printer
capable of photographic quality prints and a standard darkroom are available.
Metallographic specimens can be cut with diamond-tipped blades on either a
slicer/dicer, low-speed, or high-speed cut-off saw. Samples can be
encapsulated in either cold-mount acrylics or phenolic resins. Manual abrading
with silicon carbide paper or with variable speed 12" diameter SiC platens can
be done in the facility. Various 8" diameter platens for polishing are available
with diamond paste sizes ranging from 30 to 0.1 micrometer. Alumina slurry
polishing is also available with sizes from 1.0 to 0.05 micrometer. A semiautomatic Buehler Ecomet IV Abrasive and Polishing System is capable of
preparing up to eight specimens simultaneously with reproducible parameters
of platen speed, pressure, and diamond concentrations.

Project Activities and Deliverables
During the first year we plan to complete initial 3DAP measurements of different shape
samples of weld and non-weld material, prepared by different methods to assess the
general feasibility of the measurements. These initial measurements will not only serve
to debug the measurement technique but most likely also deliver first publishable results
and possibly also raise questions that will determine the course of the subsequent
investigations. The first year deliverables are the technical reports describing how to
successfully implement 3DAP measurements with high purity niobium for SRF cavities.
During the second year we plan to complete the experimental program outlined above.
The list of samples to be prepared by Fermilab and submitted to tests at NU is outlined
in Table 1. The second year deliverables are expected to be high quality 3DAP
measurement results that should lead to a new understanding of the surface chemistry
of bulk niobium and possibly leading to the suggestion of new or improved cavity surface
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treatment procedures. Obviously such results should be published in a journal such as
Physical Review.
Table 1: Run-plan for 3DAP microscopy studies on niobium for SRF cavities. The roster of samples includes specimen
prepared to different degrees of completeness. Also for each preparation condition there should be samples
representative of the two different cavity areas (the weld and non-weld area) and/or the two main polishing techniques:
BCP and EP (where BCP refers to “buffered chemical polishing” and EP stands for “electro-polishing”).

Sample
normal/weld

as
received

deep
drawn

100 µm
etch
(BCP/EP)

heat
treatment
(750ºC/5hrs)

20 µm
etch
(BCP/EP)

Low temp
bake
(120ºC/50hrs)

1
2
3
4
5

X
X
X
X
X

X
X
X
X

X
X
X
X

X
X
X

X
X

X

During the third year we plan to address the issues that arose during the systematic
testing of year 2. The effect of new preparation steps suggested as a result of this (or
other work) on the surface chemistry should systematically be tested by 3DAP.

Budget Justification
The activities outlined above will involve NU and FNAL staff members, whose salaries
are not included in the budget request below. The budget request includes only funding
for Dr. Jason Sebastian, who will dedicate four months per year to this effort (including
travel to meetings/conferences). Also included is the minimum operating cost of the
LEAP microscope ($250/day), assuming a total of twenty days (listed under “Materials
and Supplies”). Although FNAL will generally cover the cost of sample preparation, the
budget also includes the projected cost of sample preparation outside of FNAL, should
such a need occur. NU, as the general contractor for this proposal will also administer
these funds. The following budgetary estimate is in k$.
Table 2: Budgetary estimate (in k$) for NU-FNAL collaboration on 3DAP microscopy of high purity niobium for SRF
cavities.

Item
Other professionals
Total Salaries (incl. 24% fringe benefits)
Travel
Materials and Supplies
Sample preparation
Total direct costs
Total indirect costs (incl. 48%)
Total direct and indirect costs
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FY 2005
11.7
14.3
5.0
5.0
5.0
29.3
14.2
43.5

FY2006
12.1
14.8
5.0
5.0
5.0
29.8
14.5
44.3

FY2007
12.4
15.4
5.0
5.0
5.0
30.4
14.7
45.1
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Experimental Study of High Field Limits of RF Cavities
Classification (subsystem)
High gradient rf systems
Personnel and Institution(s) requesting funding
D. N. Seidman, Materials Science and Engineering Department, Northwestern Univ. (NU).
Collaborators
J. Norem, Argonne National Lab (ANL)
Project Leader
D. N. Seidman, Materials Science and Engineering Department, Northwestern Univ. (NU).
email: d-seidman@northwestern.edu
phone: (847) 491-4391
Project Overview
We want to understand how the maximum fields in high gradient systems depend on the
surface material and explore the improvements that modifications can bring.
Although high electric fields have been used in DC and RF applications for many years, up to
now there has been no fundamental agreement on the cause of breakdown in these systems [1].
Recently, a group from the Muon Collaboration doing accelerator R&D, computer modelers at
Argonne, and materials scientists using Atom Probe Field Ion Microscopy (APFIM) at Northwestern, have had success understanding the process in terms of high mechanical stresses at
local field emitters in cavities. We have published this work in Phys Rev STAB, Nuclear Instruments and Methods, and many accelerator conference papers over the 18 months [2][3][4]
The most interesting discovery in this work has been that the pre-breakdown environment we measured in rf cavities, (0.1 µm asperities, ∼10 GV/m electric fields) has
been used in material science for years, for precisely the sort of measurements
we would like to make[5]. This technology has been aggressively developed and has had
recent breakthroughs such as the Local Electrode Atom Probe (LEAP) microscope [6].
Our model predicts that high voltage systems will break down when the mechanical stress
produced by the local electric field exceeds the tensile strength of the surface material. This
model seems to agree with all the good data we can find on copper rf structures. The
figure shows how data on the maximum gradients produced in CLIC, NLC, KEK, the Muon
Collaboration and old linacs compare with superconducting rf systems optimized for the
ILC[2][7]. (CLIC data tolerated higher breakdown rates, and claim to be consistent with our
argument [8].) The model strongly argues that breakdown events are the result of fragments
or clusters breaking off of the surface and rapidly being ionized in the electron beams from the
field emitter. Within the active volume, the power involved in these beams is comparable to
nuclear weapons. This model is also generally in agreement with the experience with APFIM
samples at the high fields used. Tiny APFIM samples operate at fields about 5 times higher
than the local E field limit we postulate, but they also frequently fail, however there has been
no systematic study of these failure modes.
Although the limits of superconducting systems like the ILC may be dominated by magnetic
field effects, this model applies directly to failures due to field emission, it describes high
1
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Figure 1: High field operating conditions for accelerator structures, and the trigger mechanism we
propose compared to 50 - 100 year old DC data. Local tensile stresses and power densities can be
very high.
power processing, and this work should be essential to the development of large quantities of
superconducting surfaces running at the highest highest possible gradients.
The study of high fields proposed here is not an isolated effort. This work will involve a collaboration with the Muon Collaboration who are optimizing the surfaces in a working cavities
at 805 and 201 MHz, with significant interests in converging on practical methods to operate
at high accelerating fields in high magnetic fields. We will also be working with modeling
experts at Argonne who are interested in showing how the basic mechanisms of breakdown
work. A third interaction will be with superconducting rf programs at ANL and FNAL, who
want metallurgical information on the surface configuration of superconductors, i.e. how the
oxides, impurities, and supercurrents coexist in the top 50 microns of a superconductor.
The lack of basic knowledge of how the defining fields of the machine were produced was
partially responsible for the catastrophes of ISABELLE (which could not produce magnets
which matched the prototype), the SSC (which did not have the required data on conductor
placement tolerances / good field region), and the NLC (which was plagued by breakdown
events from then unknown causes). (The Tevatron, it seems, was sold as an ”Energy Saver”
and not as an energy frontier machine.) We believe an understanding of the basic processes
of breakdown and the structure and influence of the conductor surface is essential to the
credibility of the ILC design.
At the present time, the best experimental data for the high field breakdown thresholds of
different materials is a Masters Thesis from Berkeley, in 1964, which was not done according
to modern standards[9]. The environment of a APFIM permits this and other experiments
under highly controlled conditions, over a wide range of parameters, which have never been
possible for rf systems.
Broader Impact
We believe this work is of general interest to a very wide community. We had contacted
2
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Figure 2: Early data (1900 -1905) on surface breakdown from Refs [10-11] showing ∼150 MV/m
breakdown thresholds, and comparative power densities for astronomical and terrestrial power
sources showing field emitted electrons generate very high power densities in small volumes.
the Argonne Office of Public Affairs and talked with them about issuing a Press Release
three months ago, saying that we had a solution to one of the longest lasting problems in
experimental physics, i.e. high voltage vacuum breakdown. We were diverted from this by the
pressures of events, but we intend to get back to them as soon as things settle down a little.
There is almost no interaction between ”Big Science” and the general public on practical
issues, and the connection we have made between very old data, common phenomena and
very exotic physics should be interesting to a wide community. We think this work should be
in the New York Times.
Breakdown at surfaces was discovered by Earhart and Michelson, at Chicago, in 1900 [10].
While checking the new ”electron” theory of gas breakdown at small distances, they discovered
that there were two mechanisms present, at large distances gas breakdown dominated, and at
small distances breakdown of the surface was correctly identified as the mechanism. The break
point where the two mechanisms met, at atmospheric pressure, occurs at about 300 V. This
was confirmed 5 years later by Hobbs and Millikan [11], and is consistent with modern data on
vacuum breakdown. Until our work, no theoretical understanding of this process developed
over the last 100 years, although many papers have been written[1]. It is interesting to note
that all consumer power switching takes place below 300 V, thus when switching on power
in the home or lab, the initial contact is due to breakdown of a surface. This mechanism is
thus accessible to everyone.
Another interesting feature of this mechanism is that the power densities involved are enormous. The numbers can be obtained from the values we measured for field emitted currents,
electric field, the emitter dimensions, and volume for transferring electromagnetic field energy
into electron kinetic energy[2]. Combining these gives, (10 GV/m)(10−7 m)(1 mA)/(10−7
m)3 = 1021 W/m3 , a value that seems to be greater than all other natural effects, except
perhaps Gamma Ray Bursters (GRB’s) [12]. The power density is comparable to nuclear
weapons. Michelson and Millikan noticed the ”hot sparks” in 1905, bought a vacuum pump,
(which they didn’t have), and invented vacuum ultraviolet spectroscopy. Both moved on, and
did not look in detail at the mechanisms involved.
3
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Combining these two ideas, however, one can conclude that: 1) this mechanism produces
perhaps the highest power density commonly found in nature, and, 2) it is accessible to
anyone with a wall switch or an electric light, and is used many times a day by everyone.
These two facts should make this work almost irresistible to a wide spectrum of introductory
physics courses, news media and science fair experiments. We believe it is very important for
High Energy Physics to show that it can say interesting things to the general population. We
want to experimentally verify the details first, however.
Vacuum breakdown affects many disciplines and technologies. Although there have been a
variety of ways to work around this problem, a fundamental understanding of the mechanisms
should be helpful, interesting and productive to a very wide community. In APFIM, like
many branches of science and technology that use high voltages in vacuum, these mechanisms
can also be an irritation. Although there are usually ways to work around problems, basic
understanding of the problem is long overdue.
We have given a large number of talks on this subject in the last two years: FNAL (3 Acc. Sci.
and Tech. Seminars), SLAC (Linear Collider Design Group), PAC03, Our High Gradient rf
Workshop at Argonne, (3 talks), Northwestern (Mat. Sci. and Eng. Seminar), Argonne HEP
(2 lunch seminars, 1 accelerator seminar), Univ of Chicago (Enrico Fermi Inst. Seminar), Int.
Vac. Nanoelectronics Conf. EPAC04 and LINAC04.
The Northwestern University Center for Atom-Probe Tomography (NUCAPT) has an existing
outreach program to involve women and legal minorities in the LEAP microscope work. There
are many connections with local colleges (Harold Washington College) and with Evanston
Township High School (ETHS).
Results of Prior Research
This work has grown from the study of cavities in a magnetic field done for the Muon Collaboration, to understand how cavities operated in a magnetic field and near sensitive single
particle detectors. X rays were presumed to be a problem and in fact they have been. Prior
funding for the breakdown studies has come from an Argonne LDRD.
We think we have developed a model of breakdown that explains the phenomenon in almost
all environments, which can make quantitative, easily testable predictions. The data required
for these predictions are also very easy to acquire, requiring only a radiation monitor and
some way of measuring the relative electric field in the cavity at two values. We have tested
these models in a variety of environments and published the results [2]. We are beginning to
trust them.
While there has been extensive study of the time development of breakdown events from the
first small local ionization to complete breakdown of a cavity, the trigger for breakdown, and
how it was related to the metallurgy of surfaces has received very little attention until now.
Our model predicts that the production of clusters and fragments is an essential component
of breakdown. This is consistent with experience in Atom Probe Tomography, however there
is almost no systematic data on sample failures under the high field environment used in data
taking.
Our previous work has been published in three refereed papers and many conference papers.
The Muon Collaboration summary of the results of our open cell cavity, an outline of the
mechanisms of triggers for rf breakdown and a detailed calculation of the properties of clusters
emitted from surfaces at high field. We have mentioned that one of the surprises of this work
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Figure 3: An Atom Probe Field Ion Microscope (APFIM) uses a pulsed voltage to evaporate single
atoms from a sample and a microchannel plate plus a delay line detector to determine their position
and velocity, enabling reconstruction of the positions of the atoms in the original solid.
was the discovery that Atom Probe Field Ion Microscopes studied the same environment that
causes breakdown in rf cavities. Specific technical highlights of this work include:
• Understanding x ray production from rf cavities.[13]
• Identification of mechanical stress as the primary trigger for high field breakdown[2][3].
• Discovery of discontinuities in Voltage vs. time plots in APFIM data that confirm emission of fragments[3]. This is shown in Figure 3.
• Preliminary models of the early development of breakdown triggers in an rf field[3] [14].
• Successful comparison of this model with data from NLC, KEK, IPNS and ISIS linacs[2].
• Modeling of the emission of clusters at high fields[4].
• Identification of other mechanisms, 1) Production of GV/m fields by from interactions
between surface current and defects [3]. 2) High stresses produced within emitters when
field emission currents interact with high static B fields. These two mechanisms are less
common under optimum conditions.
• Hosting an international workshop on High Gradient RF[15][16].
• Constructing a facility for applying and measuring surface properties (coatings) in an
APFIM.
The environments where these systems have been tested have been the comparatively dirty,
inaccessible and uncontrolled surfaces of rf cavities. While this is good for the understanding
rf cavities, it is more interesting and valuable to test the models over a wide variety of
materials, temperatures, surface treatments, and mechanical stresses, in a highly controlled
environment with excellent instrumentation. This is what we want to do.
Facilities, Equipment and Other Resources
Atom probe tomography is a rapidly advancing field. The recent development of the LEAP
microscope has extended the resolution, sensitivity, statistics and graphics of this technology.
5
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Figure 4: Discontinuities in the voltage vs. time (constant erosion rate) plot for an APFIM. During
normal operation the voltage in these devices is controlled to maintain a stable evaporation rate,
effectively determining a constant surface field. Since E ∼ V /r, measured voltage is proportional
to tip radius ( ∼50 nm). Size (in nm) assumes fragments are cubes.
In addition we have constructed a facility to do testing of coatings for the Muon Collaboration.
The purpose of these tests is to test and measure coatings that can suppress dark currents in
the Muon Ionization Cooling Experiment (MICE).
Recently ANL and the Northwestern University Center for Atom-Probe Tomography (NUCAPT), directed by Prof. David Seidman have joined forces to understand how the maximum
fields in high gradient systems depend on the surface material. The NUCAPT is among the
world leaders in the field of three-dimensional atom-probe microscopy, particularly as result
of the recent installation of a LEAP microscope, manufactured by Imago Scientific Instruments [6] Currently only three other LEAP microscopes, with a comparable performance,
exist throughout the world. Atomic-probe tomography consists of dissecting a specimen on
an atom-by-atom basis, employing pulsed field-evaporation, and determining the chemical
identity of each field-evaporated atom by time-of-flight (TOF) mass spectrometry, with single atom identification capability, using a 2D position sensitive delay line detector, which
yields the position of each atom in a specimen with sub-nanoscale resolution. Analysis rates
of upwards of 72 million atoms/hr have been achieved employing a LEAP microscope at
NU[17][18]. The collected data is used to reconstruct a specimen in three-dimensions, where
the chemical identity of each atom is known. In addition to the LEAP microscope there is
also a pulsed-laser atom-probe (PLAP) microscope, which permits one to dissect a tip atomby-atom using nanosecond laser pulses produced by a nitrogen laser or pulsed electric fields.
The PLAP has a pre-chamber that permits us to deposit different metallic coatings on copper
tips or other substrates, under ultrahigh vacuum (UHV) conditions. The collaboration between ANL and NUCAPT will produce spectacular results with lasting impact and strongly
advance the understanding of how the maximum fields in high gradient systems depend on
the surface material.
An example of the ability of our three-dimensional atom-probe (3DAP) microscope to reconstruct a specimen with subnanometer spatical resolution and chemical identification of
individual atoms is shown in Figure 5 (left). This figure shows the nanostructure of an Fe-
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Figure 5: LEAP resolution and sensitivity, how it sees samples (note atomic planes and individual
atoms). Compare the fragment dimensions in Fig. 3, with the 100 nm tip size to see the magnitude
of discontinuities.

Figure 6: Left: 3DAP microscope reconstruction of an Fe-Al-Ni-Cu-2 steel, after austenitizing at
1050degC, quenching, and aging at 823 K for 2 hr. The reconstructed volume is 14x13x27 nm3 and
contains 204,000 atoms. The (110) planes, an interplanar spacing of 0.203 nm, are resolved. Right:
(a) A 5 at. % Cu isoconcentration surface (red) delineates Cu-rich precipitates in Fe-Al-Ni-Cu-2
steel. (b) The proxigram concentration profile displays a quantitative compositional analysis of the
precipitates shown in (a), together with the surrounding matrix.
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Cu-Ni-Al-Si-Mn-C ferritic steel, developed to have blast-resistant properties, that had been
heat treated to produce a high number density (6x1024 /m3 ) of nanometer diameter (0.5 to 2
nm) copper-rich precipitates[19]. The 110 atomic planes are clearly resolved with an interplanar spacing of 0.203 nm. Also note that individual atoms within the 110 are resolved and
their chemical identities obtained. This nanostructure yields excellent mechanical properties:
A yield strength of 135 ksi (ca. 945 MPa) and an ultimate tensile strength of 145 ksi (ca.
1015 MPa) are obtained to below -40C and the ductility is 30%. Figure 5 (right) (a) (next
one) exhibits Cu-rich precipitates in the same ferritic steel that are indicated by a 5 at. %
Cu isoconcentration surface (red) in the indicated volume of material; note, no atoms are
displayed in this representation [19]. The so-called proxigram of the different elements in this
steel are displayed in Figure 5(b), which yields the concentration profiles as a function of distance from the matrix/precipitate interface; the latter is at 0 nm. This figure shows directly
the variations of concentrations of all the elements both within the matrix and the copperrich precipitate. There is currently no other way to obtain this type of chemical information
with the same spatial resolution. The LEAP microscope will be employed to determine the
chemical compositions of different coated substrates both before and after they have failed
during pulsed field-evaporation with an electric field.
FY2005 Project Activities and Deliverables
We are presently funded from Argonne LDRD funds. These funds will allow us to present
preliminary data at PAC05 and the Cornell superconducting workshop.
We understand that the behavior of surfaces under high fields depends partially on the top
monolayer, (field emission) and partially on the bulk properties(breakdown). With our facilities we will be able to independently vary bulk and surface properties and measure a wide
spectrum of behavior due to a wide spectrum of materials properties, preparations and variables such as temperature and exposure to gasses. There are a number of approaches we
would like to begin in the first year:
• From the point of view of breakdown studies, the most important data would be the
spectrum of failure of samples as a function of applied field. As there is no reliable,
systematic data on breakdown thresholds for different materials, it would be desirable
to do this with a large sample of materials, under a variety of conditions such as temperature, gas pressure and surface modification techniques. The coatings we would like
to apply become one of the important variables here and these must also be studied
systematically to determine the bonding of coating with substrate.
• Suppression of field emission. It has been shown that fractions of a monolayer of materials
with different work functions will change the field emission by large factors. What is not
known is how to apply these materials to real surfaces, and how the surfaces will stick in
the presence of oxide layers, gasses and a variety of other real world effects. These can be
experimentally checked. The materials with desirable work functions do not obviously
bond strongly to the surfaces we would like to use, and it is possible to look at ways to
improve this bonding with intermediate layers.
• Study of clusters and fragments. Our breakdown model implies that the emission of
clusters and fragments from the surface is an important component of the breakdown
trigger. There is a little published data that confirms that these effects exist. We would
like to look at ways that an APFIM can be made more sensitive to this phenomena
and look systematically for these clusters and fragments. We would also like to look at
8
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Figure 7: The evaporation chamber on the Pulsed Laser Atom Probe Microscope (PLAP), showing
the evaporator, evaporation chamber and analysis chamber.
Northwestern University Center for Atom Probe Tomography
Jason Sebastian

LEAP data to see if there is any evidence for cluster and fragment emission as part of
sample failure modes.

• Find the constraints on the superconducting rf surface and see if there are ways of
modifying the surface, for example with multilayer oxides, which would protect the
ILC superconductor from the primary effects of O and H penetration, dust and other
contaminants.
At the end of the first year we will have our coating facility operating and we should have
presented some very preliminary data at PAC05, and the Cornell superconducting rf workshop
in the early summer. At the end of the year we will also have some useful preliminary data
from runs for other users on the LEAP microscope which will provide useful information on
how to proceed most efficiently.
FY2006 Project Activities and Deliverables
• We will write up the results of these systematic studies. In FY 06 we will primarily
do the systematic studies described in the previous section. At the end of this year we
should have considerable data to compare with models and guide future experiments.
• We will develop a ”best method” for suppressing dark currents and magnetic field induced breakdown events at the end of this period, with extensive documentation. The
initial motivation of all this effort to understand the high gradient behavior of metals is
to develop practical low frequency cavities for muon cooling. The work has expanded
and become more general, but the need for better performance in muon cooling cavities
remains. One goal of this work is to develop and justify an optimized coating technology
that can be used in a variety of low frequency cavities, such as the 201 MHz structure,
9
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presently under construction and soon to be installed in the Fermilab Muon Test Area.
This practical goal should help to keep the studies focused.
FY2007 Project Activities and Deliverables
• We will finish final systematic scans, re-take particularly important data and write up
the final papers. Since the experimental program we have outlined is all new, the goals
in the third year will depend, to some extent, on what we have learned.
• We will modify the breakdown model as needed to accommodate the new data on breakdown. This will incorporate practical effects such as dust, coatings and practical suggestions for simplifying the construction of the ILC superconducting rf system.
Budget justification: Northwestern University
The primary costs involved are for support for Dr. Jason Sebastian for 8 months. We have
also included some support for time on the LEAP microscope ($250 /day) and misc hardware
for modifications to the coating facility and pulsed laser atom probe (PLAP) device. Work
in all years will involve both the LEAP device and work with the coating deposition system.
While there are no charges for the PLAP, maintenance and modifications must be included
in the overall operating expenses.
Three-year budget, in then-year K$
Institution: Northwestern University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and (24%)Fringe Benefits
Equipment
Travel
Materials and Supplies
Hardware modifications
Total direct costs (incl 48%)
Indirect costs
Total direct and indirect costs

FY2005
23.4
0
0
23.4
5.2
28.6
0
5
5
5
43.6
21.2
64.8

FY2006
24.1
0
0
24.1
5.6
29.7
0
5
5
5
44.7
21.7
66.3

FY2007
24.8
0
0
24.8
5.9
30.7
0
5
5
5
45.7
22.2
67.9

Total
72.3
0
0
72.3
16.7
89
0
15
15
15
134
65.1
199
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Introduction
Superconducting RF technology was chosen for the International Linear Collider (ILC) in
August 2004. While Nb technology is the baseline for the ILC design and associated
R&D should be the first priority, it is still important to find a new superconducting material
that can exceed the Nb performance.
Since the accelerating gradient (Eacc) of Nb cavities are theoretically limited at ~50
MV/m, finding a material that can exceed this limit would open up the possibility of
increasing the achievable Eacc, leading to a shorter and more cost effective accelerator.
A material such as magnesium diboride (MgB2), that has a higher superconducting
transition temperature (Tc=39 K) than Nb (Tc=9.2 K), could not only provide a higher
gradient but also give other benefits, such as a higher cavity Q0 at the same operating
temperature and increasing the quench margin due to the higher Tc. If the ILC can be
operated with lower losses or at a temperature higher than 2 K, the capital and
operational costs for the cryogenic system could be significantly lower.
Motivation
Superconductivity in the intermetallic compound MgB2 was recently discovered with the
Tc as high as 39 K (Nagamatsu et al., 2001). Although its Tc is not as high as of socalled high-Tc materials such as YBCO, its metallic nature and the ensuing
simplifications in fabrication have triggered a number of studies.
Regarding the application to RF cavities, Collings et al. show the potential of MgB2
having a ~50 % higher theoretical critical magnetic field than Nb [1]. Tajima proposed a
method to form a bulk MgB2 layer inside a copper cavity using a hot isostatic press (HIP)
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technique [2]. In the field of MgB2 fabrication, Nesterenko et al. have successfully
developed a method to fabricate a dense MgB2 using an ordinary HIP machine [3]. Fully
dense material with a mirror-like surface quality is important for microwave devices such
as RF cavities and for enabling fabrication of superconductor thin films with superior
quality via laser ablation and sputter deposition.
The most important feature for a radio-frequency (RF) cavity for particle accelerators is
RF loss at high surface magnetic fields. Unfortunately, oxide-based high-Tc materials
such as YBCO show rapid increase of RF surface resistance (Rs) with higher magnetic
fields and cannot be applied to RF cavities. MgB2, however, has shown much less
increase of Rs with higher magnetic fields [4]. For example, Figure 1 shows a recent
result of the dependence of RF surface resistance (Rs) on the surface magnetic field [5].
As one can see, the Rs did not increase up to 60 Oe and showed small increase at ~120
Oe. These numbers are equivalent to Eacc~1.5 and 3 MV/m, respectively. In the
experiment, the highest available field was limited by the available power.
Although the sample used in this experiment showed higher Rs than Nb, possibly
because the film was not optimized, some good films have already shown lower Rs at 4
K. Figure 2 shows such an example. It indicates that further reduction is possible by
reducing the residual resistance.

Rs vs Hpeak at 10 GHz
1.E-03

R s (Ω )

1.E-04

1.E-05
0

20

40

60

80

100

120

140

Hpeak (Oe)

Figure 1: Rs dependence on surface magnetic field [5]. The purple dot shows the BCS resistance
of Nb as a reference.
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Figure 2: RF surface resistance of MgB2 film measured at LANL a function of temperature. As a
reference, Nb data are shown. Also, dotted lines are the prediction without residual
resistance [6].

With much higher Tc of 39 K compared to 9.2 K for Nb, it is worthwhile to investigate the
possibility of using this material for an RF cavity.
Capability of studying MgB2 at UCSD
UCSD has unique expertise in hot isostatic pressing (HIPing) of magnesium diboride
(bulk and wire) with excellent mechanical and superconducting properties [3, 7-17]. The
PI laboratory has full scale processing equipment based on cold and hot isostatic
presses and all steps starting with vacuum encapsulation are performed in house.
The UCSD team also has the expertise and equipment for the application of the
Resonant Ultrasound Spectroscopy (RUS) method [18] for high accuracy measurements
of elastic properties of magnesium diboride which can be used for tuning of the HIPing.
The first published data on elastic properties of HIPed solid magnesium diboride are in
good agreement with theoretical estimates. We plan to use RUS measurements of
elastic moduli as a very accurate method to control the material quality. Another
application of the RUS measurements will be the evaluation of elastic moduli of
composite materials (such as the composite-structured, MgB2 with improved surface
resistance) and the quality of bonding between components based on measurements of
Q.
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Capability of testing MgB2 samples and cavities at LANL
The SRF Structures Lab at Los Alamos Neutron Science Center (LANSCE) has a
capability of measuring MgB2 samples [19] and SRF cavities [20]. It has 200-600 Watt
RF amplifiers from 0.2 – 4.0 GHz. Also, it has a number of 3-GHz Nb single-cell cavities
on which a MgB2 film can be coated as soon as a reasonable coating technique has
been developed.
Project Overview
UCSD and LANL have agreed to collaborate on the evaluation of MgB2 for the
application to the RF cavities. According to the agreement, UCSD will be responsible for
providing the samples of bulk magnesium diboride and possibly high-quality MgB2
targets for the development of laser vapor deposition and/or magnetron sputtering
techniques. LANL will be responsible for measuring the RF properties such as surface
resistance, its field dependence and the critical magnetic field. Both parties are
responsible for developing the techniques to fabricate MgB2 cavities and will share the
efforts related to analysis and publication.
The following project goals have been defined:
1)

Establish the fabrication parameters to get an RF surface resistance lower than
Nb at 4 K for bulk and film MgB2.

2)

Develop one or more technique(s) to deposit a high-quality MgB2 film on the
inner surface of a cavity made of Nb and/or Cu.

3)

Develop one or more technique(s) to make a cavity with a high-quality bulk MgB2.

4)

Measure Q0 versus Eacc curves of the cavities made of film MgB2 and bulk MgB2
to compare with Nb results.

5)

Test critical magnetic field to compare the theoretical limits with Nb.

Broader Impact
The outcome of the proposed work will broadly contribute to the advancement of
understanding of the relationship between processing, microstructure/defects, and
superconducting microwave properties of MgB2. Successful fabrication of fully dense
superconductors and high-quality films in practical configurations, such as microwave
cavity components, will have major impacts on applications of superconductors for
communications and energy applications. Graduate students involved in this research
will be educated and trained in the materials science of superconductors as well as in
the forefront aspects of superconductor microstructural control, properties and
applications. The outcome of this exciting superconductor materials/technologies
research will broadly benefit the superconductor industries as well as stimulate research
and development effort in academia and research institutes.
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Project Activities and Deliverables
During FY05, we plan to complete the optimization of the MgB2 fabrication technique to
lower the residual resistance so that the RF surface resistance is reduced to less than
that of Nb at 4 K. We also plan to complete fabrication of the targets to be used for laser
ablation or magnetron sputter coating of MgB2. In addition, we plan to measure the
critical magnetic field using small samples.
During FY06, we plan to develop a method to fabricate a bulk MgB2 cavity using a
CIP/HIP technique. Also, in collaboration with other labs, we plan to develop a method
to coat the inner surface of a cavity. Since there are 3-GHz Nb cavities at LANL, we will
try to coat those cavities first, but our ultimate goal is to coat on a highly-thermal
conductive metal such as copper. We also plan to complete the critical magnetic field
measurement.
During FY07, we plan to demonstrate at least one method to either fabricate a bulk MgB2
cavity or to coat MgB2 on a Nb or copper cavity and measure the Q0 versus Eacc curve.
Budget Justification
The budget request includes funding for salary of a graduate student, who will dedicate 6
months per year to this effort (including travel to meetings/conferences). Also included
are some upgrades of the equipment for fabricating MgB2 samples and its supplies at
UCSD and costs for testing the samples at LANL. The following budgetary estimate is in
k$.
Table 1: Budgetary estimate (in k$) for UCSD-LANL collaboration on the evaluation of MgB2 for
SRF cavities.
Item
Graduate student salary (6 months)
0.5 month PI summer salary (including academic summer
salary benefits)
Total Salaries (incl. fringe benefits)
Travel
Materials and Supplies
Samples preparation
Tests at LANL
Total direct costs
Total indirect costs (incl. 54%)
Total direct and indirect costs
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FY 2005
10.0
7.0

FY2006
10.0
7.0

FY2007
10.0
7.0

17.4
2.0
4.0
5.0
10.0
38.4
20.7
59.3

17.4
2.0
4.0
5.0
10.0
38.4
20.7
59.3

17.4
2.0
4.0
5.0
10.0
38.4
20.7
59.3
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Introduction
Electron field emission and multipacting inhibit goals in achieving a high gradient in Nb
superconducting rf (SRF) cavities. Understanding and characterization of the secondary
electron emission (SEE) from Nb surfaces in the superconducting state and with various
surface treatments are important for the design of SRF cavities.
Adsorbants, whether physisorbed or chemisorbed, change the surface characteristics of
the niobium relative to the bulk. This affects the electronic properties of the material.
These electronic properties, namely the true secondary electron, inelastically
backscattered primary electron, and the elastically reflected primary electron properties,
are surface material dependent and, consequently, are dependent of the cleaning
protocols employed. [1-5]
The niobium cavities support significantly large electromagnetic fields that not only
accelerate the beam but may undesirably promote field emission leading to electron
acceleration and electron impacting with the niobium wall. This impact can lead to the
generation of one or more secondary electrons (based on the electronic properties of the
niobium walls) that, in turn, act as primary electrons, which may result in the generation
of more electrons in a localized region. Once resonance is achieved with the fields
supported by the cavity, the number of impacting electrons grows, yielding an avalanche
growth of impacting electrons denoted as multipacting. [1] Consequently, RF power is
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absorbed and/or dissipated in this multipacting beam, preventing the power in the
supported cavity fields to increase as the power supplied to the cavity is increased.
The electron collisions with the walls of the structure lead to a localized increase in
temperature. When the localized temperature increases beyond a critical value, the
superconductivity property of the localized region is compromised. Therefore, the Q0
(quality factor) of the cavity is significantly reduced at the multipacting thresholds.
It becomes important to simulate the electronic properties or its effects in design codes
to optimize the full potential of the material with surface structure and surface
contaminants when designing cavity configurations.

Motivation
The Electromagnetics and Pulse Power groups at UNLV continue to develop and refine
a novel technique to measure secondary electron emission from niobium under
cryogenic temperatures in an ultra high vacuum (UHV). Ultra high vacuum pressures
(~1.2x10-9 Torr without baking) attained by the vacuum system fits well within the
parameter regime of interest. Conventional secondary electron emission techniques
provide lumped secondary electron yields relative to incident primary electron energies.
The novel technique under development in the Electromagnetics Laboratory at UNLV
should provide intimate knowledge of the initial conditions of the emitted secondary
electrons. The current secondary electron emission system, Fig. 1, contains a particle
position detector, a 50 eV to 5 keV pulsed electron gun, and a target on a rotatable
cryostat. The resolution of the system is well characterized with particle tracking codes
and controlled with a detector grid. [6] With the aid of a look-up table developed for the
specific experimental setup, one can determine a family of initial conditions (momentum
and energy) for secondary electrons emitted at the point of primary electron impact and
terminating at the point of detector interception.
Varying the detector grid voltage offers one means to narrow the selection of all possible
secondary electrons that may impact the detector at the same location. Because the
SEE system contains no moveable parts, field perturbations from the measuring
instrument are eliminated. Consequently, low energy secondary electrons may be
characterized.
Preliminary experimental studies should commence in February of 2005. Experimental
results are to be compared against an existing Monte Carlo code developed by Dr. Joy
(ORNL and Univ. of Tenn.) [7] for scanning electron microscopy applications with
ongoing enhancements incorporated by UNLV to handle surface impurity layers more
rigorously. Single primary electron studies in the code complement the low current
primary electron beam requirement in the experiment. The code’s greatest asset,
speed, stems from approximate calculations based on probabilistic techniques in lieu of
time consuming exact calculations and hard to acquire parameter specifications.
Over 100’s of thousands of trajectories may be followed in about one-minute duration.
Based on Dr. Joy’s experiences, [7] the code should be reasonably valid for electrons
with energies from as low as 50 eV to those well over many ten’s of keV. The code’s
accuracy, based on the programmed physical model, yields reasonable results for
primary electron energies above 1 keV. The time and space resolution of the particle
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Figure 1.

The SEE detection system showing the cryostat, xyz manipulator, electron gun,
particle position detector, beam tube, residual gas analyzer, and vacuum
chamber.

position detector place limits on the primary beam current. Only low beam currents may
be employed.
The benefit of knowing the initial dynamics of the secondary electrons, whether of the
true or of the backscattered type, leads to understanding how primary electrons deposit
energy into the material. In studying the surface physics for the generation of SEE,
minimal interactions among incident primary electrons internal to the target is desired.
Low current electron beams accomplish this task. It is anticipated that the incident
primary energy, angle of incidence, target material, and target temperature will map into
a statistical distribution of secondary launch positions, momentums, and energies
(dynamic surface statistics).
Knowledge on where and how energy deposition results may relax or guide design
requirements. For example, high-energy primary electron beams will behave differently
than low energy beams when interacting with a material containing a crystalline lattice
structure. Electron diffraction can be significant at the higher energies. Heating the
surface of the materials perturbs the crystalline structure resulting in a broadening of the
diffracted electron beam. With flat energy profiles and low primary beam currents,
changes in the scattering dynamics may be observed for each SEE mechanism. It is
anticipated that energy deposition of low- and high-energy primary electron beams will
differ.

Current UNLV Electromagnetics Laboratory Collaboration with LANL
The SEE system under development in the Electromagnetics Laboratory at UNLV is
motivated by typical parameters for SRF cavities. Table 1 stipulates approximate
parameter regimes that represent present and future needs for SRF cavities and the
design capabilities of the SEE system in the UNLV Electromagnetics Lab. Interests and
capabilities compare well.
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One of the major thrusts of this proposal is to aid in the design of a thermal barrier to
minimize large thermal gradients experienced by the cryostat support mount. As
observed in Fig. 1, the secondary cooling stage surrounding the cryostat cylinder allows
for line of sight access between the sample and the view ports and between the sample
and the detector. At present, large thermal gradients exist that prevent the sample from
reaching the desired temperatures. These gradients can not be avoided due to various
operations that need to be performed by the system.
Table 1. Typical SRF cavity and UNLV parameter regimes interests and capabilities.
Parameter
Parameter Regime of Interest
Existing UNLV Setup
Incident e beam
on the order of nanoamps and higher
30 nA (50 eV) to 2.5 µA (5 keV)
currents
Incident e beam
2 eV – 1.5 keV
50 eV – 5 keV
energies
Beam repetition rate
100 Hz
100 kHz max.
Material temperatures
Liquid helium temperature ~2o K or
Cryostat cold head ~8.5o K
<9.2K
Cryostat support mount ~17o K
Material types
BCP or EP Niobium
Any material can be mounted
Vacuum pressures
<10-9 Torr
2.5 x 10-9 Torr
Pulse duration
1 ms - CW
0.5 µs to 10 µs

Figure 2

A first result obtained from the particle position detector. Undesired ghost
images and loss of signal on the left half side of the detector is currently
being corrected. The color intensity of the regions over the hexane shaped
detector indicates the number of electrons detected at that position over
time.

Figure 2 displays a first result from the particle position detector. The enlarged signal to
the right indicates that some fine-tuning in the software and hardware is required. Even
so, the detector responds to the secondary electrons emitted from a niobium sample at
room temperature as initiated by a primary electron beam.
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For a typical cavity design, particle trajectory studies over a large parameter space of
initial conditions for secondary electrons launched from the niobium surface has been
performed and stored in a large data base look-up table. Conventional particle tracking
codes have been employed. To aid in verifying and limiting the family of particles with
the same final conditions, a secondary electron emission Monte Carlo code has been
secured and is being continuously enhanced.
The second major thrust of this proposal is to enhance the current code to allow for
multiple layers of material to exist on a bulk medium in a more rigorous manner.
Currently the code follows both the primary and all of the generated secondary electrons
making use of cross-sections and mean free paths characterizing stopping powers and
most probable types of collision (elastic or inelastic) for bulk mediums.

Figure 3.

Typical graphical user interface output of Joy’s code providing secondary
electron emission and back scattering emission yields.

Project Overview
The proposed work would allow the current research effort to further complement
superconducting cavity design environment. At first blush, a few degrees Kelvin may not
seem to be significant. In effect, the significance lies in the change in state of the
material from its normal state to its superconducting state. It is believed that secondary
electron emission from a superconducting material may be different than from a cold
material in a normal state. Further, what is adsorbed on the superconducting surface
through natural pumping of a cold surface may influence the superconducting properties
of the material. Therefore, the addition of a thermal shield may allow for new physics.
To delineate this physics, enhancing the secondary electron emission Monte Carlo code
is required.
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Broader Impact
Particle accelerators have been used for various science including those using X-rays,
free electron lasers, neutrons. The accelerators that use superconducting RF cavities
made of niobium have increased significantly in the past few decades due to its higher
efficiency and for other reasons.
Successful characterization of the secondary electron emission from the actual Nb
surfaces after various conditions will allow cavity designers for better prediction of field
emission and multipacting phenomena in the cavity. This in turn will lead to a more
reliable cavity and accelerator design.
The students to be involved will learn the RF fields distribution in the cavity and various
surface science that can be useful for other areas such as nuclear fusion.
Project Activities and Deliverables
A single year of funding is being requested. The following activities will result during
the funding cycle:
1)
2)

3)

Design and have built a suitable thermal shield or cooling mechanism to bring the
niobium test sample to cryogenic temperatures.
Have a load lock chamber incorporated to the existing vacuum system to prevent
changes in the vacuum environment when performing tests on a number of
samples.
Modify the existing SEE Monte Carlo code to allow for a more rigorous study of
multi-layer, multi-component surface contaminant. In this case, a weighted
probability based on “a throw of the dice” will be the deciding factor if a electron
collides with a particular type of molecule. Boundary interfaces require careful
considerations in the collision process. [NOTE: Superconducting effects of
materials will NOT be incorporated in the code during this funding cycle.]

Measurements from at least two samples prepared by Buffered Chemical Polishing
(BCP) or Electro Polishing (EP) will be provided by way of a report. Based on findings
uncovered, it is anticipated that measurements of the sample in both its superconducting
state and its normal state (cold temperatures) will be compared and submitted for
publication.

References:
1. Hasan Padamsee, Jens Knobloch, and Tom Hays, RF Superconductivity for
Accelerators, Wiley Interscience Publication, John Wiley, N.Y. 1998.
2. I. Bojko and N. Hilleret, Influence of Air Exposures and Thermal Treatments on the
Secondary Electron Yield of Copper,” J. Vac. Sci. Technol. A 18 (3), 2000.
3. M. Grundner and J. Hilbritter, “On Surface Coatings and Secondary Yield of NbSn
and Nb,” J. Appl. Phys. 51 (10), 1980.
4. R. Noer et. al, “Secondary Electron Yield of Nb RF Cavity Surfaces,” Int. Conf. on
High Energy Accelerators, KEK, Japan, 2001.
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5. H. Padamsee and A. Joshi, “Secondary Electron Emission Measurements on
Materials used for Superconducting Microwave Cavities,” J. Applied Phys. 50 (2),
1979.
6. Anoop George and Robert A. Schill, Jr., Preparation Studies for Secondary Electron
Emission Experiments on Superconducting Niobium, 2004 American Nuclear Society
Student Conference, at University of Wisconsin Madison, Madison, Wisconsin, April
1-4, 2004.
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Budget
The activities outlined above will involve UNLV and a LANL staff member for the fiscal
year of 2005.
Table 2: Budgetary estimate for the UNLV - LANL collaboration
Item

FY 2005
Faculty
$
Other professionals
$
Graduate Student
$ 9,000
Total Salaries (incl. fringe benefits)
$ 10,600
Equipment
$ 28,000
Travel
$ 1,500
Materials and Supplies
$ 6,000
UNLV Consultants (Vacuum Specialist $ 8,000
and a Material Scientist)
LANL Consultants (Dr. Tsuyoshi
$ 10,000
Tajima)
Total direct costs
$ 64,100
Total indirect costs (47.5% of direct
$ 17,148
cost minus equip. [> $2000])
Total direct and indirect costs
$ 81,248
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FY 2006

FY 2007

Budget Justification
Faculty

Schill (Faculty)– ($9471/mo) – 0 mo. Electromagnetics, plasma, pulse power,
and charged particle background. SEE and SED mechanics have close
analogies to plasmas science mechanics.

Other
Professionals

1 Engineering Research Associate (Professional)
1) Craig Nielsen - $4585/mo. for 0 mo. – Pulsed power, machine
shop, and electronics expert – tasked to train students to operate
machine, provide continuity in experiment, and perform necessary
machining and assembling of SEE machine

Graduate
Students

1 Graduate Students
One $1,500/mo. for 6 mo.

Fringe
Benefits &
Salary

UNLV Fringe Benefits Breakdown
Research Professionals - 14% of salary plus $6800/yr. prorated medical ins.
Graduate Students – 10% of salary plus $1231/yr. prorated medical ins.

Materials,
Supplies,
Software and
Training

Total ($6,000)
Vacuum equipment ($3,500) -- conflat flanges, consumables), gloves,
cleaning supplies, repairs
Machining ($1,000) – sample mounts, tools, gun mounts.
Gas ($500) –gasses for venting
Materials ($1,000) – target materials,

Permanent
Equipment

Total ($28,000)
Load lock chamber with essentials ($23,000)
Manipulator arm with thermal cover ($5,000)

Travel
Consultant
Services

One trip to LANL.
Total ($18,000)
Stan Goldfarb -- $4,000 [Vacuum Science Expert. He works with
students will coordinating research efforts associated with vacuum studies
and sensors. He also alters and designs new vacuum geometries for
modifications in the experiment.]
Dr. Richard Kant -- $4,000 [Physicist. Extensive background in
material science. He is enhancing an existing SEE Monte Carlo code which
is a key software component needed to interpret experimental results.]
Dr. Tsuyoshi Tajima – $10,000 [Consulting Engineer at LANL
involved in collaborative efforts and overseeing progress of the materials
research relevant to the rf superconducting cavities]

Indirect Costs

The UNLV indirect cost rate is 47.5% of all direct costs excluding equipment
over $2000
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Accelerator Physics

2.52: Investigation of Plasma Etching for
Superconducting RF Cavities surface
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Accelerator Physics
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RF cavity for the main linac
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Leposava Vuskovic, Old Dominion University
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M. Raskovic, Old Dominion University
A. -M. Valente, Thomas Jefferson National Accelerator Facility
L. Phillips, Thomas Jefferson National Accelerator Facility
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Leposava Vuskovic
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Research Foundation
2033 Hughes Hall
P.O. Box 6369
Norfolk, VA 23508
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Fax: (757) 683-5290

Department of Physics
4600 Elkhorn Avenue, Room 306
Old Dominium University
Norfolk, VA 23529
Telephone: (757) 683-4611
FAX (757) 683-3038
Introduction

Of the many recipes used to prepare SRF cavity surfaces, none presently will provide
repeatable performance reasonably close to fundamental limits, and none are
understood at the microscopic level in terms of their effect on variability of RF
performance. In this context Thomas Jefferson National Accelerator Facility (Jefferson
Lab) and the Atomic Collision and Plasma Physics Group of the Physics Department,
Old Dominion University (ODU) in Norfolk, Virginia have joined forces to investigate
plasma etching as an alternative technique for surface preparation of high purity bulk Nb
cavities. The Atomic Collision and Plasma Physics Group at ODU has proven its
expertise in the field of plasma modification of surfaces. The collaboration between
Jefferson Lab and the Atomic Collision and Plasma Physics Group at ODU will strongly
impact the Nb surface preparation procedures as well as advance the understanding of
surface chemistry of high purity niobium for superconducting RF cavities, which will be
beneficial for a future linear collider.
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Motivation
The standard (commonly used) surface preparation techniques for Nb superconducting
RF cavities are chemical (BCP) or electrochemical (EP) polishing. Those make use of
extremely corrosive acids, which present both safety and environmental concerns. With
wet chemical polishing, the formation of an Nb oxide layer is unavoidable since oxidation
starts as soon as the chemical process stops. More over it has been demonstrated that
these techniques, due to the baths composition, introduce hydrogen in the oxide layer
and the bulk material [1]. Acid residues are usually left by phosphoric acid on the
surface. These chemical residues are eliminated by High Pressure Water Rinsing
(HPWR) with de-ionized water for several hours. Finally, especially in the case of EP,
the cavity is baked under vacuum at moderate temperature (90ºC-140ºC) in order to
outgas the water adsorbed on the surface and to reduce the surface hydroxides [2].
It has long been suspected that “weak links” formed by intergranular oxidation could be
responsible for the RF performance degradation or “Q droop” [3]. It is also suspected
that niobium surfaces under certain circumstances will form lossy sub-oxides in addition
to Nb205. Testing before and after oxidation would provide extremely valuable insight into
this issue.
Plasma etching is one form of dry chemistry providing a unique opportunity to explore
oxide-free surfaces by directly testing a cavity surface after processing without exposure
to air. This technique allows also “control” on the final oxidation phase that cannot be
avoided with SRF cavities (oxidation of the fresh Nb surface after treatment by O2/N2
(“dry air”) gas injection in the system). The relatively scarce literature describes niobium
[4] and niobium oxide [5] etching in reactive discharge plasmas. In the first case [4]
etching rates of the order of 0.2-0.3 mm/min were obtained. In the second case [5],
significant structural changes of niobium oxides were obtained. This limited experience
can be used as a starting point for a systematic study of the inner surface modification of
superconductive cavities using low-pressure discharge plasmas.
Advantages of dry etching:
• Takes place under vacuum.
• Allows “control” on the final oxidation phase
• Allows the possibility to avoid final oxidation
• Lower process cost.
• Reduces the number of steps for the final surface preparation.
• Gets rid of the hazard to humans and environment induced by the
chemicals used for BCP and EP.
• No acid residues on the surface.
• No hydroxides formation on surface.
The investigation of plasma etching for Nb cavity surface preparation will improve the
surface quality of the SRF cavities and therefore improve their performance for a linear
collider.
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Current ODU Collaboration with Jefferson Lab
The Atomic Collision and Plasma Physics Group at Old Dominion University has
proven its expertise in the field of Plasma Physics. In the recent years, their research in
plasma processing and related field has been focused on the use of subcritical surface
microwave discharges for surface modification [6], the extraction of oxygen by
dissociation of carbon dioxide [7], and for generating aerodynamic effects [8].
The proposed experiment is devoted to the use of metal-to-discharge plasma
interfaces to generate adequate environment for transformation of Niobium oxides from
the surface of SRF cavity into removable volatile compounds. When developed, the
oxide removal process could serve as a complementary surface modification method to
those currently used in preparing the SRF cavities for operation. The collaboration
between the Jefferson Laboratory, with the expertise in SRF cavity material development
and testing and the ODU team, with the experience in plasma processing will bring the
needed synergy for developing the process.
Project Overview
ODU and Jefferson Lab have agreed to collaborate on the investigation of plasma
etching, using the experimental systems developed for plasma studies at ODU.
According to the agreement, Jefferson Lab will be responsible to provide Nb material
and surface analyses for the plasma etching studies on Nb conducted at ODU. Both
parties will share the efforts related to analysis and publication.
The following approach has been defined:
1)
Microwave discharge in a cylindrical cavity at various pressures of
a. Ar plasma with a biased sample
b. Ar/Cl mixtures
c. CCl2 and CF4 flow
d. Other etchant gases as C2F6, SF6, NF3.
Microwave discharge
Scheme of experimental set-up
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2)

Capacitively-coupled RF discharge with Nb sample as one electrode, at various
pressures of
a.Ar plasma with a biased sample
b.Ar/Cl mixtures
RF discharge
Scheme of experimental set-up

Gas
flow
and

During the development of the techniques, the plasma process will be characterized
with plasma diagnostics (temperature, electron density, different species density) and
process controls (emission and absorption spectroscopy). The characterization of the
samples produced will involve surface morphology (SEM) and composition (XPS) analyses
and surface resistance measured by calorimetric method in a TE011 cavity.
3)

Application of the process to Nb cavities

Once the principal of the technique will be demonstrated and the best approach being
determined, the technique will be implemented in a cavity system at Jefferson Lab. The
surface of elliptical RF cavities will be prepared by plasma etching and their RF
performance will be tested at Jefferson Lab.
Broader Impact
Successful development and implementation of plasma etching as a surface preparation
technique for high purity Nb cavities will allow a cost reduction and safer procedures in
cavity surface preparation. A better control on the Nb surface composition and
morphology will lead to a more reliable cavity performance. This will be beneficial for a
Linear Collider as well as for any accelerator project based on Nb RF Superconductivity.
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One member of the team, Marija Raskovic, is currently pursuing her doctoral thesis work
at Old Dominion University, working on the characterization of the Niobium processing
microwave and RF-excited plasmas. In addition, parts of these experiments will be used
for training the undergraduate students as their senior summer research projects. The
students involved will learn the plasma physics involved in RF and microwave
discharges, various surface science methods and SRF technology.
Project Activities and Deliverables
During the first year, the two experimental systems described in the previous section will
be developed. A sample study of plasma etched surfaces of high purity Nb will be
conducted. Reports on the technique developments and sample surface and RF
analyses will be produced.
During the second and third year, the sample study will be completed and the technique
will be transposed for cavity surface preparation. Nb cavities will be prepared using
plasma etching and
During these three years the technique developments and surface results obtained on
samples and cavities will be published in referee journals and a PhD thesis will be
presented.
References:
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Accelerators”, Wiley Interscience Publication, John Wiley, N.Y. 1998
[2] Lilje, L. , Antoine, C. , Benvenuti, C. , Bloess, D. , Charrier, J.-P. ,Chiaveri, E. ,
Ferreira, L. , et. al., “Improved surface treatment of the superconducting TESLA cavities”
, Nuclear Instrument and Methods A, 516, 213-227 (2004)
[3] A.M. Portis, D.W. Cooke, H. Piel, “ Microwave Surface impedance of Granular
Superconductors”, Physica C. , 162-164 (part 2), 1547-1548 (1989)
[4] Jay. N. Sasserath, "Dry etching of niobium using CCl2F2 and CF4: A comparison", J.
Appl. Phys., 68 (1990) 5324-5328.
[5] H. Turcicova et al., "Plasma processing of LiNbO3 in a hydrogen/oxygen radiofrequency discharge", J. Phys D: Appl. Phys. 31 (1998) 1052-1059.
[6] Popović, S., L. Vušković, I. I. Esakov, L. P. Gratchev, and K. V. Khodataev,
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Budget
The activities outlined above will involve ODU and Jefferson Lab staff members whose
salaries are not included in the present budget request.
Table 2: Budgetary estimate for the ODU-Jefferson Lab collaboration
Item
Faculty
Other professionals
Graduate Student
Total Salaries (incl. fringe benefits)
Equipment
Travel
Materials and Supplies
ODU Tech. Consultants
Total direct costs
Total indirect costs (42% of direct cost
minus equip.)
Total direct and indirect costs

FY 2005
$ 24, 300
$
$
$ 24, 300
$ 30,000
$
$ 14,000
$ 12,400

FY 2006
FY 2007
$ 24, 300 $ 24, 300

$
$

80,700
21, 294

$ 38,500
$ 16,170

$ 38,500
$ 16,170

$

101, 994 $ 54, 670

$ 54, 670
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$

24, 300 $ 24, 300
$ 7, 000
$ 7, 000
$ 7, 200
$ 7, 200

Budget Justification for FY 2005
Faculty

Vuskovic (Faculty)– ($9,300/mo) – 0 mo. Atomic collisions and Electric
discharge physics
Popovic (Faculty)– ($9,000/mo) – 2 mo. Electric discharge physics

Other
Professionals
Graduate
Students
Fringe
Benefits &
Salary

-

Materials,
Supplies,
Software and
Training

Total ($14,000)
Quartz tubes ($2,000)
Gas ($5,000) – high purity gases for discharge
Materials ($2,000) – high purity materials
Test equipment fees ($3,000)
Sample manipulation supplies ($2,000)

Permanent
Equipment

Total ($30,000)
Corrosion-resistant vacuum components ($10,000)
Corrosion-resistant gas flow components ($10,000)
MW/RF power components ($ 10,000)
Total ($12,400)
Rey Gregory (MW/RF specialist)– ($4,000/mo) – 1.5 mo.
Miroslav Cingel (Metal parts design and construction specialist) –
($3,200/mo) – 2 mo.

Travel
Consultant
Services

Indirect Costs

1 PhD Student ($1,800/mo) - 0 mo.
ODU Fringe Benefits Breakdown
Research Professionals - 35% of salary
Graduate Students – 35% of salary

The ODU indirect cost rate is 42% of all direct costs excluding equipment
over $2,000
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University-based Detector R&D
for an International Linear Collider
Project Summary
At the start of the millenium, the world’s particle physicists arrived at a consensus that an International Linear Collider (ILC) should be the next major facility for high energy physics. Since then, progress has been
swift. Candidate technologies for the accelerator were developed, the community agreed on the technology
to be used and now a global center to coordinate the completion of the design is forming. Nationally, the
Department of Energy’s Office of Science has developed a 20-year plan that identifies the ILC as its highest
midterm priority.
Realizing the vision of the ILC will be a great challenge both technically and in timeliness. The technical challenges lie in both detector and accelerator areas and derive from the need for high luminosity and
high precision of measurement. The timeliness challenge lies in the need to have significant overlap with
the Large Hadron Collider (LHC) if the full synergy of the two approaches to the energy frontier is to be
achieved. Thus it is imperative that the high-energy physics community marshal its resources to address
these issues.
The detectors for the ILC are highly challenging. This is not always fully appreciated. While many advances
in detector technology were required for the LHC experiments, different challenges must be addressed for
the ILC experiments. To gain perspective, one may compare these ILC needs with those of the LHC. ILC
detectors must have: inner vertex layers about 5 times closer to the interaction point; 30 times smaller vertex
detector pixel sizes; 30 times thinner vertex detector layers; 6 times less material in the tracker; 10 times
better track momentum resolution and 200 times higher granularity of the electromagnetic calorimeter. (See
the Brau et al. report on ILC R&D). This proposal addresses key aspects of these requirements. In order
to provide governments with a convincing design and cost estimate, in time for substantial overlap with the
LHC, conceptual designs for the detectors will need to be developed in the next few years. This proposal
seeks to take an important step towards that goal.
This proposal will have scientific impact beyond the ILC. The detector R&D is will lead to advances in
a number of technical fronts, complementing well the detector development done for the LHC. Detector
technologies optimized to perform precision measurements in the low-radiation environment characteristic
of a linear collider will have applications in other areas of high energy physics, as well as in other fields.
The collaborating groups have a strong history of outreach to undergraduates and K-12 students and teachers. The work supported by this proposal will be integrated into these outreach efforts. Students in K-12
classrooms, and undergraduates, will be introduced to the exciting energy frontier physics to be studied by
the International Linear Collider, and the state-of-the-art technologies required for its implementation. This
dissemination of the concepts explored by basic research in high-energy physics to students in their developing years will provide for an increased understanding of the field by the general public, and will foster the
public’s interest in science in general.
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University-based Detector R&D for the International Linear
Collider
Project Description
1

Introduction

This is a collaborative proposal by 34 university groups and affiliated laboratories to carry out detector R&D
for the ILC. Its 35 projects broadly cover the previously identified detector R&D needs of the International
Linear Collider (ILC) [1]. Another proposal focused on accelerator R&D will be submitted at the same
time. The large participation in this proposal expresses the high level of interest by university groups in the
ILC, their excitement about the physics to be done with the instrument, and their conviction that the ILC
represents the future of the field.

1.1

Preamble

In 1999, the International Committee for Future Accelerators (ICFA) recognized the world-wide consensus that the next large facility for particle physics should be an international high energy, high-luminosity,
electron-positron linear collider. The strong recommendation in 2002 from the U.S. High Energy Physics
Advisory Panel (HEPAP) [2] that such a collider be the highest priority of the U.S. program was paralleled
in Europe and Asia. Each region recognized the central importance of the physics to be studied, the maturity
of the accelerator designs being advanced at laboratories in the U.S., Germany and Japan, and the necessity
for international cooperation.
Since then, progress on the ILC has been swift. Regional steering committees, charged with organizing and
coordinating ILC activities in Asia, Europe and the Americas, have been formed, as has their global counterpart, the International Linear Collider Steering Committee (ILCSC). In 2003, the International Linear
Collider Technical Review Committee (ILC-TRC) convened by the ILCSC reviewed two designs based on
differing accelerator technologies and concluded that both were feasible [3]. Then, in 2004, an international
panel recommended that the ILC be based on superconducting technology for the main accelerator. The
world’s major high energy labs have accepted that decision, and in November 2004, accelerator physicists
gathered at KEK to identify the research required in order to complete the design. Currently, the ILCSC is
forming the Global Design Effort, which will manage this research. At the national level, the U.S. Department of Energy announced inclusion of the ILC in its 20-year plan for new facilities, according it the highest
priority among the mid-term projects under consideration. At the HEPAP meeting in February 2005, Ray
Orbach, director of the DOE’s Office of Science said that the ILC is “our highest priority for a future major
facility.... Were going to work our hardest to bring the LC to these shores.”
The response from the U.S. High Energy Physics community has been equally swift. In early 2002, physicists from U.S. universities and laboratories organized a series of workshops at Chicago, Fermilab, Cornell,
SLAC and U.C. Santa Cruz aimed at identifying important directions for research and collaboration toward the ILC. These groups organized themselves into the University Consortium for Linear Collider R&D
(UCLC) [4] in the context of NSF support and the Linear Collider Research and Development Working
Group (LCRD) [5] in the context of DOE support, with the American Linear Collider Physics Group [6]
coordinating the work of both groups. This year, with the development of a joint process for the review and
funding of ILC R&D at universities, UCLC and LCRD have effectively merged, and they now comprise
groups from 49 U.S. universities, 7 national and industrial research laboratories and 23 foreign institutions.
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All concerned are working together to coordinate their activities to the single task of building the linear
collider.

1.2

Physics Goals of the International Linear Collider

The physics goals of the ILC are ambitious and compelling. Over the past decade, a wide variety of experiments has shown that elementary particle interactions at the TeV scale are dictated by an SU (3) × SU (2) ×
U (1) gauge symmetry. The non-zero masses of the W and Z particles imply, however, that the electroweak
SU (2) × U (1) symmetry is broken spontaneously. We do not know how the symmetry is broken, and we
will not know until the agents of electroweak symmetry breaking are produced directly in the laboratory
and, also, are studied in precise detail. But we have every reason to believe that whatever is responsible for
electroweak symmetry breaking will be accessible at the ILC.
Although we do not know the mechanism of electroweak symmetry breaking, we have some good hypotheses. In the so-called Standard Model, one doublet of scalar fields breaks the symmetry. This model has one
physical Higgs particle, which is the window to electroweak symmetry breaking. The global consistency
of precision electroweak measurements gives this model credence, and suggests that the Higgs boson is
relatively light, mH ≤ 200 GeV. However, we know this model works poorly beyond TeV energies. A theoretically preferable scenario is based on supersymmetry (SUSY) at the expense of a whole new spectrum
of fundamental particles and at least five Higgs states. But the lightest of these states looks much like the
Standard Model Higgs, with nearly standard model couplings and a mass less than 200 GeV or so. Nature
may break electroweak symmetry through some other mechanism, of course, but most realistic mechanisms
we have imagined result in a Higgs boson or some related phenomena accessible to the ILC.
The TeV scale is the natural place to look for the agents of electroweak symmetry breaking. Thus, the ongoing Run 2 at Fermilab’s Tevatron has a chance of getting the first glimpses of these phenomena. Starting later
in the decade, CERN’s LHC, with seven times the energy, will almost certainly observe the Higgs boson,
and has a very good chance of discovering something else. Most high-energy physicists believe, however,
that the LHC will not unravel the mysteries of symmetry breaking on its own. Experimentation at a linear
e+ e− collider provides information that cannot be obtained by other means. Let us just cite two examples.
First, a series of cross section and branching ratio measurements will trace out a detailed profile of the Higgs
boson, in a model-independent way, and incisively test whether its couplings are proportional to mass. Second, if SUSY is at play, the ILC can determine the lightest superpartners’ masses with exquisite precision.
The ILC measurements would be key to determining, for example, whether supersymmetric particles are the
“dark matter” in the universe. In both these cases, the ILC adds critical information to what will be learned
at the LHC. The ILC is the right next step for experimental high energy physics, and now is the time to take
it in order to maximize the interplay of its results with those of the LHC.
The full scientific case for the ILC can be found in the Resource Book[7] prepared for Snowmass 2001 or
the physics chapter of the TESLA Technical Design Report[8]. We believe the essential elements of the
physics case have been made persuasively, and we are responding by banding together to meet the technical
challenges that remain, so that the instrument can be built in a timely and cost-effective fashion.

1.3

The Need for Detector R&D for the International Linear Collider

Three candidate detector concepts have emerged for the ILC. The Global Large Detector (GLD) uses a large
radius EM calorimeter (r = 2.1 meters) in order to separate showers, and hence allow precise jet energy
measurements. Another design (SiD) is aimed at taking advantage of the precision of a silicon-tungsten EM
calorimeter, and the timing resolution of a compact all-silicon tracker. A third concept, the Large Detector
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Concept (LDC) lies midway between the two, using a medium-sized gaseous tracker. In addition to EM
calorimetry and tracking devices, all of the detector concepts incorporate precision vertex detectors, hadron
calorimetry, muon identification, and critical beamline instrumentation.
For all of these detectors, the physics of the ILC demands significant advances over the currently available
technologies. In comparison with the LHC, the radiation environment and data rates are mild, but the demands for precision are greater. Measurement of the Higgs branching fraction to b quarks, c quarks and
gluons requires a beampipe with a radius 1/5 that of the LHC and a vertex detector with a pixel size that
is smaller by a factor of 30. In order to tag a Higgs recoiling against a Z boson, the tracker must have
only 1/6 of the material of the LHC trackers and a factor of ten better momentum resolution.
And, in
p
order to distinguish W and Z jets, the jet energy resolution must be better than 30% / E(GeV), which
is a factor of two better than the LHC target. The projects in this proposal are aimed at achieving these goals.
The time-scale for this R&D is already tight. If ILC construction is to begin in 2010, as is needed to
optimize the interplay between the LHC and ILC programs, the detector technologies must be selected and
the conceptual designs developed in the next few years. As a first step, by spring 2006 each candidate
detector concept is to prepare a written outline that includes an introduction to the detector concept, a
description of the detector, its expected performance, subsystem technology selections or options, status of
ongoing studies and a list of needed R&D. More formal Conceptual Design Reports will accompany the
accelerator’s Technical Design Report shortly thereafter.

1.4

Broader Impact of the Work described in this Proposal

The proposed research will advance our technical capabilities in particle detection and electronics. It complements the detector research done for the LHC in that it focuses on precision measurement in a low
radiation environment. This research will have applications for other experiments in high energy physics,
and in other fields.
The proposal will also have impact in education and outreach. Numerous ongoing activities at the participating universities are aimed at K-12 students. For example, in the last two years, Notre Dame has involved 24
high school students in research. NIU sponsors a science camp for kids. Boston University sponsors a ”Saturday Morning Physics” program and Cornell has initiated a monthly “Visiting Scientist Series”. Boston and
Cornell sponsor a one-day outreach programs for girls, and Michigan sponsors an annual Physics Olympiad.
Cornell has co-hosted a session for local home-school students grades 4-9 and their parents, has coordinated
a three-day workshop exposing secondary students to careers in accelerator physics and X-ray experimentation, and has designed and posted interactive web pages describing high-energy physics and accelerator
research aimed at secondary school audiences and instructors. An estimated 1,400 people tour the Cornell
research facility each year, and of these, approximately 500 are students. Those who can’t visit the lab in
person can watch the lab’s video, or take an interactive tour of CESR and CLEO on the web. Boston and
Wayne State have provided access to sophisticated research equipment to local high school classes.
One of the most effective ways to reach students is to reach their teachers. The groups at Berkeley Boston,
UC Davis, UC San Diego, UC Santa Cruz, Chicago, Hawaii, Indiana, Iowa, Iowa State, Kansas, Kansas
State, Notre Dame, Oklahoma, Oregon, Purdue, Rice, UT Arlington, Texas Tech, Washington and the national laboratories host Quarknet programs, while Cornell, Notre Dame and Wayne State host Research
Experience for Teachers programs. In collaboration with multiple research centers on campus, Cornell has
exposed over 250 high school physics teachers to resources on the Standard Model and provided educational
materials, supplies and laboratory investigations for their students.
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Chicago, Cornell, Indiana, Kansas, Michigan, NIU, Notre Dame, Oregon, Purdue, Temple, Wayne State and
many others have involved undergraduates in research, both individually and through Research Experience
for Undergraduates programs. The Wayne State and Temple programs have been particularly effective at
reaching minorities. At Cornell alone, approximately fifty undergraduate students hold research related jobs
each year. Purdue opens their facilities to an undergraduate lab course each year.
New education and outreach efforts are centering on the ILC. Each year, at least 10 undergraduates will
contribute to the projects in this proposal, either independently or through Research Experience for Undergraduates (REU) programs. Wherever possible, the ILC will be introduced into outreach activities aimed at
K-12 students and the general public. These activities have already begun at the workshops of the American
Linear Collider Physics Group. The 2003 ALCPG workshop in Arlington included exhibits for the public,
and Rick van Kooten gave a lecture ”What is the Linear Collider?” for high school science teachers and undergraduates at the 2003 workshop at Cornell and (with Helen Quinn) for 450 science high school students
at the 2002 workshop at Santa Cruz. At the next ALCPG workshop, which will take place at Snowmass this
summer, outreach will be an even more important component.
The broader impacts are discussed in more detail in the descriptions of the individual projects.

1.5

Structure of this project description

The detailed descriptions of the proposed detector R&D projects, including detailed budgets, statements of
work, deliverables and broader impact, are provided following the references.
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3. Luminosity,
Energy,
Polarization
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Overview of Luminosity, Energy, Polarization Proposals
One distinct advantage of the Linear Collider is the well-defined initial state in the
collision process. Realizing this advantage, however, requires adequate measurements of
the beam properties at the interaction point (IP). These measurements present some new
challenges in beam instrumentation, and the proposals described here address these
challenges. An ALCPG Working Group[1] has been formed with the charge of ensuring
that the beam instrumentation is optimized for the LC physics goals. This group has
produced a white paper describing the measurement goals for luminosity, luminosity
spectrum, energy, and polarization.[2] The white paper describes a strategy for realizing
these goals using both beam-based instrumentation and analyses of physics processes at
the IP.
A Letter of Intent was recently put forward to the SLAC PAC to start a beam
instrumentation test facility in End Station A (ESA).[3] The beams available in ESA (as
used by the E158 collaboration) have characteristics very similar to that expected at an Xband linear collider. With a 10% χ0 radiator, a disrupted beam with an energy spectrum
and angular dispersion comparable to that expected after the LC IP can also be created.
Direct tests of energy spectrometry, polarimetery, and pair monitors (with a solenoid
around the target) are envisioned. This idea has received support from the lab, and it is
expected that beam time will be available to test many of the devices proposed in this
section starting as early as 2005.
Luminosity
Precision extraction of cross sections depends on accurate knowledge of the luminosity.
For many measurements, such as those based on threshold scans, one needs to know not
only the energy-integrated luminosity, but also the luminosity as a function of energy,
dL/dE.
Low-angle Bhabha scattering detected by dedicated calorimeters can provide the
necessary precision for the integrated luminosity. Options include secondary emission
and fast gas Cerenkov calorimetry in the polar angle region from 40-120 mrad.
Acollinearity and energy measurements of Bhabha, e+e− → e+e−(γ) , events in the polar
angle region from 120-400 mrad can be used to extract dL/dE and are under study.
Additional input from measurements of the beam energy spread and beam parameters
that control the beamstrahlung spectrum will improve this determination of dL/dE.
Techniques include measuring the angular distributions of e+e− pairs in the polar angle
region from 5-40 mrad, and measuring the polarization of visible beamstrahlung in the
polar angle region from 1-2 mrad.
All the proposed detectors may also be used for real time luminosity monitoring and
tuning. The locations of some of these detectors in the forward region of an NLC
Detector are shown in Figure 1.
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Figure 1: Forward Region of the (proposed) NLC Silicon Detector

Energy
Beam energy measurements with an accuracy of (100-200) parts per million are needed
for the determination of particle masses, including mtop and mHiggs. Energy measurements
both upstream and downstream of the collision point are foreseen by two different
techniques to provide redundancy and reliability of the results. Upstream, a beam
position monitor-based spectrometer is envisioned to measure the deflection of the beam
through a dipole field. Downstream of the IP, an SLC-style spectrometer is planned to
detect stripes of synchrotron radiation (SR) produced as the beam passes through a string
of dipole magnets. The downstream SR spectrometer also has the capability to measure
the beam energy spread and the energy distribution of the disrupted (from beam-beam
effects) beams.

Polarimetry
Precise measurements of parity-violating asymmetries in the Standard Model require
polarization measurements with a precision of 0.5% or better. High statistics Giga-Z
running motivates polarimetry at the 0.1% level. The primary polarimeter measurement
is envisioned to be a Compton polarimeter located in the extraction line. For evaluation
of systematic errors, it is desirable to compare results from measurements of
backscattered electrons and photons, and also to compare results from single and multiCompton counting. Quartz detectors will be investigated for both scattered photons and
electrons and a study of expected backgrounds will be carried out. Most of the LC
physics program requires longitudinal polarization for the colliding beams, but if both
electron and positron beams are polarized the physics reach can be improved with
342
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additional measurements using transverse polarization asymmetries. One can infer the
transverse polarization from knowledge of the spin rotator settings, measurements of the
spin transport matrix and measuring how close the longitudinal polarization component is
to 0. Direct transverse polarization measurements will also be investigated.
References
1. http://www.slac.stanford.edu/xorg/lcd/ipbi
2. D. Cinabro, E. Torrence and M. Woods, Status of Linear Collider Beam
Instrumentation Design, ALCPG-Note-2003-001,
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A Fast Gas Cerenkov Calorimeter for Luminosity Measurement
and Machine Monitoring
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Machine Detector Interface (MDI)
Personnel and Institution(s) requesting funding
Shauna Dennis, John Hauptman, Sam Ose, Youn Roh, Robert Schoene
Iowa State University, Ames IA
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Project Leader
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Project Overview We have proposed a gas Cerenkov calorimeter for beam luminosity measurement that is emptied of light in about 2 nanoseconds, thus becoming quiescent very soon
after the bunches have crossed, that is explicitly radiation hard, and that is completely insensitive to both radioactivation of the calorimeter mass and to e± and γ IR backgrounds below
10 MeV. A detailed description was given in previous reports in which the main motivation
was the 1.4 ns crossing time of the warm machine that is no longer relevant. Nevertheless, a
fast and rad-hard detector very near the beams during commissioning of the machine, during
physics running for backgrounds assessments, and even as an ’instrumented mask’ deep inside
5 mrad may still be a useful device for the Linear Collider. Specifically, this instrument would
provide continuous nanosecond measurements of electromagnetic activity during the collision
and between collisions as a measure of machine activity during beam setup and tuning.
General description of the project The calorimeter consists of a metal volume with optical conduits that can channel the light to the back. These conduits can be tubes, or hexagonal
rods in a mosaic pattern, or several other geometries, for example, see the figure showing the
hex geometry.
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The light is generated by shower particles as they cross the gas gaps between longitudinal
rods, and the gas gaps also function as the light conduits.. Since the angle is small, a large
fraction of the light is channelled down the optical conduit. The light makes typically 1012 small angle reflections before exiting the rear of a 30-cm deep calorimeter. Within the
calorimeter medium, the light and the electromagnetic shower particles travel at nearly c and
co-move in a pancake perpendicular to the shower axis. The shower particles are absorbed
out in depth as the light builds up in depth, and a 50 ps pancake of light exits the rear of the
calorimeter, its time dispersion dominated mostly by geometry. For a gas of refractive index
n = 1 + δ, with δ ≈ .001, the angle is given by
cos θC = 1/nβ → 1/n ≈ 1 − δ,
2 /2 gives
and expanding the cosine as 1 − θC
√
θC ≈ 2δ ≈ 0.045.

The light yield in the visible is dN/dx = 370 sin2 θC eV−1 cm−1 yielding about 1 pe per
GeV. The velocity threshold for light emission is βth = (P/E)th = 1/n ≈ 1 − δ so that the
threshold for electrons is
√
e
Pth
≈ me / 2δ ≈ me /θC ≈ 11 MeV/c.
The critical energy of a typical metal is 10-20 MeV, comfortably above the threshold, and
therefore most shower electrons will participate in light generation. The threshold is higher
than the binding energy per nucleon, and therefore no nuclear decay, either β or γ, can
generate light in the gas.
Therefore, this luminosity calorimeter has three unique features:
1. it is constructed wholly of metal and gas, and therefore cannot be damaged by any
conceivable dose of radiation;
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2. the generation of Cerenkov light is instantaneous, its transport from within the calorimeter volume is at nearly the speed of light, bunched in a 50-ps pancake, and the calorimeter
volume is emptied of light in 1-2 ns; and,
3. the Cerenkov threshold is about 11 MeV, and therefore no nuclear decay from any degree
of radioactivation will result in Cerenkov light, and all e± and γ IR backgrounds below
this threshold are invisible.
The energy resolution and light arrival timing spread is shown in the figure.

The robustness of this gas calorimeter allows placement very near the beam and in the most
intense radiation environment.
Broader Impact The work on this project is within two single-investigator groups of a
university professor and students, mainly undergraduate physics majors, working on a new
problem and seeking new solutions. This explicity integrates teaching and research since our
students have office space in the lab area in the Physics Department. It is a place where they
can also do their problem sets.
More funds for undergraduate and beginning graduate students will allow us to hire more
students. At this stage of work, several problems are available that are person-intensive,
rather than equipment-costly: finding or making reflective tubes (Purdue undergraduates),
geant4 code, reflective brass or tungsten hexagonal bars (Iowa State undergraduates), absolute measurements of reflectivity (Iowa State undergraduates), and design of a module and
its optical system (Purdue and Iowa State), and in the last year, a beam test at SLAC. All of
these activities are perfect for physics majors, and as we know, they are the best recruitment
tools available in physics. At Iowa State, one undergraduate is female (Shauna Dennis) and
two male (Sam Ose and Robert Schoene), one female having graduated. Of course, this is
part time work and students are transient, but I have managed to keep individual students
for 2-4 years. At Purdue, two undergraduate students have made extensive measurements of
the reflectivity on the inside of SS tubes. This work by Abe Spinelli and Alvin Laasanena
is critical: if we have a tube solution for the geometry, many geometric designs are easily
possible.
The achievement of broad impact to enhance scientific and technological understanding and
potential benefits to society at large is obtained, in these small high energy physics groups,
by sending students out into the world to workshops and conferences. Last year, Oleksiy
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Atramentov (beginning graduate student) brought Oesa Walker and Rohit Nambyar (undergraduates) to the Cornell Workshop where he gave a talk and Oesa and Rohit watched. In
my experience, the best outreach is when students talk to other students.
Results of Prior Research The request for funds last year included work on calculations,
measurements of reflectivity, specific studies of metallic reflective surfaces, overall design of a
luminosity monitor, and studies of performance. We have achieved most of these.
1. We have built a setup for the absolute measurement of reflectivity at grazing incidence
using what we believe is a new technique. We make a very narrow, collimated light
beam that bounces off one mirror at angle θ and we count photons with a fast PMT,
discriminator and scaler to get a number proportional to R, the reflectivity. A second
identical parallel mirror is driven by a screw so that the beam reflects three times, and
we count a number proportional to R3 . A further displacement of the movable mirror
brings five reflections, for R5 . This is all at fixed θ, with no movement of the PMT, light
source, or first mirror. From these measurements of Rn we are over-constrained and can
extract the single bounce reflectivity. This work is all done by Robert Schoene.
2. We have spent much time and effort trying to get geant4 to handle all the generation
and reflection of light without success. There are clearly bugs in geant4, and we have
recently returned to geant3 and will use it. Using our own detailed and exact generation
and propagation of light, we have calculated the energy resolution and photoelectron (pe)
response of a gas calorimeter in which reflecting stainless steel (SS) tubes are the light
conduits, and these calculations yield about 5% energy resolution at 200 GeV for an
iron (Fe) absorber. Further calculations will be for tungsten (W) with the hex geometry.
This work has been done by Youn Roh and Rohit Nambyar.
3. We have searched widely for methods and processes for the manufacture of highly reflecting metallic surfaces, which is essentially equivalent to a very smooth metallic surface.
Ordinarily, this is accomplished by mechanical polishing, and this can be done commercially1 , and we have also succeeded ourselves with small areas, but we are searching for
a process with better control over uniformity and cost. The processes we have studied
and rejected are: (i) ion beam melting of the surface (IBEST, Sandia Labs); (ii) electropolishing and electroplating;2 (iii) metallic glasses;3 (iv) replica techniques;4 and, (v)
various forms of polishing of SS, brass and aluminum.
Presently, we are communicating with New Castle Industries on their ’chill roll’ process
for producing large, uniform, controlled and very smooth metallic surfaces of any kind.
This looks promising, but also expensive.
4. Extensive measurements of the net reflectivity down SS tubes, both small diameter for
the interior of the calorimeter and larger diameter for the transport of light to the photodetectors, has been done at Purdue by undergraduate students Abe Spinelli, Matthew
Barnett and Alvin Laasanena with Virgil Barnes. Some of this work was reported at
the SLAC meeting in Jan. 2004.5
1

For example, by Finished Surfaces, a local company in Chicago.
Poligrat, GmbH, Munchen, DE.
3
Liquidmetal Technologies, Lake Forest, CA, Science News, 166, Nov. 6, 2004, ”Metal Makeover”, p.298.
4
J. Diebel, et al., ”Fabrication of large-scale ultra-smooth metal surfaces by a replica technique”, Appl. Phys. A
73 (2001) 273.
5
www-conf.slac.stanford.edu/alcpg04/WorkingGroups/ BeamDeliveryInteractionRegion/Virgil-SLAC-Jan04.pdf
2
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5. We gave a talk at the April 2004 Paris meeting on the Linear Collider and written a
critical paper on five technologies for the forward region. Two other talks were given on
dual-readout fiber calorimetry and on the reconstruction of W → jj and Z → jj.
6. We have made extensive studies of the energy pattern in this gas calorimeter using
the calculated input of low-energy e, γ that will hit the front face,6 and attempted to
reconstruct the beam electron. Attempts were made to reduce the background e, γ by
inserting various depths of W absorber. More work is required here.
7. Samples of metallic reflectors have been obtained by us from Sandia, Finished Surfaces,
and local researchers in the Ames Laboratory, and tested in our lab. This work has been
done by Sam Ose and Robert Schoene.
This work was done under the LCRD grant to ”An Explicitly Radiation-Hard Gas Calorimeter
for Bunch-by-Bunch Luminosity Measurement at the Next Linear Collider”, covering the
period from June 2004 to May 2005.

Talks at LC meetings
1. Oleksiy Atramentov, ”Update on Calorimeter”, Linear Collider Retreat, SLAC/Santa
Cruz, June 2002.
2. Oleksiy Atramentov, ”Fast Gas Luminosity Monitor: Progress Report”, American Linear
Collider Workshop, Cornell, 13-16 July 2003.
3. Oleksiy Atramentov, ”Simulation of a Gas Calorimeter”, Fermilab, Geant4 International
Workshop, October 2003.
4. John Hauptman ”Gas Calorimeter as a Luminsoity Monitor”, Linear Collider Workshop,
SLAC, 7-10 January 2004.
5. John Hauptman, ”Dual Readout Calorimeter”, SLAC, ibid.
6. Virgil Barnes, ”Mirror Finish: Stainless Steel Tubes for Gas Calorimetry”, SLAC, ibid.
7. John Hauptman, ”Review of Luminosity Calorimeter Technologies”, Intl. Conf. on
Linear Colliders, Paris, 19-23 April 2004.
8. John Hauptman, ”Dual Readout Calorimetry”, Paris, ibid.
9. John Hauptman, ”Importance of W → jj”, ibid.
Publications
1. ”Review of Luminosity Calorimeter Technologies”, proceedings of the Intl. Conf. on
Linear Colliders, Paris, 19-23 April 2004.
2. ”Dual Readout Calorimetry”, proceedings, Paris, ibid.
3. ”Importance of W → jj”, proceedings, ibid.
This request is for a continuation of this work on a novel, but difficult optical calorimeter.
6

Calculations and data file from Takashi Maruyama, SLAC.
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Facilities, Equipment and Other Resources
At ISU we have three laboratory rooms, one a ’clean room’ for the optical measurements,
one a hardware lab room for mechanical equipment, and a third for mostly computers and
people.
The university supports a High Performance Computing (HPC) cluster that we use extensively
and at esentially zero cost to us, for all of the geant work and any other compute-intensive
work.
The Chemistry Department maintians an excellent machine shop that we have used (at $20/h)
for many small equipment projects, and we would use this shop for mounting the metal mass
inside the gas volume for this calorimeter.
At Purdue, laboratory space, shop facilities and computing infrastructure exists for this
project.
FY2005 Project Activities and Deliverables We will have a conceptual design for the
reflecting surfaces, the geant3 code will be finished for the hex geometry (already works for
tube geometry), and full measurements of the SS tube option. We will continue throughout
the year to search for viable technologies to produce highly smooth metallic surfaces.
FY2006 Project Activities and Deliverables Construction and assembly of a beamtestable module, light transport measurements; physics simulations of performance, both as
a luminosity monitor at ±3m and as an ’instrumented mask’.
FY2007 Project Activities and Deliverables Assembly of final module for test, purchase of fast PMTs, and beam test of module. The configuration of the module and its
readout will depend up its final use, and therefore we will be consulting with interaction
region and machine colleagues.
Budget justification: Iowa State University: The small-scale testing of reflecting surfaces,
identification of processes for the manufacture of metallic reflectors, and the calculations and
design of a module are all within the capabilites of this group. Most funds in the first and
second year are for hourly wage support of undergraduate physics majors ($8K/y), a month
of summer support for a beginning graduate student ($2K/y) and nominal equipment, travel
and supplies for a lab. (Most equipment, e.g. NIM bins and fast electronics, are borrowed
from Fermilab). In the third year we will purchase the metallic reflective absorber, assemble it
in the local machine, instrument with PMTs, and prepare for a beam test ($30K equipment,
$4K travel).
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Three-year budget, in then-year K$
Institution: Iowa State University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits(11.3%)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs(46% of TMDC)
Total direct and indirect costs

FY2005
0
2.0
8.0
10.0
0.2
10.2
2.0
2.0
2.0
0
16.2
6.5
22.7

FY2006
0
2.0
8.0
10.0
0.2
10.2
3.0
2.0
2.0
0
17.9
6.5
23.7

FY2007
0
2.0
8.0
10.0
0.2
10.2
20.0
4.0
2.0
0
36.2
7.5
43.7

Total
0
6.0
24.0
30.0
0.7
30.7
25.0
8.0
6.0
0
69.6
20.5
90.1

Budget justification: Purdue University: The manufacture of SS tubes as light conduits,
testing and measuring reflectivities, and the design and manufacture of (3cm)2 conduits for
the transport of light to PMTs is mostly done by undergraduate physics majors ($8k/y). In
the third year, funds are for construction of final conduits and preparation and testing of
components for a beam test ($12K equipment, $4k travel).
Three-year budget, in then-year K$
Institution: Purdue University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits (11.3%)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
0
0
8.0
8.0
0.2
8.2
2.0
2.0
2.0
0
14.2
5.6
19.8

FY2006
0
0
8.0
8.0
0.2
8.2
4.0
2.0
2.0
0
16.2
5.6
21.8

FY2007
0
0
8.0
8.0
0.2
8.2
6.0
4.0
2.0
0
20.2
5.6
25.8

Total
0
0
24.0
24.0
0.7
24.6
12.0
8.0
6.0
0
50.6
16.8
67.4

3.2

Luminosity, Energy, Polarization

3.2: R&D for luminosity monitor
(new proposal)
Luminosity, Energy, Polarization
Contact person
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Institution(s)
META (Turkey)
INFN (Italy)
Fairfield
Iowa
Bogazici (Turkey)
Cukurova (Turkey)

New funds requested
FY05 request: 27,610
FY06 request: 30,120
FY07 request: 25,100

3.2
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Project name
R&D for luminosity monitor
Classification (accelerator: subsystem)
IPBI / Accelerator
Institution(s) and personnel
University of Iowa, Department of Physics and Astronomy:
Yasar Onel (professor) Co-PI, E. Norbeck (professor), J.P.Merlo, A.Mestvirisvili,
U.Akgun, A.S. Ayan (post-docs), F. Duru, J.Olson (grad.students), I.Schmidt
(Mechanical Engineer), M.Miller (electronics engineer), E.Berry, D.Monner ( undergrad.
scholars)
Fairfield University, Department of Physics:
Dave Winn (professor) Co-PI, V.Podrasky (engineer), C.Sanzeni (programmer)
Bogazici University, Department of Physics, Istanbul, Turkey:
Erhan Gülmez (professor)
Cukurova University, Department of Physics, Adana, Turkey:
Gulsen Onengut (professor)
METU, Department of Physics, Ankara, Turkey:
Ramazan Sever (professor)
INFN-Trieste and University of Trieste, Department of Physics, Italy:
Aldo Penzo (professor)
Contact person
Yasar Onel
yasar-onel@uiowa.edu
(319)335-1853
Project Overview
Introduction:
The forward angle calorimeter for the LC will have large counting rates and be exposed
to large radiation doses, of the order 1.0 Grad/yr. The forward detector region is shown
in figure 1 and Ref [1]. The luminosity detectors are needed for a) Pair-LuMon region
from 6-36 mrad for luminosity tuning. (Electron and positron are low energy ~1 GeV)
and b) Instrumented mask region from 36-117 mrad for determining absolute luminosity
from Bhabhas (high energy). This concept is discussed in ref [2].
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We will explore two types of detectors, the PPAC (low pressure Parallel Plate Avalanche
Detector) and the SED secondary emission detector.
PPAC
A calorimeter, made of PPAC, consists of heavy metal absorber, in which the shower
develops, and detectors to sample the intensity of the shower.
The proposed research will develop a new type of detector that is fast (sub-nanosecond)
and not subject to radiation damage. The electrical signal is generated and amplified in
the detector itself. There is no need for photodetectors for PPAC.
The interior of the PPAC detector is a low pressure gas or vacuum and so must have
heavy walls to withstand the atmospheric pressure. These walls will be chosen to match
the material of the absorber so that they constitute part of the absorber.
A typical PPAC is two flat plates separated by 2 mm with a voltage of 750 V between
them with a filling gas of 20 torr of isobutane. The charged particles passing through the
gas produces ionization and the multiplication is achieved by applying a sufficiently large
voltage to cause each electron to produce an avalanche. The avalanche results in current
gains of 104 to 105.
For use in a calorimeter it is better to have two heavy, grounded plates to withstand the
pressure and a single, thin plate at high voltage between them. To test the performance of
the detector we will make a double PPAC in which there are three thin plates, the middle
one grounded. Signals are taken from the two thin plates at high voltage. A comparison
of the signal from the two sides allows a measurement of the energy and time resolution
of the detector.
The following is the proposed course of action for testing the performance of the double
PPAC:
1. Test of PPAC at the Advanced Photon Source using 80 ps pulses of 7 GeV electrons
to create electromagnetic showers.
Electromagnetic showers will be generated by allowing the halo of the beam to strike
the edge of the beam pipe. The number of electrons contributing to the shower can be
varied by small changes in the beam-line magnets. Since all of the electrons in the
bunch are essentially simultaneous the shower will appear in the detector as if it were
caused by a particle of arbitrarily high energy. This test will be done with a double
PPAC, two PPACs in series so that the same shower goes through both detectors. We
expect excellent energy resolution. The PPAC signal from a shower is generated by
hundreds of simultaneous but independent ionization events.
2. Search for a gas to use in a PPAC that will not be subject to aging problems.
A PPAC can be constructed of materials that are extremely resistant to radiation, i.e.
metals and ceramics. However under extreme radiation conditions isobutane will
polymerize to form non-volatile materials. These can be removed by cleaning the
detector, but it would be better if they were not formed in the first place. There are a
number of promising gas mixtures. We are confident that we can find one that, if it
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does not cure the problem entirely, will at least be better than isobutane.
E. Norbeck has had considerable experience with low-pressure gas detectors. Part of
this experience is given in his paper on heavy gases in charged particle detectors
[Nucl. Instr. and Meth. A314 (1992) 620.]. We will construct a simple PPAC with a
collimated alpha source inside for testing the various gas mixtures.
3. Wall materials
We will do simulations to determine the material for the walls of the detector that will
result in the best signal. A secondary emissive surface, as described below, may lead
to better performance of a PPAC.
Secondary Emission Detector
This method collects an amplified secondary emission signal resulting from absorbed
radiation sampled in a shower. The basic detector concept consists of absorber plates
interspersed with secondary emission surfaces followed by sheet dynodes. The R&D will
investigate: (A) materials to obtain high secondary emissive surfaces for mips, based
largely on SEM monitors used for accelerator beam diagnostics, and various dynode
technologies, based on new planar PMT dynode technologies (electrochemically etched
metal dynodes, others) appropriate for gains of few x 1000 per secondary electron; (B)
GEANT Monte Carlo of predicted performance based on the results of (A); (C)
Engineering Point Designs for assembly, vacuum integrity, signal presentation, and costs;
(D) Construction & Tests (including raddam) of a single secondary emission detector
package at least 5cm x 5cm square.
It is well-established that many secondary emission surfaces are radiation-hard. Typical
Sb- coated SS dynodes (g~5) used in most PMT today survive 50-100 GRad of internal
electron bombardment, and MgO or BeO dynodes survive higher doses, albeit at lower
yield (g~2.5-3). Similar surfaces are used to monitor accelerator beams at high doses. We
propose to use SEM surfaces to sample the shower caused by jets and particles in the
forward calorimeters. Secondary emission for a m.i.p. typically falls to a gain g between
g~ 1.1-1.5. Conservatively, we thus anticipate that 10% of through-going mips will create
one secondary electron, and 50% of electrons with energies less than 100 keV will
produce one extra secondary electron. On this basis we estimate, by scaling from
scintillator or quartz fiber calorimetry, that with 2.5 cm thick sampling plates in Cu we
would detect >10 vacuum secondary electrons/GeV. With a gain of ~1000, this would be
sufficient for forward calorimetry (the equivalent of ~1 p.e./GeV, with an intrinsic pregain fluctuation of ~30% per p.e., to translate to optical calorimetry), with excellent
timing characteristics.
A default gain mechanism is to use large area planar metal dynodes with micro-machined
apertures for secondary electron impingement and transport, such as metal meshes, or
structures similar those used in the Hamamatsu R5900. The micromachining is a
relatively low-cost electrochemical etch. The planar dynodes can be made from ~1 mm
thick metal sheets as large as 50 cm on a side. An assembly might use simple insulating
supports between secondary emission cathode, dynode and anode plane. The areal size in
not a restriction as in a planar PMT assembly, where the glass window thickness becomes
prohibitive if the span is unsupported, whereas a metal thickness could be made sufficient
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for any vacuum and be counted as part of the absorber, and the presence of internal
supports of the vacuum envelope (non-glass window) are not as disruptive as in a PMT.
For example, the supports might obscure as much as 10% of the SEM cathode or dynode
(on a few cm areal scale), with little effect on the performance of a forward calorimeter,
as the effective open detection area is not as critical as in a PMT for single photon
detection. In one realization, for example, the sem cathode, mesh dynodes, and anode are
all supported by simple stackable ceramic support grids, fired from a molded greensheet.
The dynodes can be spaced at ~1 mm apart, as in modern PMT. Given that a 10 stage
PMT at 2 kV typically has a gain of 106, a 5 stage gain section with g=1,000 at 1 kV is
reasonable. The SEM cathode, dynode stack, and anode could be less than 1 cm thick. A
simple metal package could use ~5-15 mm thick plates on top & bottom to withstand
vacuum over a 30+ cm span, with a 1 mm thick x 1 cm deep metal wall between them,
with a brazed ceramic fitting on the anode side for the HV and signal. As an example, an
effective 2.5 cm Cu thickness with an effective 1 cm of vacuum SEM detector would
have a density ~ 70% of Cu. A tile might be ~3.5-4 cm thick, with a ~30 cm major
diameter, in square or hexagonal cross-section to the beam, or even as sectors, with the
anode segmented appropriately for the polar-angle sectors, and with appropriate bias for
signal and HV to pass through a stacked calorimeter. With care, the dead region between
tile edges could be as small as 3-4 mm, which could be ameliorated by alternating
overlap in subsequent longitudinal tiles.
For the phase I R&D on this project, we propose studying the possibility of this to a
sufficient level where information on performance and cost are sufficient to enable a
decision to build a prototype calorimeter in subsequent proposal phases. The R&D will
investigate: (A) materials to obtain high secondary emissive surfaces for mips, based
largely on SEM monitors used for accelerator beam diagnostics, and various dynode
technologies, based on new planar PMT dynode technologies (electrochemically etched
metal dynodes, others) appropriate for gains of few x 1000 per secondary electron; (B)
GEANT Monte Carlo of predicted performance based on the results of (A), for response
of incident electrons between ~10 MeV – 250 GeV, including secondary electron optics;
(C) Engineering Point Designs for assembly, vacuum integrity, signal presentation, and
costs; (D) Construction & Tests (including raddam) of a single secondary emission
detector package at least 5cm x 5cm square.
We will be collaborating with the group of Dr. M. Woods/SLAC and Eric Torrence/U.
Oregon on this research.
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Institution
Iowa
Iowa
Fairfield
Iowa
Fairfield
Fairfield
Iowa
Iowa
Fairfield

Item
Partial support for post-doc
Partial support for grad. student
Support for undergrad. student
Detector/Raddam testing/operations
Detector/Raddam testing/operations
Secondary Emission Detector Package
Engineering
Travel
Travel
Indirect cost @ 25.5%
Grand total

Figure 1:
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FY04
$16.0k
$3.0k
$3.0k
$ 5.61k
$27.61k

FY05
FY06
$8.0k
$5.0k
$5.0k
$10.0k
$6.0k
$3.0k
$2.0k
$3.0k
$2.0k
$ 6.12k $ 5.1k
$30.12k $25.1k
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3.4: Extraction Line Energy Spectrometer
(renewal)
Luminosity, Energy, Polarization
Contact person
Eric Torrence
torrence@physics.uoregon.edu
(541) 346-4618
Institution(s)
Oregon
Funds awarded (DOE)
FY04 award: 24,000

New funds requested
FY05 request: 38,467
FY06 request: 42,077
FY07 request: 0
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Extraction Line Energy Spectrometer
Classiﬁcation (subsystem)
Machine-Detector Interface
Personnel and Institution(s) requesting funding
Eric Torrence (professor), University of Oregon
Project Leader
Eric Torrence
torrence@physics.uoregon.edu
+541.346.4618
Project Overview
A measurement of the absolute collision energy with a relative precision approaching 10−4 is a
critical component of the linear collider physics program. Measurements of the top quark and
Higgs boson masses to 50 MeV can only be performed if this level of precision is achieved. We
propose a two-year program to complete the conceptual design of a downstream beam energy
spectrometer capable of this level of precision, initial beam tests to validate this design, and
simulation studies to show how this beam energy measurement can be combined with other
available information to determine the luminosity-weighted collision energy.
The downstream spectrometer design is based on the WISRD spectrometer which provided a
continuous absolute energy scale measurement with a precision of 2 × 10−4 during the eight
years of SLC operation at SLAC.[1] In the WISRD scheme, shown in Figure 1, two horizontal
dipole magnets produce stripes of synchrotron radiation that are detected at a downstream
wire array. The separation between these stripes, provided by the bending of a third vertical
dipole magnet, is then inversely proportional to the beam energy.
In the current strawman design for the ILC, we propose to insert a chicane or bump in the
extraction line and use wiggler magnets to produce the signal synchrotron stripes. The detector plane would be constructed from quartz ﬁbers which would detect Cherenkov radiation
from secondary electrons produced by the incident synchrotron radiation. The advantages of
quartz ﬁbers over wires include simple readout with multi-anode PMTs, reduced RF pickup
from the beam passage, and a natural energy threshold at 200 keV.
In addition to the design and optics layout in the extraction line for the ILC spectrometer,
we propose to test the detection of O(1 MeV) photons via secondary electron Cherenkov
radiation in quartz ﬁbers with a dedicated beam test at SLAC End Station A (ESA). This
test is envisioned in FY05 or FY06, and is the ﬁrst step towards a full-scale spectrometer
prototype which we would foresee in roughly ﬁve years time.
This work is being proposed as a single component of a broader coordinated eﬀort to provide
the beam instrumentation necessary for the LC physics program. The downstream spectrometer is seen as a complimentary eﬀort to the upstream BPM-based spectrometer which
is being pursued by other groups. In addition, the critical question of how to stitch together the various beam-based measurements and physics reference reactions to determine
the luminosity-weighted collision energy at the interaction point must also be answered. Coordination of a world-wide eﬀort to demonstrate an answer this question by the end of this
year is also part of this proposal.
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Figure 1: The SLC WISRD energy spectrometer
Broader Impact
An important part of the linear collider research which has been performed at the University
of Oregon is the involvement of undergraduate Physics students in the research and design
process. Three undergraduates have been directly involved in the spectrometer project over
the last two years, and all three have made important contributions to the design. The
ﬁrst, Paul Csonka, actually built by himself the prototype quartz ﬁber detector which will
be tested at SLAC ESA. The other two, Brooks Harrop and Matt Sternberg, have played
central roles in the design of the ESA beam test and the ILC extraction line spectrometer
respectively. We intend to continue to use undergraduate students as in integral part of
this project, providing an important and unique opportunity for our students to learn HEP
techniques and participate in HEP research.
This project was one of the ﬁrst test beam proposals made to SLAC to use the ESA facility
as a test-bed for linear collider beam instrumentation and other tests related to the LC
interaction point.[2] This initiative, organized by Torrence and Mike Woods (SLAC) is viewed
as an important eﬀort to build up the ESA capabilities for test beams and make the lab aware
of the interests and needs in this area within the LC community.
Results of Prior Research
This project has been funded since FY03 by DOE with University LC R&D funds. In that
time, we have constructed a prototype quartz ﬁber detector with eight 100 micron ﬁbers and
eight 600 micron ﬁbers on a 1 mm pitch read out using a Hamamatsu R6568 (16 channel)
multi-anode PMT. Figure 2 shows the R6568 with the 16 ﬁbers from the prototype detector
coupled in from the right. This detector is intended to be installed in ESA sometime this year.
The primary motivation is to measure directly the yield of Cherenkov photons to validate the
Monte Carlo models needed to design the ILC extraction-line spectrometer. A secondary
motivation is to test the detector design and look for other unexpected sources of background
in the detector. Possible examples include stray beam particles, scintillation, or RF pickup.
We have also assembled a small test-stand with light box to test various coupling schemes
of quartz ﬁbers to MAPMTs. Some eﬀorts were made to measure the yield of Cherenkov
photons in 100 micron quartz ﬁbers using a miniature cosmic ray telescope. These initial
tests showed that Cherenkov photons were being produced, but work continues to improve
the system such that quantitative measurements of the yield can be performed.
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Figure 2: The PMT used to read out the prototype Quartz ﬁber detector is shown.
Work has also progressed in association with Mike Woods and Ray Arnold at SLAC on the
speciﬁc design of the ESA beam test (SLAC T-475).[3] To reduce costs, half of a chicane
(two dipoles) would be constructed using recycled SPEAR 10D45 dipoles. These magnets
will provide a dogleg in the high-energy ESA beam, and synchrotron radiation would be
produced using an old SPEAR wiggler magnet which can also be salvaged. The critical
energy of the wiggler magnet is 0.9 MeV for a 29 GeV electron beam which is adequate to
produce a detectable Cherenkov signal through Compton electrons produced in material near
the ﬁbers. The expected backgrounds from the bend magnets, with critical energy of around
0.1 MeV, is essentially zero.[4] The layout of the ESA test program including T-475 is shown
in Figure 4. Exact details of cost and schedule are currently being worked out.
In addition, work has begun using the extraction line optics decks produced at SLAC for the
ILC strawman beam delivery design to asses the ILC spectrometer performance and provide
feedback to the optics design. The current extraction line, produced by Yuri Nosochkov at
SLAC, is shown in Figure 3. The ﬁrst bump would be the location of the spectrometer dipoles
and wigglers. This spectrometer bump has been separated from the polarimeter chicane in
this design to allow the synchrotron radiation detectors to be situated near the secondary
focal point.
Facilities, Equipment and Other Resources
The University of Oregon has a well equipped machine and electronics shop which has been
used to construct the prototype quartz ﬁber detector. The capabilities of this shop include
high-vacuum fabrication, and if necessary the complete detector and beampipe package can
be constructed locally at Oregon. In addition, we plan to use the existing capabilities of
SLAC End Station A, including data acquisition infrastructure, along with technical support
provided by SLAC to provide the beam for this test.
Some of the Oregon research staﬀ resident at SLAC, namely Nick Sinev and Olya Igonkina,
will likely be enlisted to support the installation and operation of the equipment in the T-475
beam test.
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Figure 3: Current ILC extraction line layout for 20 mRad crossing angle.
FY2005 Project Activities and Deliverables
There are three speciﬁc tasks scheduled for FY05.
First, the conceptual design of the extraction line spectrometer will be completed. The
current optics deck will be translated into a Geant4 description as part of the BDSIM project
lead by Grahame Blair of Royal Holloway. We will use this code to assess the spectrometer
performance, expected resolution, and backgrounds for realistic disrupted beams simulated
by GuineaPig. From the results of this simulation work, the design will be iterated until the
necessary energy resolution can be achieved.
Second, the prototype detector which has already been built will be prepared to be installed
in SLAC ESA. It is not clear at this time whether the actual test beam will be run during
FY05 or FY06, but ﬁnal preparations including construction of a detector stand on a movable
stage can be ﬁnished this year.
Third, an eﬀort has begun to demonstrate in a Monte Carlo exercise that the combined information available in detectors like the downstream spectrometer combined with the physics
reference reactions like Bhabha scattering actually provide all of the information necessary
to measure the luminosity-weighted collision energy to the precision needed for the physics
program. The idea is extract the luminosity spectrum using only experimentally available
information and then use this extracted spectrum to calibrate a measurement of some physics
reference reaction, like the Higgs boson mass. By investigating this process under a variety
of simulated machine operating conditions and possible operational pathologies, we intend to
verify that this procedure is robust against machine conditions. This work, currently being
coordinated by Torrence and Stewart Bogart (UCL), is expected to have completed a ﬁrst
round by the Snowmass meeting this Summer. More detailed iterations on this study will
likely continue in FY06.
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Figure 4: Layout of end station A including magnets for T-475 at the far downstream end. The
quartz ﬁber detector will sit an additional 30 meters downstream.

FY2006 Project Activities and Deliverables
The downstream spectrometer is also an ideal place to measure the energy width of the
machine, along with tracking the long energy tail produced by the disruption at the collision
point. In the second year of this proposal, it is foreseen to extend the design study in the
ILC extraction line to include the performance of this device to make beam energy width
measurements and measurements of the long disrupted energy tail. It is also expected to
develop a more detailed detector simulation within Geant4 and begin the process of evaluating
the backgrounds expected in this device.
The ability to measure the energy proﬁle of the disrupted beam directly with the downstream
spectrometer would open up a potentially useful diagnostic of the collision properties of the
machine at the interaction point. Initial Monte Carlo studies by one of our Graduate Students
(Jeﬀ Kolb) indicates that there may be enough information in this disrupted energy tail to
correct for collision biases at the interaction point, although this study was essentially done
at the MC truth level. Once a realistic simulation of the extraction line and spectrometer
detector is available within Geant4, this study can be revisited with more realistic conditions.
It is very likely that the ESA beam tests will not actually run until FY06, or a second
prototype detector constructed based on what is found in the ﬁrst tests. We already have
an 64 channel PMT (H7546) from which we would like to build a more realistic prototype
detector with 64 wires arrayed on a ﬁner pitch. In addition to the quartz ﬁber detector, it
is foreseen to have a diagnostic detector imaging the visible synchrotron light onto a gated
CCD camera upstream. Interested collaborators in this project have been identiﬁed, and
we are currently discussion how best to coordinate this interest into the eﬀort. This visible
synchrotron light could potentially also be used to measure the beam energy directly, or it may
be a better detection technology to measure the beam energy width. Imaging synchrotron
light has been used at LEP and ESA for some time as a monitor of bunch size and energy
proﬁle, but signiﬁcant technical problems remain in making a calibrated absolute position
measurement using this sort of device.
In the long term, the goal is to produce a full-blown spectrometer prototype running in
ESA which demonstrates the 10−4 goal of the ILC physics program. This work would be
coordinated in conjunction with the BPM spectrometer eﬀort such that the two devices can
be directly compared to each other. Funding for this work is not currently being requested,
as this is seen as coming several years in the future.
Budget justiﬁcation
We are requesting support for two undergraduate students and half of a graduate student to
continue the design work which has been ongoing at the University of Oregon. The other
half of the graduate student will either be supported by the University of Oregon physics
department as a teaching assistant, or will be funded out of our main DOE grant. In addition,
travel funds are requested in the second year ($600/student) to allow the undergraduates to
participate in a one-week test beam run at SLAC. Further funds are requested to allow
Torrence to more fully participate in the ILC Machine-Detector Interface activities which are
being held on the machine side. These funds (approx. $2500) would allow Torrence to attend
one additional meeting in Europe or Asia per year, such as the ILC Beam Delivery workshop
scheduled for 20-23 June in London.
Equipment money of $1800 per year is requested to build remaining hardware needed for the
ESA beam tests, including mechanical mounts for the detector and beam line elements to
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be installed in ESA. Some of this money will also be used to construct the second prototype
detector based on a 64 channel PMT which has already been purchased with previous LC
R&D funds.
Two-year budget, in then-year dollars
Item
FY2005
Graduate Students
20,325
Undergraduate Students
12,701
Total Salaries and Wages 33,026
Equipment
2,266
Travel
0
International Travel
3,175
Total costs (1)
38,467
(1) All costs include beneﬁts and 26%

FY2006
21,494
13,336
34,830
2,520
1,512
3,215
42,077
overhead

Total
41,819
26,037
67,856
4,786
1,512
6,390
80,544
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3.5: A Demonstration of the Electronic and
Mechanical Stability of a BPM-Based
Energy Spectrometer for the International
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A Demonstration of the Electronic and Mechanical Stability
of a BPM-Based Energy Spectrometer for
the International Linear Collider
Classification (subsystem)
Machine-Detector Interface
Personnel and Institution(s) requesting funding
Michael D. Hildreth, University of Notre Dame
Collaborators
Yury Kolomensky, Lawrence Berkeley National Laboratory and University of California,
Berkeley
Ray Arnold, Joe Frisch, Marc Ross, Peter Tenenbaum, Mike Woods, Stanford Linear Accelerator Center
David Miller, Alex Ljapine, University College London
David Ward, Mark Thomson, Cambridge University
Project Leader
Michael Hildreth
mikeh@undhep.hep.nd.edu
(574) 631-6458
Project Overview
This proposal seeks to demonstrate that a BPM-based Energy Spectrometer can be built
which is both compatible with the ILC accelerator and can meet the energy measurement
requirements driven by the ILC physics program.
Much of the physics of the future e+ e− Linear Collider will depend on a precise measurement of the center-of-mass energy (ECM ), the differential dependence of luminosity on energy
(dL/dE), and the relationship between these two quantities and the energy of a single beam
(Ebeam ). Studies estimating the precision of future measurements of the top mass[1] and the
higgs mass[2] indicate that a measurement of the absolute beam energy scale of 50 MeV for
a 250 GeV beam (δEbeam /Ebeam ∼ 1 − 2 × 10−4 ) will be necessary to avoid dominating the
statistical and systematic errors on these masses. If precision electroweak measurements become necessary, the requirements on the beam energy measurement are even more stringent.
Studies of a scan of the W W pair production threshold[3] have shown that an experimental
error of 6 MeV may be possible, implying a needed precision of δEbeam /Ebeam ∼ 3 × 10−5 (and
likely an alteration in accelerator parameters to control dL/dE). Provisions must be made in
the overall accelerator design to provide adequate beamline space for the devices which will
provide these energy measurements. Moving accelerator components well after construction
in order to provide additional space for energy measurement instrumentation is likely to be
both extremely disruptive and extremely expensive. We are in a situation, however, where no
direct energy measurement technique except resonant depolarization (RDP)[4] has provided
an energy determination of sufficient precision. Since RDP will not work in a single-pass
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collider, spectrometer techniques must be developed which meet the specifications demanded
by physics measurements.
Previous experimental requirements on precision energy measurements at electron-based accelerators have led to the development of several techniques. At Jefferson Lab, wire scanners,
etc.[5] have been used to provide a precision of δEbeam /Ebeam ∼ 1 × 10−4 at beam energies of
about 4 GeV. At higher energies, dedicated magnetic spectrometers have been constructed.
At the SLC, the WISRD (Wire Imaging Synchrotron Radiation Detector)[6] was used to measure the distance between two synchrotron stripes created by vertical bend magnets which
surrounded a precisely-measured dipole that provided a horizontal bend proportional to the
beam energy (∼ 45 GeV). This device reached a precision of δEbeam /Ebeam ∼ 2 × 10−4 , where
the limiting systematic errors were due to the relative alignment between the three dipole
magnets and background issues associated with measuring the precise centroids of the synchrotron stripes. At LEP2, a magnetic spectrometer was incorporated into the LEP ring[7].
A precise map of the magnetic field at a series of excitations allowed a comparison of the
nearly-constant bend angle across a range of LEP beam energies[8]. Since a precise calibration using RDP at the Z 0 pole was possible, the spectrometer provided a relative energy
measurement between this lower point and and physics energies (∼ 100 GeV). In this case,
standard LEP Beam Position Monitors (BPMs) fitted with custom electronics were used to
provide the angle measurement. This spectrometer has provided an energy determination at
LEP2 energies of δEbeam /Ebeam ∼ 2 × 10−4 , where the dominant errors have come from the
stability of the BPM electronics.
As can be seen from the above results, ILC physics may require between a factor of 5 and 10
more precise energy determination than has been achieved with existing techniques. Bridging this gap is an essentially-technical challenge, where clever engineering solutions to the
problems of nanometer-scale stability and resolution will be necessary. We need to develop
a prototype support and position-monitoring system for the “magnetic spectrometer” option for Energy measurement, and, coupled with RF-BPM development at LBL and SLAC,
a prototype BPM-based energy spectrometer which can demonstrate the required accuracy
and stability in an electron beam test. The end goal of the proposal is the design of a
magnetic-spectrometer-based Energy Measurement system for the ILC which can reach the
desired precision. The “magnetic spectrometer” option is chosen as the focus primarily because it may be the only technique capable of achieving this goal in a position upstream of
the Interaction Region, where manipulation of the beam phase space is very restricted.
The need for tests of this nature is becoming critical as the Global Design Effort progresses,
since it directly impacts the design of the ILC Beam Delivery System. As elaborated below,
the allowed emittance growth in the chicane is a primary design parameter and requires
design iteration with the optics experts currently laying out the accelerator components in
this crucial region of the machine. The constraints provided by the available space and the
limits on modifications of the beam parameters drive the stability and resolution requirements
of the spectrometer components. However, if tests show that these tolerances are not feasible,
the accelerator insertion will need to be redesigned. Test beam plans for the near future are
discussed below.
Energy Spectrometer Overview
As summarized in Figure 1, a magnetic spectrometer at the LC will consist of a chicane of
dipoles which deflect the beam for an energy measurement and return it to the lattice. In
order to make an absolute, stand-alone energy measurement, the main dipoles will need to be
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Figure 1: A schematic outline of an accelerator dipole chicane which could accommodate a
BPM-based magnetic spectrometer at a future linear collider. The yellow rectangles denote
possible BPM locations.
turned “off”, in the situation shown at the center of Figure 1. Once the central BPM or BPMs
measure a straight line, the dipoles can be re-energized, and the deflection relative to the initial
straight line can be measured, determining the energy. Cycling the magnets between negative
and positive polarities (“dithering”), as shown in Figure 3 below, cancels several systematic
errors, especially that due to residual magnetic fields for the “straight line” measurement.
Comparisons between the straight-line and “dithered” measurements will also be necessary
to determine some systematic errors. To avoid hysteresis effects during operation, it is most
likely that these dipoles should be super-conducting rather than typical iron dipoles. The
BPMs external to the chicane are necessary to measure the incoming position and angle of
the beam.
In order to make the energy measurement, the BPM response/gain/calibration must be stable
over the time it takes to move the BPM or BPMs between the extrema of their excursions; the
position of each of the BPMs relative to the inertial straight line must be known with sufficient
accuracy and stability; and the BPMs must be able to be moved repeatedly and accurately
over length scales of order 1cm with a precision of tens of nanometers. This proposal seeks
to demonstrate the feasibility of each of these conditions in the context of deriving an overall
design for a BPM-based spectrometer that is consistent with the ILC Beam Delivery lattice.
Prototyping the Mechanical Stability of a BPM-based Energy Spectrometer breaks down into
three natural stages:
1. establishment of a reference “straight line” optical or mechanical system to serve as the
reference line for the energy measurement; demonstration of its stability, sensitivity to
motion, and transverse measurement accuracy
2. design, fabrication, and testing of mechanical support structures and BPM movers to
ascertain their short- and long-term stability
3. addition of a BPM triplet or quadruplet to measure beam position, resolution, and
stability of position in a beam test. A dipole can then be added to prototype a full
spectrometer system.
Before presenting the proposed future research, a review of recent progress is necessary.
Results of Prior Research
Although no funding has been allotted to this effort, the project has made substantial progress.
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This has been driven by the urgency of the technology demonstration, and the need to interface with other R&D efforts, such as the nano-BPM test program at ATF[9].
SLAC End Station A Test Beam
In June 2004 a proposal for a test beam experiment at SLAC’s End Station A was submitted,
with myself as spokesperson[10]. This program, designated T-474, is intended to provide the
opportunity for a complete test of a BPM-based spectrometer system in a multi-year series of
short experiments, and is part of a larger test-beam program envisioned at End Station A[11].
It has as collaborators groups from SLAC, LBL, University College London, and Cambridge
University. This program has now been approved by SLAC; first beam is expected sometime
in early FY06. The initial program will include electronic stability tests of cavity BPMs that
were moved from the front end of the SLAC linac, looking at single and multi-bunch resolution
issues with the expected 337 or 168 ns bunch spacing. Some preliminary tests of mechanical
stability are also envisioned for this year, pending results of STS-2 seismometer[12] studies
scheduled for summer. Subsequent years will see the measurement of the mechanical and
electrical stability and their impact on the ultimate energy resolution of the spectrometer,
and a test of the entire energy measurement system. Monetary support for this effort is
necessary if I am to continue working on this program.
NLC BDS 1 TeV CM Configuration with Spectrometer Chicane

NLC BDS 1 TeV CM Configuration with Spectrometer Chicane
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Figure 2: Left: An overview of the twiss parameters for a 2004 version of the NLC Beam
Delivery System, which is very similar to the forthcoming ILC one. The collimation system
lies at the center of the left figure and the IP at the right; the Energy Spectrometer is around
the 1360 meter mark. Right: A closer view of the Spectrometer region. The total length
of the spectrometer insert here is approximately 37 meters. The large increase in dispersion
here is a small bump on the left plot, with a maximum of 1mm. This set of optics will be
modified in the final design to make the beta functions more symmetric in the Spectrometer
region and to provide larger dispersion.
Interferometric Position Monitoring
At Notre Dame, I have taken delivery of a ZYGO 4004-based interferometer system, originally
purchased by SLAC for the ATF nano-BPM effort. I am in the process of evaluating its
potential usefulness as a device to monitor the local position of a BPM-like mass. By summer,
I expect to have some results and a preliminary design for a “local” optical monitoring system
for a single BPM for use in the End Station A beamline.
Discussions have also begun with the Oxford LiCas[13] group, who are very interested in
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Figure 3: An example of an Energy Spectrometer chicane with a central dispersion of 5mm
and a bend angle of 233 µrad. The length of this chicane is approximately 55 meters. This
version, with longer initial and final dipoles, is being integrated into the ILC lattice.
developing a straightness monitor with nanometer resolution over distances approaching 1
meter transversely.
Optics Design
The exact details of the accelerator optics around the spectrometer have yet to be determined
(see FY2006 deliverables), and, as discussed above, will ultimately depend on the achievable
stability and resolution. A preliminary chicane has be designed by Peter Tennenbaum which
will allow the straight-ahead and deflected beams to pass through to the rest of the accelerator
with an acceptable emittance growth. The details are shown in Figure 2. As designed, this
chicane requires sub-100nm total BPM resolution and stability, which may be too stringent.
We have recently attempted to optimize this design further to relax the constraints on the
position measurement. An example of this is shown in Figure 3, where we have lengthened
the bends at the high dispersion point in order to minimize the emittance growth due to
the emission of synchrotron radiation and have changed the overall length of the chicane to
achieve more position deviation at the central point. A modified version of this example is
being implemented in the Beam Delivery System of the new ILC lattice. The question mark
on the diagram refers to the possibility of adding extra BPMs to over-constrain the beam
position measurement. Redundancy was an important part of the LEP spectrometer design
which turned out to be crucial in the final energy analysis[7]. This remains to be optimized.
Proposed Research
This proposal seeks to continue the line of research begun over the past two years until a
design for the BPM-based spectrometer exists whose parameters have been justified by test
beam data.
This work will include an iterative design procedure which takes into account the constraints
imposed by the parameters of the incoming beam and the induced emittance growth. Challenges are posed by external parameters, such as incoming beam current, position and angle
jitter, residual magnetic fields, and measuring and monitoring the integrated bend field in
all four dipoles. These effects will be confronted with the available, measured mechanical
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stability and the measured electronic stability and resolution of the BPMs. Only then can a
robust spectrometer with sufficient resolution be designed.
While the overriding concern of this proposal is the ultimate proof-of-principle and design of
the spectrometer itself, the specific focus of the Notre Dame effort is mechanical stability and
monitoring the positions of the beamline components. The establishment of an “straight”
line reference is most easily achieved optically in this case with a laser interferometer, which
can be set up under vacuum to minimize thermal effects. Monitoring of the relative positions
of the BPMs and the optical elements themselves can be achieved using the same techniques
that have been developed for the stabilization of the LC Final Focus quadrupoles at SLAC
and at the University of British Columbia[14] or the LiCas project[13]. We hope to benefit
by close collaboration with these groups. Local position measurements of the BPMs, from
either optical encoders or interferometric systems, will also be necessary, and we will pursue a
suitable solution to this problem as our first priority. Sensitivity tests in our lab at this stage
will require piezo movers of known calibration, and perhaps a capacitive position encoder.
Seismometers such as the STS-2[12] will also be tested for long-term stability.
For the geometry shown in Figures 1 and 3, the required BPM resolution and stability of
measurement is roughly 100-200 nm. Since RF-BPMs with a resolution of 25 nm[15] have
been used at the Final Focus Test Beam at SLAC and at the ATF, the necessary performance
in terms of pure resolution has been achieved. Stability over the measurement time, however,
has yet to be demonstrated. Development at LBL/Berkeley and SLAC will focus on these
issues, as they will provide the RF BPM components which complement the mechanical
systems outlined here. Ample tests of these parameters will be made at SLAC and at ATF
over the coming years. The tantalizing possibility exists that the BPM resolution will be
good enough to make a relative energy measurement along the bunch train for the full ILC
bunch with energy resolution much better than the average energy spread.
A crucial item for this project is the BPM movers. Designers for the magnet support structures
are currently considering a modified version of the FFTB magnet movers[16] to support the
magnetic elements in the Beam Delivery System. These are robust cam-driven movers capable
of positioning with little backlash at a precision of 0.3 µm. A re-design of these movers should
be possible to yield a mover with better precision and the longer travel distance required for
our applications. SLAC designers will act as consultants on the support stand design and
fabrication.
As detailed above, these systems will be subject to repeated testing in the End Station A
beam. Verification of position resolution and stability in a real beamline is essential for the
success of the spectrometer. Many beam-induced effects are possible (and were experienced
in building the LEP Spectrometer), such that significant beam test time will be necessary in
order to iterate on the electronic or mechanical systems if needed. Only then can one arrive
at a final design with sufficient performance. As well as contributing invaluable ideas and
insights throughout the process, our SLAC collaborators will provide logistical support and
coordination for the final stage of the project when beam tests occur, as is specified in the
test beam proposal.
Broader Impact
This project provides an ideal opportunity for students, particularly undergraduates, to gain
hand-on experience working on cutting-edge research. Already, two undergraduates are working in our lab at Notre Dame setting up the interferometer system, writing the VME data-
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acquisition code, and performing stability tests. The project requests support for summer
stipends for undergraduates to spend time at SLAC working on setting up the test beam
equipment and evaluating hardware, such as the seismometers.
The collaboration formed for this enterprise includes several groups from Europe who will
bring talented students, postdocs, and engineers into the project. This bolsters not only the
project itself but the real international partnerships that have formed to carry out the ILC
design and construction.
Facilities, Equipment and Other Resources This project will have access to SLAC End
Station A, with ancillary infrastructure provided by SLAC. This includes computing, data
acquisition, rigging, electricity, etc. Our lab at Notre Dame includes a VME-based test station
and an optical table and components for interferometry tests.
FY2005 Project Activities and Deliverables In 2005 initial tests will begin to determine appropriate methods of measuring the mechanical stability of the BPMs. Seismometers, interferometers, and other encoder methods will be studied. Development of appropriate
movers for the BPM positioning will begin. In parallel, an investigation of the potential locations of such a device in the accelerator lattice will be explored. The first deliverable is a
conceptual design of an appropriate way to monitor the local position and tilt of a BPM to
sub-100nm precision over long time scales. The second deliverable is a conceptual spectrometer design with an optics deck for the ILC design including the spectrometer chicane. This
prototype design should meet all accelerator constraints and should easily reach the design
goal of 10−4 energy precision subject to the expected stability and resolution.
FY2006 Project Activities and Deliverables The second year of the project will produce a prototype local position readback system for testing in the End Station A beamline.
Prototype designs for the overall “straightness monitor” will also be developed. The aim of
the End Station A tests in FY2006 will be to demonstrate electric and mechanical stability
in the beam at the 10−4 level. Procedures for measuring and monitoring the BPM gains will
be developed.
FY2007 Project Activities and Deliverables FY2007 will see the installation of a dipole
in the End Station A line for a prototype energy measurement. The straightness monitor, in
whatever form it takes, will be installed. A 10−4 energy measurement will be made, and compared to the synchrotron light spectrometer in the same beamline. Studies of BPM scanning
procedures will be made.
Budget justification: The first year’s experiments involve setting up the optical interferometer system and making some simple measurements. This will be accomplished by staff
members (not included here) with the help of an undergraduate. Sufficient equipment and
supply funds are included in order to purchase a vacuum system in which to run the interferometer, and piezo movers for testing. Travel funds sufficient for visiting SLAC are included
in all years.
The second year will involve mechanical design and fabrication of the straightness monitor
prototype and the local position readback system. Costs for engineering (1/3 FTE) and
fabrication are included. Manpower for mounting this effort will come from an undergraduate
student and a full-time graduate student as well as staff (not included).
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This level of staffing continues in the third year, as more components for the position monitoring will be needed for the final spectrometer test. As the construction progresses to a final
position measurement system, more and more of the equipment funds are capital equipment,
hence the lower indirect costs.
Three-year budget, in then-year K$
Institution: University of Notre Dame

Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
3
3
0
3
10
4
6
0
23
5
28

FY2006
30
22
3
55
6
61
30
4
5
0
100
33.5
133.5

FY2007
32
24
4
60
6.4
66.4
30
4
5
0
105.4
35.7
141.1

Total
62
46
10
118
12.4
130.4
70
12
16
0
228.4
74.2
302.6
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3.6
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3.6: Polarimetry at LC
(new proposal)
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Project Overview
Introduction:
A high (~80%) and precisely known electron beam polarization is considered as a key
feature at LC to detect and unambiguously interpret new physics signals [1]. Accurate
measurements of beam polarization will be needed. The goal for the precision
polarimetry is 0.25% as explained in [2]. Primary polarimeter is currently envisioned to
be similar to SLD polarimeter, measuring the asymmetry of Compton-scattered electrons
near the kinematic edge using a threshold gas Cherenkov counter. Our goal for this
proposal is to investigate alternate polarimeter schemes.
i)
ii)

use of a quartz fiber calorimeter (or counter) for either the Compton-scattered
gammas or electrons
W-pair asymmetry using forward W-pairs; determining forward detector
requirements to do this.

Following the remarkable success of Compton backscattering polarimeters [3] at SLC
and LEP, this method is a prime choice also at LC [4].
Detection schemes
The performance of electron polarimeters in the challenging environment at LC will
crucially depend on the detection schemes for scattered electrons or photons. Quartz
Fiber Calorimeters [5] have been proposed for a number of applications in extreme
experimental conditions of very severe radiation levels both at hadron and lepton
machines. Extensive studies have been carried out for the design of large detectors and
realistic beam tests on full scale prototypes [6] have been performed recently. In
particular, the Iowa group has been leading an effort aimed at building a very forward
QFC (HF) for the CMS experiment at LHC [7] since 1994. The available information and
know-how collected give evidence that such a type of detector would respond ideally to
the highest level of requirements for a LC polarimeter, as already demonstrated at SLC
[8]. QFC are radiation hard at the level of more than 2 Grad. The 0.2 MeV Cerenkov
threshold makes the detector insensitive to a large fraction of soft radiation. With high-Z
absorber material (for instance tungsten), the showers corresponding to high energy
electrons or photons are completely contained in a compact device. Their transverse size
is so small to provide an excellent position resolution and angle determination. The
flexibility in the QF arrangement and in the PM readout can be matched to the required
granularity for space resolution and density for energy resolution. The basic formalism
for Compton polarimeter is given in Ref [9].
R&D Program
Our R&D study of a QFC designed for a LC polarimeter will largely benefit from our
experience on the QF technology and the calorimetry properties of such devices. We
gained this experience in the design and tests of the prototypes for the HF calorimeter of
CMS. This extensive work background means substantial savings of time, efforts and
costs in case of a specific project for a LC polarimeter detector. We will begin our R&D
effort with studies and simulations to determine requirements for a QFC polarimeter and
investigate its systematics. We will compare single and multi-Compton operation, and
compare electron and gamma measurements. We intend to design and build a prototype
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QFC module of sub-millimetric granularity using multi-anode PMT (16 or 64 channels)
for the QF readout. The prototype will be tested over a broad energy range relevant for
scattered electrons and backward scattered photons.
We propose to perform detailed simulation and engineering studies during the first year,
to investigate the role of this calorimeter for the electron detection and electron energy
resolution and photon detection.
We hope to finalize the conceptual design of the polarimeter towards the end of the first
year, and during the second year, to start design-studies for W-pair asymmetry and we
will completer Compton polarimeter studies, hardware and beam test in the third year.
Conclusions
A QFC with optimized granularity and energy resolution for high energy EM Showers
appears to be an essential component of an electron beam polarimeter at LC. Its
advantages are radiation hardness, soft background rejection, good localization, and
directional precision as well as energy resolution. Our group has ample experience with
this type of detector, as well as with the use of multi-anode PMT [10]. Such accrued
competence gives us complete confidence in our ability to design, build and test a
prototype in order to demonstrate its suitability for polarimetry at LC in a timely and
cost-effective fashion.
Relevant Experience
· Project leaders Y. Onel and A. Penzo have worked in the field of Experimental
HEP Spin Physics and polarization for many years. They invented the “Spin
Splitter” concept to polarize anti-matter in a storage ring with Robert Rossmanith.
R. Rossmanith has also developed and designed the LEP polarimeter.
· Y. Onel and A. Penzo were co-spokesmen for the proposal on Nucleon Spin
Studies with polarized proton and anti-proton beams at FNAL (E863).
Onel/Penzo have edited two books in the field of spin/polarization physics,
namely Spin and Polarization Dynamic in Nucleon and Particle Physics (World
Scientific, 1990) and Trends in Collider Spin Physics (World Scientific, 1997).
· Y. Onel and A. Penzo were also involved in the Ultrafast Readout with multianode PMT development RD17 at CERN.
· Y. Onel and D. Winn have jointly proposed the quartz fiber calorimetry for the
CMS forward Calorimeter (HF) in January 1994 after prototyping the quartz fiber
calorimetry using SSC GEM closeout finds. There are now 6 U.S. and 9
international institutions (15 in total) in the CMS-HF group.
· The U.S. CMS HF group at Iowa was responsible for:
1- HF detector prototypes
a. Engineering design of prototypes and preproduction prototypes and
manufacturing the modules and components (in the machine shop at
University of Iowa.)
b. Engineering design and manufacturing of the Readout box for the
preproduction modules (in the machine shop at University of Iowa.)
c. Engineering design and manufacturing of the optical system for the
preproduction modules.
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d. Engineering design of the HF calibration system (LASER and LED) and
development of source calibration systems for the preproduction modules.
e. Production and engineering design of the HCAL LED drivers (HB, HE,
HO and HF) and manufacture of prototypes in the electronic shop at the
University of Iowa.
Selection and purchase of US quartz fibers in addition to the responsibilities of
procurement procedures, contracts, insurance, quality control at manufacturer
(CMS IN 2002/028) and delivery schedules and final delivery.
Fiber radiation damage tests and studies at Iowa LIL/CERN facilities
Selection and purchase of Photomultiplier Tubes (PMT’s) in addition to the
responsibilities of procurement procedures, contracts, insurance, delivery
schedules and final delivery.
Construction of the CMS-HF IOWA PMT test station facility.
Test and quality control of the HF PMT’s and maintenance of a web-based
database.
Design and construction of the HF light guides for the first two wedges (2 of 36)
in the University of Iowa machine shop. Procurement of the light guide material
for the remaining 34 wedges.
Design and construction of the source distribution mechanics, including source
tubing couplers and coupler pins in the (University of Iowa machine shop.)

Deliverables
We will concentrate on the Monte Carlo simulations in FY05. We will produce a
Report/Research Document showing the results and the details of our Monte Carlo
simulations for the specific geometries and configurations as shown in our proposal to
design a Cherenkov Calorimeter for LC.
We will initially focus on the simulations/study necessary for developing the detector
requirements and estimating systematic errors. If we are successful in 05, we propose to
continue with our R&D by constructing a prototype in 06-07. We will be collaborating
with the group of Dr. M. Woods/SLAC and Eric Torrence/U. Oregon on this research.
Budget
Institution
Iowa
IowaState
Fairfield
Iowa
Iowa
Fairfield
Iowa
Iowa
IowaState
Fairfield

Item
Partial support for grad. student
Partial support for grad. student
Support for undergrad. student
Quartz Fiber (QP) 2km
Copper Absorber
5 Multi-anode PMT (H6568)
Engineering
Travel
Travel
Travel
Indirect cost @ 25.5%
Grand total
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FY04
$6.0k
$6.0k
$2.0k
$2.0k
$ 4.1k
$20.1k

FY05
$6.0k
$5.0k
$4.5k
$9.0k
$2.0k
$2.0k
$ 7.3k
$35.8k

FY06
$6.0k
$4.0k
$4.0k
$4.0k
$ 4.6k
$22.6k
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Available equipment: FERA ADC 160 channels, discriminators, DAQ equipment, 1 16channel H6568 PMTs, and calibration electronics and equipment to test QF Calorimeter
(LED systems, Laser systems, PIN diodes systems, and radioactive source calibration)
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3.7: Compton polarimeter backgrounds
(renewal)
Luminosity, Energy, Polarization
Contact person
William Oliver
william.oliver@tufts.edu
(617) 627-5364
Institution(s)
SLAC
Tufts
Funds awarded (DOE)
FY04 award: 10,000

New funds requested
FY05 request: 14,000
FY06 request: 14,000
FY07 request: 14,000
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Compton polarimeter backgrounds
Classification (subsystem)
Accelerator (MDI)

Personnel and Institution(s) requesting funding
William Oliver, Tufts University

Collaborators
Collaborating personnel who will work on the project, but are not requesting funding here,
are Ken Moffeit and Mike Woods of the Stanford Linear Accelerator Center.

Project Leader
William Oliver
william.oliver@tufts.edu
617 627 5364

Project Overview
Beam polarization is an important feature of the International Linear Collider. The beams can
be polarized to enhance the expected Standard Model interactions, or can be polarized in the
opposite sense to suppress the SM background in the search for new physics processes.
The electron beam polarization is expected to be 80 – 90 % at the ILC; it will be important to
measure the polarization accurately. We are designing a Compton polarimeter to achieve an
accuracy of 0.25 % in this measurement.
The ILC will have beams that are much more intense and more sharply focused than the
beams at the Stanford Linear Accelerator. As a result there will be a greater disruption of the
beams at the interaction point due to the collective action of the particles in one bunch on the
particles in the colliding bunch. In addition to the disruption of the primary beams, the
collective action generates two secondary gamma ray beams (beamstrahlung) that have
roughly 5 % of the power of the colliding beams and are primarily at angles of less than 0.2
mrad to the beam axis. The disrupted beams and intense beamstrahlung can generate high
backgrounds, so it is necessary to carefully incorporate polarimeter design considerations into
the design of the extraction line optics. It is the central feature of our proposal that we
calculate these backgrounds to determine what design modifications are required for both the
extraction line optics and for the polarimeter detector.
The IP Beam Instrumentation Group has described [Status of Linear Collider Beam
Instrumentation Design, D. Cinabro, E. Torrence and M. Woods (2003),
http://www.slac.stanford.edu/xorg/lcd/ipbi/notes/white.pdf] current plans for beam
diagnostics in the beam extraction line. The extraction line features a chicane to separate the
primary beam from the beamstrahlung beam to facilitate beam diagnostic measurements,
including a precision Compton polarimeter. Following the chicane the recombined primary
and beamstrahlung beams are directed to a common dump. The polarimeter laser beam
intercepts the primary beam in the middle of the chicane, roughly 80 meters downstream of
the Interaction Point (IP). In this region the charged particle beam has a dispersion of 20 mm,
consequently a laser beam of 200-micron diameter samples the primary beam within a narrow
momentum range of 1.0%.
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The electrons scattered from the laser beam proceed forward to pass through a magnetic
spectrometer formed by the downstream bending magnets of the chicane. The laser-scattered
electrons emerging from the spectrometer are offset from the recombined charged particle
beam (and the beamstrahlung beam).
The laser beam is of course aimed to intercept the vast majority of the primary beam particles
that pass through the IP with little disruption. The depolarization suffered by such particles in
the collision is small, so the polarization measured downstream is a good indication of the
beam polarization upstream of the IP.
The polarimeter detector is a threshold (approximately 10 MeV for electrons) gas Cerenkov
counter that is segmented in the bend plane to provide rate measurements of the Comptonscattered electrons in different momentum bins. The rate asymmetry (comparing rates for
electron and photon spins aligned versus anti-aligned) measured by the Cerenkov counter
segment with the greatest offset (detecting the back-scattered electrons) from the beam axis
provides the greatest sensitivity to the beam polarization.
We propose to calculate the background expected in the segmented Cerenkov counter to
determine if the current design provides a signal-to-background ratio adequate to achieve an
accurate measurement of the beam polarization. We will calculate the effects of a variety of
processes to determine the particular sources that produce the most background in the
counter.
The principal concerns to us are the effects of the 500-kW beamstrahlung beam and the
severely disrupted primary beam particles. The inner edge of the counter is approximately 10
cm from the beam axis. At the Cerenkov counter, the beamstrahlung has spread considerably,
but remains predominately within 2 cm of the beam axis. However the beamstrahlung is so
intense that the relatively low flux of gamma rays outside the core might still be able to
produce effects that seriously degrade the performance of the Cerenkov counter. Since the
counter is not in the beam vacuum system, there must be a thin window to allow the
Compton- scattered electrons to escape the vacuum. The pipe that provides the mount for this
thin window must necessarily have a wall located between 2 cm and 10 cm from the beam
axis. The wide-angle beamstrahlung gamma rays could produce electromagnetic showers in
the pipe wall that spray background particles into the Cerenkov counter at a rate such that the
signal from the Compton-scattered electrons is significantly obscured.
The disrupted primary beam includes electrons scattered at large angles or with large energy
loss. The transport of these particles through the beam extraction system might not be
accurately portrayed by a matrix-element approach. We propose to track these highly
scattered particles through the system to calculate their effect on the Cerenkov counter. In
addition, we will calculate the background due to: 1) synchrotron radiation in the extracton
line dipoles and quadrupoles, 2) beam-gas interactions, 3) radiative Bhabha interactions, and
4) pairs generated in the beam-beam interaction at the IP.
Broader Impact
The broader impact of the proposed project is the same as the broader impact of the ILC
itself. We hope that our work will contribute to the successful operation of the ILC. If the ILC
works as designed, it is almost certain to find compelling evidence for the existence of the
Higgs boson and to determine a precise value for the mass of the top quark. We think such
discoveries are so fundamental that they will be appreciated by both scientists and
nonscientists in society at large.
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We hope the broader impact of our project at Tufts will be to inspire a graduate student (we
will try hard to recruit a student from an underrepresented group) to pursue a career in
science and share in the excitement and joy of the great discoveries expected at the ILC.
Results of Prior Research
We began the proposed project by downloading a GEANT-3 model of the proposed ILC
beam extraction system from the web site of the IP Beam Instrumentation Working Group at
SLAC. After some development work, we were able to run the GEANT program successfully
at Tufts. In the commissioning process, we checked the code carefully and ran numerous tests
to verify that the program gives the expected results in simple situations. We added to the
program a simple model of the Cerenkov counter and a model of the beam pipe because this
pipe might be an important source of background in the Cerenkov counter.
Originally we supposed that we would use a different frequency laser beam for each of the
primary electron beam energies. However recently we have considered the possibility of
using the same laser frequency for all primary beam energies, with the currents in the chicane
magnets also remaining the same for all primary energies. The laser beam then must be
adjusted to strike the primary beam as its position at the middle of the chicane varies with its
energy. We have performed detailed calculations of the analyzing power of the polarimeter
when operated with this fixed-frequency, but adjustable-position, laser beam. We found [as
described in more detail at http://www-onf.slac.stanford.edu/mdi/talks/Polarimetry/oliver.pdf]
that the Cerenkov counter can be set at a fixed position, yet give optimum analyzing power
for any beam energy. It was remarkable and surprising to find that the kinematics and
dynamics of Compton scattering lead to this optimal performance independent of the primary
electron beam energy.
Our recent work at Tufts that is most closely related to the proposed project is research and
development work on the detector technology being used in the MINOS neutrino oscillation
experiment. The technology is the coupling of wavelength shifting optical fiber to 8-m long
extruded scintillator slabs. The technology has proven to be successful; the slabs are efficient
detectors of minimum-ionizing particles even when the particles strike the far end at a
distance of 8 m from the photodetector. The development work was followed by two years of
construction work of the optical multiplexing system used at the MINOS far detector to read
out the scintillator slabs. This related work was supported over the past five years by the U.S.
Department of Energy Grant DE-FG02-92ER40702 titled High Energy Physics at Tufts
University. The DOE grant totals roughly 800 k$ per year.
The Fermilab neutrino beam for MINOS was first turned on in the last few days (January
2005) so there has been no time to gather data to analyse for evidence of neutrino oscillations.
However the DOE contract to Tufts has supported the operation of the Soudan2 detector for
the past 25 years. We have analyzed the Soudan2 data for evidence of neutrino oscillation;
our most recent result was published (Phys. Rev. D 68, 113004 (2004)) under the title
Measurement of the L/E distributions of atmospheric neutrinos in Soudan 2 and their
interpretation as neutrino oscillations, with authors from the Soudan 2 collaboration. The
Soudan 2 data has also recently been analyzed to search for neutrino sources in active galactic
nuclei, with results published in Astropart. Phys. 20, 533 (2004).
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Facilities, Equipment and Other Resources
The proposed project uses two dual-processor DELL Power Edge computers (models 4400
and 4600) provided at Tufts. We do not see a need for any additional computing power.
FY2005 Project Activities and Deliverables
We propose to calculate the effect on the Cerenkov counter of the scattered primary particles
emerging from the IP as they proceed through the beam extraction system. We will include
the effects of electromagnetic shower generation by particles scraping the edges of the
aperture of the beam extraction system. We will augment our GEANT model of the Cerenkov
counter to include realistic representations of the walls between the segments, and of a possible preradiator to determine if the Compton-scattered signal can be enhanced relative to the
background. These calculations will be based on an existing file of 15,000 primary particles
emerging from IP as calculated by the GUINEA PIG program.
FY2006 Project Activities and Deliverables
We have already downloaded GUINEA PIG to our Tufts computers. In 2006 we plan to run
GP extensively to accurately determine the effects of the most severely disrupted primary
beam particles on the Cerenkov counter. We will also include at this stage the effects of the
synchrotron radiation generated by the primary particles as they pass through the dipole and
quadrupole magnets of the beam extraction system.
FY2007 Project Activities and Deliverables
In 2007 we propose to turn to the calculation of the background due to the interactions of the
beamstrahlung beam in the unavoidable material elements in the beam extraction system. We
will pay particular attention to the flange that supports the thin window through which the
Compton-scattered electrons emerge from the vacuum, and to the wall of the beam pipe
adjacent to the Cerenkov counter. We will also consider beam-gas interactions as a source of
background.
Budget justification: Tufts University
The requested budget is exclusively for the half-time support (for the academic year and the
summer) of a graduate student to assist in performing the calculations described above.
Three-year budget, in then-year K$
Institution Tufts University

388
68

Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs(1)
Total direct and indirect costs

FY2005
0
10,000
0
10,000
0
10,000
0
0
0
0
0
0
4,000
14,000
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FY2006
0
10,000
0
10,000
0
10,000
0
0
0
0
0
0
4,000
14,000

FY2007
0
10,000
0
10,000
0
10,000
0
0
0
0
0
0
4,000
14,000

Total
0
30,000
0
30,000
0
30,000
0
0
0
0
0
0
12,000
42,000
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3.8: Incoherent and coherent beamstrahlung
at the LC
(renewal)
Luminosity, Energy, Polarization
Contact person
Giovanni Bonvicini
giovanni@physics.wayne.edu
(313) 577-1444
Institution(s)
Wayne State
Funds awarded (DOE)
FY04 award: 6,000

New funds requested
FY05 request: 41,000
FY06 request: 0
FY07 request: 0
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Incoherent and coherent beamstrahlung at the ILC
Classification (subsystem)
Beam-beam collision monitoring.
Personnel and Institution(s) requesting funding
I. Avrutsky, G. Bonvicini, D. Cinabro, M. Dubrovin.
Collaborators
N. Delerue, Oxford, UK.
Project Leader
G. Bonvicini, Wayne State University
giovanni@physics.wayne.edu
313-5771444
Project Overview
We request a one year grant, in view of foreseen developments this year that will lead to a
substantial three years request next year. As discussed in the “Activities” Section below, we
will concentrate on extracting a signal from the existing CESR device (to be fully installed
around Memorial Day 2005). We will also design a device to measure coherent beamstrahlung
(CB) at CESR, for which equipment money will be requested next year.
It has become generally accepted that the beam-beam collision (BBC) has a very large number
of degrees of freedom (over twenty, of which at least fifteen can affect the luminosity at the
10% level), and that measuring as many of them as possible is crucial to the success of the
ILC. The measurement and control of beam-beam jitter, and the direct measurement of wake
field effects at the Interaction Point (IP) are the largest issues in the minds of many, but there
are many other potential effects. Just by looking at SLC history one finds a host of unforeseen
problems which include unexpected beam lengths and single-arm faulty beam optics.
The benefits of a very thorough measurement of the BBC are at least threefold:
1. the shape, size and relative location of each beam at the IP are the ultimate figure(s)
of merit of the ILC. Advances in luminosity will be possible only if the beam-beam
mismatches are correctly diagnosed. If not, operators will have to try blind optical
tuning which, given the complexity of the machine, is probably hopeless.
2. the possibility to correlate precise beam-beam observables to various machine or magnet
variables should tremendously simplify machine development. Correlation coefficients
between BBC observables and machine variables can be computed directly and automatically, and high correlations are then flagged by the software. That allows intervention
on the correct machine components, and it also allows the machine simulation software
to be vastly simplified.
3. a precise measurement of the beam geometrical parameters (their 3-D sizes, and possible
non-gaussian components) predicts the beamstrahlung and disruption parameters precisely. These in turn provide fundamental input to the detector (by providing a precise
prediction for the dL/dE tail) and the downstream part of the machine (by providing
the angular divergence of the disrupted beam).
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A proper understanding of the potential of each BBC detector is also of primary importance
at the planning level. Should we demonstrate, for example, that fifteen independent measurements are feasible for the BBC, that detection is fairly straightforward, and what they are
sensitive to, these findings would cascade through the entire ILC organization, and provide
basic input to other working groups such as the wake field group.
Studying the BBC is not only central to the ILC effort, it is also very complicated. Serious
developers should accept that studying the BBC at the ILC will be a real time analysis effort,
with a devoted analysis group, rivaling in complexity and manpower the most complex data
analyses of a particle physics experiment.
The effort of our group, if fully successful, will provide about half of the possible independent data, and of course the attendant hardware and software. The two methods of BBC
detection discussed here are conceptually new compared to the methods established at the
SLC, detecting the beam-beam deflection[1] and studying the high energy beamstrahlung
component[2].
Wayne State is the sole institution in the world developing detectors and methods to study
the low energy component of beamstrahlung[3] − [8]. The advantages of using low energy
components, compared to the classical, high energy part of the spectrum, are:
1. the possibility to use the larger angular divergence of low energy beamstrahlung compared to low energy synchrotron radiation. Data from our R&D effort at CESR already
indicate that this method works well.
2. the possibility to measure the radiation polarization (in practice, in the visible or near
infrared), which already enables powerful diagnostics[6], by measuring four independent
degrees of freedom.
3. the very high signal-to-background ratio in the microwave region, when the two beams
are offset[7], due to the onset of coherence.
4. the direct measurement of each beam length, in the microwave region[7]. The microwave
part of the spectrum provides at least another four degrees of freedom, of which at least
three are independent of those provided by the visible part of the spectrum.
5. we believe that there are more independent observables to be had from imaging the
microwave part of the spectrum. A definitive conclusion about this needs detailed simulation.
We are advancing in our understanding of the CESR visible/infrared beamstrahlung detector, and the beam currents are right now getting to where we expected to establish a first
signal (80mA per beam). Because the signal is proportional to the cube of the current,
even a factor of two matters (see Figs. 6 and 7 below). We have also been slowed down
by instabilities in our infrared photomultipliers which are currently under study. In view of
our well-established measurements of backgrounds and pointing capability, we are proceeding
with the construction of the full detector (the present system has 1/2 the optics and 1/4 the
phototubes).
This proposal could have looked a lot different if it could have been sent to the funding
agencies in september. For the time being we request funding for one year only. We planned,
in summer 2005, to have an all out effort to detect visible beamstrahlung for the first time,
and to study the feasibility of a coherent beamstrahlung detector for CESR. Some activities
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may have to be anticipated to the spring in view of a possible summer CESR shutdown. On
successfully completing those tasks, we will request a substantial, three years grant.
The activities for the next year will be listed in the appropriate Section below. In the next
two Sections we wish to give an idea of what is needed (for each detector) to achieve a stage
of development that the global ILC community would consider sufficient for immediate design
and construction of the two ILC detectors. A third Section is devoted to the development of
a BBC simulation program to simulate at once all the components of beamstrahlung, a piece
of software that we find absolutely necessary. The funding agencies can get an idea of the
effort and support that will be needed to see these potentially crucial devices to a successful
conclusion.
Visible beamstrahlung detector (VBD).
The basic phenomenology of this device is well understood[6]. By using the favorable polarization pattern at large angle, one detects observables which are sensitive to the geometrical
shape of the BBC.
The CESR activities are discussed in the “Results from Previous support” Section below, and
the next year’s activities are discussed in the “Activities” Section below. At this time it is
clear that, once the full detector is installed in May 2005, we ought to fully concentrate on
understanding the infrared photomultipliers and extracting a first signal. Therefore in this
Section we concentrate on the activities which are ILC-specific.
We have a preliminary design for the VBD at the ILC, by I. Avrutsky, shown in Fig. 1.
It is meant to occupy the entire angular region between 1 and 2 mrad and to measure the
beamstrahlung ring. We believe that higher angles will be suitable as well to detection of
visible beamstrahlung.
The main features of the device are shown also in Fig. 1. They include excellent angular
resolution, about 0.12 mrad, because the large ring diameter produces a small diffraction
limit and also because of the CCD small pixels. The fast CCD should also allow imaging of
the entire ring. The projected signal is plentiful (3X106 photons per BBC at nominal ILC
conditions). There are no limitations as to which wavelength should be used.
Over the next four years we need to answer the following questions:
• are the ILC backgrounds in that angular region acceptable? This is the major feasibility
question. Preliminary estimates, using simulation results by T. Maruyama for that
region[9], showed backgrounds well below the signal, at least for NLC conditions (104
photons or less). The estimate was obtained by scaling x-ray rates in the region to visible
wavelengths. A proper simulation of the ILC visible backgrounds should use the current
ILC parameters[10] and make use of the large angle synchrotron radiation algorithm
developed in Ref.[8].
• which background reduction techniques are available at the ILC? This question should
be a straightforward extension of the methods discussed in Ref.[5]. First the imaging
affords a very clean background subtraction procedure since the azimuthal dependence of
the signal is known and the bacgkround is measurable directly and expected to have over
90% radial polarization[5]. Secondly, radiation reflected off the beam pipe is a concern.
Simple methods for making the beam pipe non-reflective are discussed in Ref.[5].
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Hollow mirror imaging system for detection of beamstrahlung radiation

e+
e˘

Ω = 2π (Cosθ min − Cosθ max )

∆x = ∆y ≅

0.61 ⋅ λ
Sinθ max

∆z ≈

0.61 ⋅ λ
Sin 2θ max

Figure 1: Schematic of the ILC large angle beamstrahlung detector.

• will the new device be intrinsically more powerful than the CESR device? By that it
is meant, will it be sensitive to new observables, beyond those discussed in Ref.[6], that
correlate favorably with a beam-beam mismatch.
• will the device suffer significant backgrounds from the low energy, large angle pairs (and
slow electrons) which emerge from the BBC? While these, in principle, contribute to the
signal, their polarization information is likely to be different from that of beamstrahlung
itself. This is important, because the predictive power of this device comes primarily
from the measurement of the polarization.
The latter questions will need to be addressed with software that does not exist now and that
is discussed below. Other questions will no doubt surface as we advance through our CESR
data analysis, and of course questions about the DAQ need to be addressed (if no satisfactory
CCD can be found, which can be read every 337nsec, we will use a diode matrix instead).
Coherent beamstrahlung detector (CBD).
In the last two years, we have developed the concept of a device looking at the microwave
part of beamstrahlung[7]. The interest of this part of the spectrum is that, if the beams are
offset and one observes them at a wavelength exceeding the length of the beam, coherence
will develop. Fig. 2 shows that the coherent enhancement can exceed 1010 at the ILC. The
observation of this effect should be available as soon as the ILC is turned on.
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Figure 2: CB yield as a function of the beam-beam offset. The simulations were done with ILC
”weak beam” conditions (N = 0.3×1010 , σy = 19nm). Plots are shown for four different wavelengthbeam length ratios. The markers locate the points where the simulation was performed.

The particular and unique phenomenology of CB results in four independent observables.
These are:
• the beam-beam offset, assumed to be in practice the vertical offset. Because the signal
varies so strongly with the offset (Fig. 2), measurement of the (crucial) beam-beam
jitter at the 0.1 nm level will be possible even when the beams are tens of nanometers
wide. Therefore diagnosis and remediation of the jitter can start long before the beams
are made small, improving the efficiency of the whole project.
• both beam lengths, σz . Fig. 3 shows the ratio of the coherent powers radiated by each
beam when the two beam lengths are unequal.
• the ratio of the beam heights σy . Fig. 4 shows the different coherent enhancements
when the beams have unequal height.
This is already a phenomenon with powerful insight in the BBC, but there is one potential
breakthrough beyond the simple analysis of Ref.[7]. At microwave wavelength, and for very
modest beam-beam offset, the recorded microwave radiation is in fact the image of the BBC,
with expected negligible backgrounds. The image could, potentially, produce several more
observables of interest. There is no software available to study these phenomena, which is
why in the next Section we propose to write some.
An image of the BBC can be obtained from the high energy part of the radiation, however
there are severe constraints due to high power, extreme radioactivity, the interference with
the beam dump, a mission-critical device, and the uncertainties inherent to measuring the
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Figure 3: CB ratio of yields (beam 1 versus beam 2) as a function of the beam-beam offset. The
simulations conditions are described in Fig. 2, but σz2 = 264µm.

radiation within some sort of calorimeter. Also the sensitivities to beam-beam parameters
are very different.
At this time the most urgent step is to assess the feasibility of a microwave detector at CESR,
to prove the principle. Ref.[7] forecasts a large signal for wavelengths between 2 and 5 cm.
The only problems which are seen at this time concern how to minimally shield from the RF
noise by the beam. This step of feasibility study will be taken in Summer 2005.
Simulations.
The existing software to simulate the BBC and attendant beamstrahlung, GUINEA PIG
and CAIN, is of little use for our project. Both programs, however, provide a platform for
development of a software that would provide predictions for all the phenomena through
which the BBC can be observed.
The development of such a software goes well beyond our specific needs, and would in fact
serve the community at large. Firstly, with such a software one would be able to assess the
projected knowledge of the BBC interaction. It is important, for example, to let the wake
fields working group know that the beam tail will (or will not) be measured directly in the
BBC.
Likewise, the community has been supportive of multiple measurements of the same BBC
quantity (say, the beam-beam vertical offset) on general principles. But the real interest of
multiple measurements is that they have somehow different sensitivities to the same quantity
when the beam shape changes. Wake fields, if significant, are bound to produce a wealth of
complex beam shapes. So the hypothesis of different sensitivity (which is just an hypothesis
right now) needs to be evaluated thoroughly.
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Therefore we will eventually propose to develop such a program and to obtain the the following
results:
• what information can be extracted from the possible imaging of the BBC in the microwave part of the spectrum?
• how do low energy particles (pairs created by beamstrahlung, and particles that lost
much of their energy to beamstrahlung radiation) affect the low energy signals?
• finally, when everything else is in place, we will evaluate how the many observables of
the BBC relate to specific beam-beam configurations. Because most observables are
non-linear with respect to beam-beam parameters, even assuming only three lattice
points per d.o.f., one arrives at a minimum grand total of 315 simulations. While some
simplifications will be necessary, this is a large amount of work. It will, though, provide
answers to questions such as: how can we monitor wake field effects? Which aspects of
the BBC that may affect luminosity are not detectable? In turn these conclusions would
spawn a debate, within the community, at a much deeper level than in the recent past.
Technically, the difference between low energy and high energy beamstrahlung is that, for
high energy, one generates the photons (in one of the programs above, exactly parallel to the
instantaneous particle direction) and let them fall where they may. For the VBD, one needs
to specify the detector pixel, compute the angle between particle, its plane of curvature, and
the pixel, compute (and add up) the intensity at the pixel. Algorithms for this, which include
a choice of spectral distributions, were introduced in Ref.[8]. For the CBD, one needs to
specify the angle, compute (and add up) the amplitude, and square at the end. G. Bonvicini
and N. Delerue at Oxford, himself a proposer of a beamstrahlung detector for the high energy
part of the spectrum[11], have begun investigating how to modify the existing software.
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Broader Impact
Beamstrahlung is a terrific topic for young students. They only need to know electromagnetism at the undergraduate level to grasp the fundamental issues of the project. The small
size of the project also invites student participation. The student can contribute while avoiding the intimidation and hierarchical structure intrinsic to a large collaboration. In the last
six years REU students E. Luckwald, N. Detgen, N. Powell, and E. West have participated in
beamstrahlung activities, all of them for six months at least (three months in the summer and
three months to a year during the academic year). Three of them won competitive undergraduate research awards, three of them published papers (Refs.[6], [5], and[7]), two of them are
in Graduate School in Physics, one obtained a Masters (not in Physics), and one attempted
graduate school in Physics. Their research reports can be found at our REU website[12]. K.
Korbiak also collaborated with Prof. Cinabro for two years on characterizing the BBC using
the silicon vertex detector of CLEO[13]. She is in Graduate School in Physics as well. Four
of these five are “first generation students” (first in their family to attend college).
Since it is clear that there are another four years of work ahead before the R&D can be
successfully completed, undergraduate students will continue to work in this project and find
projects that are accessible, significant, and can be done while working elbow-to-elbow with
a scientist. Future projects which are suitable for undergraduates include:
• the analysis of available CESR large angle data, including doing their own data taking.
• the assembly of a possible coherent beamstrahlung detector for CESR;
• the simulation of special aspects of beamstrahlung, such as, for example, the unpolarized
signal in the ILC VBD from stray particles.
Results of Prior Research
In 2001, we obtained a three year MRI grant (NSF-PHY-0116058, $312361) to build the CESR
large angle beamstrahlung device. Part of it is built, installed and working as advertised. At
CESR, data have been taken lately at 1.8 GeV in the infrared, in the red, and in the visible.
The data for a very recent day (red and visible only) are shown in Fig. 5, while Fig. 6 shows
the beam currents for the day. The current detector sees the electron radiation, so that an
eventual beamstrahlung signal (expected to be almost exclusively in the infrared) would be
2 . Our beam finding capability is excellent, and Fig. 7 gives an idea of
proportional to I− I+
the dark noise of each PMT as well as the angular resolution of our optics. The final pieces
of the full detector are under construction at WSU and will be installed at CESR during the
shutdown starting in late May 2005..
In September 2004, we obtained a one year grant (DOE-FG02-04ER4, $6000) to study beamstrahlung. In the last four months, we firstly concluded that there was no real possibility to
test CB at the FFTB at SLAC. We then chose to concentrate on feasibility studies at CESR.
We also arrived at a simple but effective design for the CBD, shown in Fig. 8. The device
makes use of the beam dump window as the primary mirror, with a secondary mirror located
some 26 meters away from the beam dump. By this method, the detector is completely
isolated from the many problems (RF noise, real estate conflict, and radiation damage) associated with the beam line. The second mirror bounces the radiation away from the beam line
to a grating which is used to spread the radiation in wavelength. In view of the very strong
signal, the detectors contain each several fast microwave detectors, of a type that saturates
for large pulse heights, and with different attenuators, to cover an expected dynamic range
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Figure 5: Data for two red PMTs, taken last sunday.
of order 1010 . The detector features are discussed in greater detail in Ref.[7]. This simple
device should deliver the four observables presented in Figs. 2-4.
Facilities, Equipment and Other Resources
WSU owns a high quality Machine Shop, where many high energy physics devices have
been built. These include the hadronic calorimeter of experiment E-864 at Brookhaven, the
electromagnetic calorimeter of STAR, the current CLEO Beam Pipe and attached equipment,
and the CESR beamstrahlung monitor. Our group owns 15 Linux boxes and has access to
hundreds more.
FY2005 Project Activities and Deliverables
In spring and summer 2005 we will pursue two things.
First, by then the CESR device will be completely installed and calibrated. We will therefore
try to extract a first signal. Expected signals are of order a 100 Hz at I+ = I− = 80mA.
There are a few handles to establish the signal uncontroversially. The first is to monitor any
2 I as the run progresses.
hypothetical signal and see that it decreases like I+
−
The second is to compare results from three different bands (infrared, red, and visible above
yellow). No signal in the visible is expected, and the red and infrared signals are expected
to be in the ratio of about 16. This seems marginal, considering that the infrared signal is
already so weak, but in fact the dark noise of our red PMTs can be made as small as 30Hz
with cooling. In time, with the beam currents improving, this method will become feasible.
The third and most important way to establish the signal is to have specialized runs with a
shorter CESR beam length. Going from 9 to 8 mm changes the expected signal by a factor
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Figure 6: CESR beam currents corresponding to the data of Fig. 5.
of 5 in the red and a factor of 4.2 in the infrared, while obviously the backgrounds remain
constant.
Other tests are possible, such as running with offset beams, and they will be done as the
analysis progresses. Because this program involves short, dedicated CESR runs, it is best
done in the summer when the complete device is available and calibrated, and we can be
continuously present at Cornell.
The second thing to be done this summer is to study the feasibility of a CBD for CESR. The
intent is to build and operate a simple device provide a proof of principle for the method.
There are no problems in detecting such a huge signal (expected to be of order 30kW total
microwave radiation when the beams are offset by 3σ). The only problem is to find a way to
minimize the RF noise coming from the beam or its charge image, which is also known to be
very large.
Bonvicini and Dubrovin will study the CESR data and the possibility of implementing a
device within CESR. Avrutsky will design the optics and Cinabro will help to interface with
the CESR community.
Budget justification:
Travel: overall traveling to Cornell totaling two months for the year. Graduate student: twelve
months of graduate student support. The graduate student will run simple simulations and
analysis programs to support the effort described above. These include analyses to evaluate
the dependence of the signal on certain parameters of interest (such as the current or beam
length), evaluate internal reflection and beam pipe absorption effects for the CBD, estimate
RF noise for particular configurations, and predict properties of the signal.
One-year budget, in then-year K$
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Figure 7: Vertical alignment scan for the detector optics.
Institution: Wayne State University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs (tuition)
Total direct costs
Indirect costs(no tuition)
Total direct and indirect costs

FY2005
0
14647
0
14647
3867
18514
0
4450
0
6325
29289
11711
41000
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0
14647
0
14647
3867
18514
0
4450
0
6325
29289
11711
41000
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3.9: Development of radiation hard, 3delectrode array, silicon radiation sensors
(new proposal)
Luminosity, Energy, Polarization
Contact person
Sherwood Parker
sher@slac.stanford.edu
(510) 841 2012
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Hawaii
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Project name
Development of radiation hard, 3D-electrode array, silicon radiation sensors
Classification (accelerator/detector:subsystem)
Accelerator—L.E.P. (detector for low energy e+e- pairs for luminosity optimization) and
possible use in the lumi cal or other detectors exposed to high radiation-doses.
Institution and personnel
University of Hawaii, Department of Physics: Sherwood I. Parker (faculty)
Collaborators
Christopher Kenney (Molecular Biology Consortium), Cinzia Da Via, Jasmine Hasi, and
Angela Kok (Brunel University.), Hitoshi Yamamoto (Tohoku University). As part of
this project involves the fabrication of more than one type of sensor on the silicon wafers,
other members of these groups might also join in that part of the work. We are also
collaborating, in other aspects of 3D sensor development, with members of the Atlas
pixel group, the Totem collaboration, John Morse of ESRF, and other members of the
Molecular Biology Consortium.
Project Leader
Sherwood Parker, sher@slac.stanford.edu, 510 841 2012, 510 486 5859, 510 851 0767
Project Overview
We are developing silicon sensors with closely spaced electrodes that penetrate the
silicon substrate for uses in which either (1) extreme speed, (2) radiation hardness or (3)
the ability to detect particles very close to the beam pipe is important. A beam monitor
using the process γγ→e+e− that makes use of these properties will be described. The
general technology being developed could also be applied to other detectors needing high
resistance to the effects of radiation damage or sensitivity to their physical edges.
Broader Impact
Other than the training of the graduate student Angela Kok (from Hong Kong) and the
former student and now post doc on this project, Jasmine Hasi, the main, relatively
immediate impact of 3D sensor technology is expected to be in the field of structural
molecular biology, and ultimately, medicine. The human genome project has given us
information on the sequence of base pairs in DNA, but not on the vitally important shape
information for the proteins specified by DNA. That is the object of many tens of
dedicated synchrotron x-ray beam lines around the world. Most of them use scintillator –
fiber optic – CCD detector systems that their developer, Edwin Westbrook (M.D., Ph. D.,
Molecular Biology Consortium), with whom we are now working, considers obsolete
compared with our 3D active-edge system, now under development. This project,
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supported by the National Institutes of Health [1], has successfully developed and tested
its initial test detectors. In addition this technology will be broadly applicable to
semiconductor radiation detectors, including other experiments in high-energy physics. It
is currently being considered for use in two LHC experiments, Totem and the Atlas pixel
upgrade.
Results of Prior Research
Working in collaboration with Christopher Kenney of the Molecular Biology Consortium
and Cinzia Da Via, Jasmine Hasi, and Angela Kok of Burnel University, we have
fabricated and tested sensors that are 120 to 250 microns thick. (See Figure 1.) All
recently fabricated sensors have active edges—etched, rather than sawed edges, in which
implant and oxidation steps have made the edges into an electrode.

Figure 1: Schematic sketch of a 3D sensor.
Initial calculations indicated it should be possible to have sensors with low depletion
voltages and great speed and radiation resistance [2]. Published data now show:
1. depletion voltages as low as 5-10V [3],
2. depletion voltages of only 105V after irradiation by 1015 55 MeV protons/cm2
(equivalent to 1.8 x 1015 neutrons/cm2) with a plateau to 150V for sensors without added
oxygen and without beneficial annealing [4],
3. room-temperature pulse rise times of only 3.5 ns, and needing only 40V bias, even
after irradiation by 1015 24 GeV protons/cm2 [5],
4. a Gaussian fit with σ(E)/(E) of 2% to the 14 KeV x-ray line from a 241Am source with
no excess of points on the left side, from events with partial charge collection [6, Fig. 7].
5. Tests of active electrodes, fabricated from trenches with steps that were similar to
those for our new active-edge electrodes, indicated high collection efficiency [7].
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Pulses from 3D sensors can be shorter because collection distances are shorter, for any
given maximum field, average fields can be higher, and for perpendicular tracks, the
signals are concentrated in time as the track arrives, rather than spread out in time as is
the case with planar sensors. (Most of the signal is induced when the charge is close to
the electrode where the Ramo weighting field and electrode solid angle are large.)
We have measured pulses from a 3D sensor exposed to betas from a 90Sr source, in which
only (1) and (2) apply. Figure 2 shows both prior [5] and, in (c) recent results. Figure 2a
and 2b use an amplifier described in [8]. With the selection of the cold technology
collider and its 337 ns collision spacing, this speed no longer is so important.
Sr-90, Irradiated, Vbias = 40V
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Figure 2. (a) Beta pulse from an un-irradiated, 100 µm x 200 µm-cell size, 3D sensor.
The overshoot can be reduced, but with longer rise times. (b) Pulse from a room
temperature sensor without added oxygen, collecting holes, and irradiated with 1015 24
GeV protons/ cm2. (c) Pulse from a room-temperature sensor read out with an early
version of an experimental 0.13 µm circuit. The full width at the base is 4 ns.

Figure 3. Signal from a scanned full 3D (center and edges) sensor showing both active
edge sensitivity, and reduced sensitivity in central electrode regions.
Active edge sensors have been made and tested in x-ray micro-beams at the Advanced
Light Source at the Lawrence Berkeley Lab, at ESRF, and with 100 GeV muons at
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CERN. Figure 3 shows results of the x-ray micro-beam test. In all tests, sensitivity was
shown to extend as close to the physical edge as could be measured, usually about ± 4 or
5 microns. It is expected the dead region will be at least as thick as the oxide side wall,
which is a bit less than 1 µm. The ability to make sensors of arbitrary shape could be
helpful in beam monitors. It is vital for the molecular biology project and very important
for the Totem experiment Roman-pot detectors. The 3D feature that is vital for the linear
collider is radiation hardness. This will be discussed under project activities.
Reference [5] gives a summary of recent work for high energy physics as well as
additional topics on radiation hardening. Figure 1, showing capture distances in
irradiated silicon is particularly important, as capture will be a dominant limitation, even
if the silicon can be depleted at high voltages. Close spacing of electrodes is likely to be
a necessity. A first draft of a detailed description of the molecular biology project has
been completed, and is available if desired.
The beam shape monitor
This sensor technology should be ideal for the small angle detectors of a beam shape
monitor. At linear colliders, a large number of electron-positron pairs are created from
γγ→e+e−, where one or both photons can come from beamstrahlung or from the Coulomb
fields of individual beam particles. The secondary e+e− pairs that can escape the beam
pipe and be detected have energies, E, typically in the few-hundred MeV range and are
created at small angles to the beamline of around melectronc2/E. They then acquire a Pt
kick from the electromagnetic field of the rest of the on-coming bunch. If the charges of
the created electron or positron and of the bunch are of opposite sign, the particle
oscillates around the beam plane and the net acquired Pt is small. If the particle and the
on-coming bunch have the same charge sign, Pt may be larger, giving a Ptc/E large
enough to produce a substantial angular deflection, with the particle escaping before
much beam disruption has occurred. It was found that these large deflection can be used
to study σx and σy of the on-coming bunch [9].
With as many as 105 pairs created per bunch crossing, the resultant high occupancy
suggests that silicon strip detectors are not suited for this application while CCDs, good
candidates in terms of occupancy, would not give the timing information necessary to
study possible structures within a train unless some external gating is applied.
Simulation work and the development of electronics with sufficient data rate, and time
and spatial resolution, for a pixel detector using 3D sensors are now under development
by a KEK—Tohoku (HitoshiYamamoto) group [10]. A timing resolution of 19 ns has
now been demonstrated. Additional work has started using the changed conditions with a
cold-technology collider [11].
Facilities, Equipment and Other Resources
At the Stanford Linear Accelerator, we have a lab with 185 sq. ft. of space. It primarily
contains equipment for the testing of integrated circuits and silicon sensors, including an
Alessi REL 4100A probe station with a 5-objective 20X—2000X Mitutoyo microscope
with an infrared micro-beam, a CCD camera-computer system, three-axis micron-scale
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position measurement, probe cards, and 12C and 18B Picoprobes for probing internal
nodes of circuits and sensors. Additional equipment includes Tektronix TDS 540 digital
and 2465 analog oscilloscopes, NIM modular electronics, power supplies, pulse
generators, multi-meters, and a refrigerator for the storage of irradiated sensors.
We are qualified to work at the Stanford Nanofabrication Facility. Located on the
Stanford campus, it contains a 10,000 sq. ft. class-100 clean room with all the equipment
needed to fabricate silicon sensors, silicon micro-machined devices, and integrated
circuits in the 1 – 2 micron range. These include:
1. mask-making equipment including an electron beam system and a laser writer,
2. optical photolithography equipment including 3 resist coaters, a resist developer,
2 full-wafer aligners, and 4 steppers,
3. 9 chemical vapor deposition systems for such materials as oxides, nitrides,
polycrystalline silicon, single-crystal silicon, and SiGe,
4. metallization systems including 3 sputtering systems, an evaporator, and a lowpressure chemical vapor deposition system,
5. many annealing, oxidation and doping furnaces,
6. wet benches (for wet etching, pre-furnace cleaning, etc.),
7. in-line process characterization systems including a line width measuring system,
a layer thickness measuring system, a surface profilometer, a resistivity mapping
system, an optical spectrophotometer, etc.,
8. 8 plasma etching systems including two STS deep reactive ion etchers that we use
to make the holes and trenches for 3D sensors,
9. a wafer bonder,
10. a wafer saw,
11. a scanning electron microscope (which was used for Figure 2).
Drs. Kenney and Hasi also have desks there, and a computer that is used for the design of
photolithography masks.
Description of first year project activities
The major initial activity will be the fabrication of test sensors for the pair monitor and
further development of radiation hardening technology. The later will involve
optimization of the deep etching process to produce narrow holes for electrode
fabrication. We will also investigate the observed sensitivity of the outer regions of the
3D electrodes, evident in Figure 3 and in many other measurements, which was not
expected. In addition, increasing the temperature-time profile after polysilicon deposition
should increase the grain size and carrier lifetime, allowing charge carriers to diffuse out
to the single-crystal collection volume, thus also increasing sensitivity. All of these items
will allow closer placement of electrodes without loss of sensitive volume, decreasing the
depletion voltage, collection times, and capture losses. A limitation to this line of attack,
is the increased inter-electrode capacitance which could lower the signal to noise ratio.
Deliverables will be sensors to H. Yamamoto’s group in Japan (and knowledge). The
exact design and schedule depends on the design of the readout chip progress, now
underway in Japan. Their suggested pixel size has been set: 0.3 mm x 0.3 mm. Each
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fabrication run would be followed by lab and beam tests. The start time would be shortly
after funding is available, as we could probably agree quickly on an initial overall size.
Description of second and third year project activities
It is expected that additional sensors will be needed and will be fabricated by us. We
expect further developments in radiation hardening. In particular, the large RD50
collaboration is working in this field, particularly with material science, to improve the
resistance to silicon to the effects of radiation damage. One example of this type of
activity was the earlier use of diffused oxygen to decrease the depletion voltage in
radiation-damaged silicon. (However, that specific method may not help at all, when
capture becomes the dominant factor.) If they succeed, the improvement factor provided
would multiply our factor, which originates in geometry. Given the uncertainties in this
field, it is now not possible to put an upper limit on the possible hardness of silicon
sensors.
These developments may also be applicable to the LumiCal, which will be heavily
irradiated. The exact extent of the radiation damage to the sensors will depend on
detailed calculations of the showers, as the damage is energy-dependent up to about 100
MeV. (Fortunately, electrons are not as damaging as hadrons. [12])
Budget
Fabrication runs take from two to four months, depending on equipment availability,
batch sizes, and the details of the run steps. The table below lists the main costs of a
typical fabrication run. With salary support, it is clear that two or even one run per year
would exceed the typical budget for a proposal under this program, so we would do what
we have been doing up to now: have shared-wafer runs.
Funds
Items for each fabrication run (2)
Stanford Nanofabrication Facility charges – 4 months
Wafers (float zone, test, support, etc.)
Wafer thinning, polishing
Implants
Photolithography masks
Polycrystalline silicon deposition runs
Fabrication engineer, technicians
Sum
One-time items
Sputter targets
DAQ computer (to use at existing probe station)
DAQ software, hardware
Sum

4 x $2,500 = $ 10,000
1,700
1,000
1,100
5,200
4,000
23,000
46,000
2,000
3,000
1,700
6,700

The proposed budget assumes about one quarter of each of the processed 10 cm diameter
wafers would be devoted to this project (with our already funded work for the Atlas pixel
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upgrade), that there would be two runs per year, and that the costs would be shared with
other ongoing projects. There is also the possibility of sharing personnel time, with work
on the thin wafers taking place while the NIH x-ray wafers are undergoing processes not
needing continuous supervision, such as furnace runs, and vice-versa. It is assumed read
out electronics development, testing, and assembly continue in Japan. The D.O.E.
Hawaii program officer is now requiring projects other than the ongoing Manoa-based
ones provide salary support. (He intends this to include Atlas, which did not have that
item in its budget.) Just how this will be resolved is not clear, but I have put down
$20,000 for that item. Given the size of this budget, I have not included travel to any
linear collider meetings.
Item
Fabrication runs (0.25 x 2 x $46,000)
One-time items (0.25 x $6,700)
Salary support
Indirect costs (20.6%)
Hawaii total

Year 1
$23,000
$ 1,675
$20,000
$ 9,203
$53,878

Year 2
$23,000

Year 3
$23,000

$20,000
$ 8,858
$51,858

$20,000
$ 8,858
$51,858
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3.10: Beam-Diagnostic TPC (BDTPC)
(new proposal)
Luminosity, Energy, Polarization
Contact person
Mike Ronan
ronan@lbl.gov
(510) 486-4396
Institution(s)
Indiana
LBNL
Notre Dame

New funds requested
FY05 request: 50,000
FY06 request: 10,000
FY07 request: 5,000
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Beam-Diagnostic TPC (BDTPC)
Classification (subsystem)
Beam Diagnostics
Personnel and Institution(s) requesting funding
Michael T. Ronan, Lawrence Berkeley National Laboratory
Rick Van Kooten, Indiana University
Michael Hildreth, Notre Dame University
Collaborators
Marc Ross and Mike Woods, Stanford Linear Accelerator Center
Vincent Lepeltier, LAL (Orsay), France
Project Leader
Mike Ronan
ronan@lbl.gov
1-510-486-4396
Project Overview
Develop a new beam diagnostic tool based on a small Time Projection Chamber (MiniTPC) for measuring beam tails. Comparisons between reconstructed background track origins
and Monte Carlo beam-line simulations will provide insight on the size of beam tails and
on resulting detector occupancies. Measurements made with different gases will provide
sensitivity to different background sources, such as neutrons and heavily ionizing particles.
Broader Impact
A beam-diagnotic TPC tool could be used in many accelerator locations to study beam losses
and the growth of beam tails. A reasonable goal would be to measure tails at the level of 10−3
to 10−4 ; that is, measure track backgrounds from losses of 107 down to 106 beam particles
for typical bunches with 1010 particles.
Results of Prior Research
Initial studies of Linear Collider detector backgrounds have been made, see http://wwwilc.lbl.gov/detector/talks/2005MDI-SLAC-BackgroundStudies.pdf.
One of us (MTR) has had extensive experience in machine background simulations, operation
of a high-rate TPC and detailed comparisons to Monte Carlo predictions, see above and
“A mini-TPC for SLAC B-Factory Commissioning”, R. Cizeron et al, NIM A 419 (1998)
525, Proceedings of the Vienna Wire Chamber Conference, 1998, “Measurements of PEP-II
Backgrounds with the Mini-TPC in the January 1998 Commissioning Run”, V.Lepeltier et al,
BaBar Note #495, 28 May 1999, “Measurements of PEP-II Backgrounds with the Mini-TPC
in the Autumn-Winter 1998-1999 Commissioning Run”, V.Lepeltier et al, BaBar Note #xxx,
10 Oct. 1999.
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Facilities, Equipment and Other Resources
Existing TPC engineering designs will be used to specify the fabrication of a Mini-TPC for
beam diagnostics. A commercial Micromegas mesh will be used for gas amplication. New
highly-integrated front-end ALTRO electronics for the ALICE experiment at LHC will be
used for analog and digital processing. A commercial VME read-out module (ROM), crate
and power supplies will be purchased. Existing software tools will be used for data acquistion
and analysis.
FY2005 Project Activities and Deliverables
A working Mini-TPC chamber will be run on cosmic ray tests.
FY2006 Project Activities and Deliverables
First beam testing of the Mini-TPC and preparations for beam diagnostic measurements.
FY2007 Project Activities and Deliverables
Detailed comparisons of Monte Carlo beam-line simulations and Mini-TPC measurements
will be made.
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Budget justification:
Lawrence Berkeley National Laboratory
LBNL will procure front-end and readout electronics for $20K.
Indiana University will construct Mini-TPC chamber for $10K.
Notre Dame University will assemble test beam apparatus $15K.
Other miscellaneous expenses can be expected at a level not to exceed $20K.
Three-year budget, in then-year K$
Institution: Lawrence Berkeley National Laboratory
Item
FY2005 FY2006
Other Professionals
0
0
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
0
0
Fringe Benefits
0
0
Total Salaries, Wages and Fringe Benefits
0
0
Equipment
20000
5000
Travel
0
0
Materials and Supplies
0
5000
Other direct costs
0
0
Institution 2 subcontract
10000
0
Institution 3 subcontract
10000
5000
Total direct costs
0
0
Indirect costs(1)
0
0
Total direct and indirect costs
40000
15000
(1) Includes xx% of first $xx subcontract costs
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FY2007
0
0
0
0
0
0
0
0
10000
0
0
0
0
0
10000

Total
0
0
0
0
0
0
30000
0
15000
0
10000
15000
0
0
65000

Budget justification: Indiana University
Mini-TPC Chamber construction.
Three-year budget, in then-year K$
Institution: Indiana University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
0
0
0
0
0
0
10000
0
0
0
0
0
10000

FY2006
0
0
0
0
0
0
0
0
0
0
0
0
0

FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
0
0
0
0
0
0
10000
0
0
0
0
0
10000

Budget justification: Notre Dame University
Test beam apparatus.
Three-year budget, in then-year K$
Institution: Notre Dame University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
0
0
0
0
0
0
10000
0
0
0
0
0
10000

FY2006
0
0
0
0
0
0
0
0
5000
0
0
0
5000

FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
0
0
0
0
0
0
10000
0
5000
0
0
0
15000

4. Vertex
Detector
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Vertex Detector Proposals Overview
The Vertex Tracker has to provide the jet flavor identification and accurate track
reconstruction that are prerequisites to most if not all of the linear collider physics
program. In some detector concepts, the vertex detector takes on an added role of charged
particle pattern recognition as well. If the Higgs boson exists and is light, as the data
collected so far indicate, its couplings to fermions of different flavour and mass must be
accurately measured to test the Higgs mechanism of mass generation. Efficient flavor
tagging in multi-jet events and determination of heavy quark charge will be instrumental
to study signals of New Physics both through the direct production of new heavy
particles, coupled predominantly to b and t quarks, and through precision measurements
of electroweak processes at the highest energies. Physics requirements push the vertex
tracker specifications to new levels. While much has been learned in two decades of
R&D on Si detectors for the LHC experiments, the linear collider requirements motivate
new and complementary directions for detector development. The linear collider
environment, with its lower event rates and lower radiation, admits Si sensors that are
substantially thinner, more precise and more segmented than at the LHC. Technologies
which have not been applicable in the high radiation environment of proton colliders are
available, as well as sensors based on new concepts. Significant R&D is required to solve
the detector problems of the LC environment. CCD vertex detectors have already
demonstrated very high resolution and segmentation with moderate multiple scattering.
But for the CCD technology to be applicable to the LC improved radiation hardness and a
factor of 100-1000 increase in readout speed are required. Technologies successfully
developed for the LHC program, such as hybrid pixel sensors, are sufficiently radiation
hard and can be read out rapidly. But they now need to be developed into much thinner
devices with smaller cell size to improve their tracking resolution capabilities. Finally
new technologies, such as CMOS sensors, have emerged as potentially attractive
solutions. But they need to be demonstrated on large scales and be tailored to the linear
collider application. These developments need to be guided by a continuing program of
physics studies and detailed simulations to define the optimal designs and technology
choices.

Contents
4.1 Pixel Vertex Detector R&D for Future High Energy Linear e+ e- Colliders (Charlie
Baltay: renewal) ...............................................................................................................420
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4.1

Vertex Detector

4.1: Pixel Vertex Detector R&D for Future
High Energy Linear e+ e- Colliders
(renewal)
Vertex Detector
Contact person
Charlie Baltay
baltay@yalph2.physics.yale.edu
(203) 432-3386
Institution(s)
Fermilab
KEK
Oklahoma
Oregon
Rutherford Lab
SLAC
Yale
Funds awarded (DOE)
FY04 award: 72,000

New funds requested
FY05 request: 75,000
FY06 request: 150,000
FY07 request: 150,000
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Pixel Vertex Detector R&D for
Future High Energy Linear e+ e- Colliders
J. Brau, O. Igonkina, N. Sinev, D. Strom
C. Baltay, W. Emmet, H. Neal, D. Rabinowitz

University of Oregon
Yale University

1. Introduction
Studies carried out in the U.S., Europe, and Asia, have demonstrated the power of a pixel vertex
detector in physics investigations at a future high energy linear collider. Until recently silicon
CCD’s (Charged Coupled Devices)1 seemed like the detector elements of choice for vertex
detectors for future Linear e+ e- Colliders. Last year, recognizing the potential of a Monolithic
CMOS detector, we initiated an R&D effort to develop such a device. With the recent Technology
Decision choosing a TESLA-like superconducting technology for the future ILC (International
Linear Collider), the motivation for such a detector technology is even more compelling. The time
structure of this cold technology is such that it necessitates an extremely fast readout of the vertex
detector elements and thus CCD’s as we know them will not be useful. There are discussions of
inventing new CCD architectures2 but these seem rather far ahead of the current state of the art.
For these reasons there is an increased importance on the development of Monolithic CMOS pixel
detectors that allow extremely fast non sequential readout of only those pixels that have hits in
them. This feature significantly decreases the readout time required. Another important feature of
our present conceptual design for these CMOS detectors is the possibility of putting a time stamp
on each hit with sufficient precision to assign each hit to a particular bunch crossing. This
significantly reduces the effective occupancy in that in the reconstruction of any particular event of
interest we only need to consider those hits in the vertex detectors that come from the same bunch
crossing.

2. Objectives of the Proposed Project
We are proposing here the continuation of an R&D program on ILC Vertex Detectors that has
been approved and funded this past year. The detailed emphasis of this program has changed
somewhat since the technical decision for the cold machine.

2.1 Continuation of the Development of the Monolithic CMOS Pixel Detectors
During the past year, in collaboration with SARNOFF, we developed a conceptual design
for a CMOS device that we feel will work well for the ILC vertex detector, and that
__________________
1
K. Abe, et. Al., “Design and Performance of the SLD Vertex Detector, a 307 Mpixel Tracking
System,” Nucl. Instrum. Meth. A400, 287 (1997)
2
C. S. J. Damerell, LCWS 2004, Paris, April, 2004, http://hepww.rl.ac.uk/lcfi/public/lcwsdamerell.ppt; Y. Sugimoto, 7th ACFA Linear Collider Workshop, Taipei, Nov. 10, 2004,
http://hep1.phys.ntu.edu.tw/ACFA7/slides/B-4 Sugimoto.ppt
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SARNOFF believes they can build. This coming year we plan to take this design to the
detailed engineering design stage and have SARNOFF fabricate the first prototype
devices (actual prototypes may have to be delayed another year due to lack of sufficient
funding).
2.2 Radiation Hardness Testing of Both CCD and the New CMOS Device

Prototypes
We plan to complete the radiation testing of CCD’s from the SLD vertex detector and start
testing the first prototypes of the new CMOS devices. We have a test set up at SLAC with
electron beams, and have built an instrumented a beamline at the WNSL Heavy ion
accelerator at Yale for radiation testing of imaging devices with proton, neutron, α, and
heavy ion beams in the 10 to 40 MeV/nucleon range.

2.3 We plan to continue a low level of effort on detailed engineering design to minimize the
thicknesses of both the detector chips and the support structure of the ILC vertex detector.

3. Progress in the Past Year
The overall vertex detector design we are working towards is shown in Figure 1, and the
numbers and sizes of the 120 detector elements (chips) are summarized in Table 1.
The detailed time structure of the ILC is still to be settled on in the future. For the purposes of
our present design we are using the time structure of the TESLA design. We assume that the
ILC design will have similar features. This design has 2820 bunches in a bunch train, with 5
bunch trains per second. The separation between bunches in 337 nanosec, which makes each
bunch train about 1 millisec long, with about 200 millisec between bunch trains.
Extensive background calculations indicate that the total hit rate in the vertex detector per
layer will be:
Background rate = 0.03 hits/mm2/bunch crossing

3.1 Progress on Monolithic CMOS Pixel Detector Design
During the past year, in collaboration with SARNOFF, Inc. (RCA’s Silicon Fabrication
House) with whom we had an R&D contract, we developed a draft conceptual design for a
device (chip) that we believe will work well for the ILC Vertex Detector application and
that SARNOFF believes they can make. We will discuss here a typical 22 mm x 125 mm
chip to be fabricated by SARNOFF’s CMOS process. Each chip would consist of two
particle detection layers, which we call Big pixels (Macro Pixel Array) and Small pixels
(Micro Pixel Array) (Big pixels ~ 50µ x 50µ, Small pixels ~ 5µ x 5µ) each layer covering
the full area of the chip (i.e. ~ 100 Small pixels under each Big pixel). The Big pixels will
detect a hit and get the time of the hit (to a precision of better than 1/3 microsec or one
bunch crossing time). There will be enough logic circuitry in each pixel that using the
location of the Big pixel hit we look for hits in the Small pixels to determine the precise x
and y location of the hit and get a 3 bit grey scale of the charge accumulated in each Small
pixel. Even a single particle crossing will deposit charge in several Small pixels due to
charge spreading beyond a pixel. The 3 bit grey scale is to allow the determination (later
in the analysis) of the coordinates of the centroid of the particle to better than a pixel size.
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The time information for each hit in the Big pixels is stored under the area of the Big
pixels with room for up to 4 hits. At 12 bits + 1 parity bit this requires 52 bits under each
Big pixel which is quite manageable as shown in Figure 2. The Big pixels are reset after
the time is stored to get ready for the next beam crossing. The Small pixel array stores the
analog signal charges locally for the ~ 1 millisec duration of the entire bunch train.
Due to concerns about excessive Electromagnetic Interference during the bunch train, we
do not plan to read out the device until after the bunch train when we have a leisurely 200
millisec to read out not all pixels as in a CCD but only the pixels that were hit.
To get some estimates of hit rates and occupancies, we use the estimate of 0.03
hits/mm2/bunch. We then expect an occupancy of ~ 10-6 per Small pixel and ~ 10-4 per
Big pixel per bunch crossing. Integrating over 2820 bunches in a train we expect about
3 x 10-3 hits per Small pixel and ~ 0.3 hits per Big pixel in a bunch train. Thus we expect
to only rarely exceed the storage capacity of 4 hits in each Big pixel (if need be the 4 hit
limit can be increased). The total number of hits per 22 mm x 125 mm device (chip) (with
1.1 x 108 Small pixels) is expected to be ~ 3 x 105 hits/chip. At a read out rate of 25 MHz
these hits can easily be read out in well under the 200 millisec gap between bunch trains.
The occupancy in the Small pixels, integrating over a bunch train, is expected to be of the
order of one percent. This appears much too high to allow efficient pattern recognition.
The crucial element of our design is the availability of the time information (i.e., bunch
crossing number) with each hit. If we trigger on an event that we are interested in from
another part of the detector (tracker or calorimeter) with a time, i.e., the bunch crossing
number known, we need to look only at those vertex detector hits which are consistent in
time with the event of interest and the occupancy drops to below 10-5 per Small pixel
which is wonderful (SLD worked well with an occupancy of ~ 10-3 per pixel in the Vertex
Detector).
A first design of the architecture of the Big (Macro) and Small (Micro) Pixel Arrays by
SARNOFF is shown in Figures 2 and 3.

3.2 Progress on Radiation Damage Testing
During the past few years, we have carried out an active investigation into the effects of
radiation damage in the CCDs used in the SLD vertex detector. The principal results of
these studies are:
Neutron Damage Studies
Several exposures to neutrons yielded studies of damage, annealing, and charge
trapping times. The technique of significantly reducing the effects of radiation damage
by injecting sacrificial charge was developed. (references below)
Electron Damage Studies
NLCTA (Next Linear Collider Test Accelerator) exposures established the difference
between electron and neutron effects, and demonstrated that the damage in VXD3 was
electron induced. Our method of injecting sacrificial charge to significantly reduce the
effect of radiation damage was demonstrated. (references below)
The expected radiation dose at the SLC was less than 1 krad for the lifetime of the SLD
vertex detector and the CCDs were tested to operate at a dose of 10 krads. The detailed
background calculations for the next generation e+ e− colliders indicate an upper limit of
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100 krads/10 years, a factor of 100 to 1000 higher than at the SLC. The neutron
backgrounds are estimated to be ~109 - 1010 neutrons/cm2/year, larger than at the SLC by a
similar factor. We believe that this increase in radiation tolerance can be achieved by
various strategies. Reducing the thickness of the surface silicon dioxide layer will reduce
the surface damage from ionizing radiation, and reducing the well size in the pixels will
reduce the amount of bulk damage. Furthermore, the use of the sacrificial charge
technique will reduce the effect of bulk damage on the charge transfer efficiency. To test
the success of these strategies would require the design of a new CCD, the fabrication of
these devices by commercial silicon fabrication houses, and radiation testing the resulting
CCD. This will not pursued now, in favor of the CMOS detector development.

3.2.1 Neutron Damage Studies
Our progress on studying CCD radiation damage has been reported in a number of
talks and papers.
J.E. Brau and N. Sinev, “Operation of a CCD particle detector in the presence of bulk
neutron damage,” IEEE Trans. Nucl. Sci. 47, 1898 (2000).
C.T. Potter, J.E. Brau, and N.B. Sinev, “A {CCD} vertex detector for measuring
Higgs boson branching ratios at a linear collider,” Nucl. Instrum. Meth. A511, 225
(2003).
J.E. Brau, O.B. Igonkina, C.T. Potter, and N.B. Sinev, “Investigation of radiation
damage in the {SLD} {CCD} vertex detector,” IEEE Trans. Nucl. Sci. 51, 1742,
(2004).
J.E. Brau, O.B. Igonkina, C.T. Potter, and N.B. Sinev, “Investigation of radiation
damage in neutron irradiated CCD,” to be published in IEEE Trans. Nucl. Sci. (2005).

Our neutron damage studies of several years ago play a key role in our current
analysis of damage to VXD3 (below) but are not reported here. However, recent
detailed study of the effects in the CCD exposed to neutron irradiation 5 years ago,
revealed new facts about the nature of radiation damage. First, we discovered that in
the 5 years the CCDs sat at room temperature, no significant annealing of the damage
was observed. The decrease in the number of charge traps which had been created by
neutron irradiation was less than 5%. Second, we measured the dependence of the
degree of charge trapping as a function of time. The trapping time expected, based on
prior theory, was in the range of nanoseconds. However, we observed tens of
milliseconds are required for complete trapping. We think there is a theoretical
explanation, but this was overlooked in the prior theory. The effect has implication for
the CCD vertex detector since it predicts less sensitivity to radiation damage effects
for CCDs operating at higher speed.

3.2.2 Electron Damage Studies
In 2003, we exposed the spare VXD3 ladders to the NLCTA electron beam to measure
the effects of radiation damage from electrons. We conducted two similar exposures
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of about 5 × 1011 electrons/cm2 to two different ladders. The electron energy was 60
MeV. The charge transfer inefficiency through the entire CCD (2000 rows) caused by
radiation damage from these electrons was about 30% for one ladder, and close to
90% for the other. This difference is not understood. It may result from different
doses, although the experiment was designed to deliver the same dose in both
exposures. While all beam parameters were very similar in both exposures, the dose
monitor was only active during the second exposure. Another explanation could be
different amounts of oxygen in the two detectors. We need more studies to understand
this result. The important observation from these studies is that the number of charge
traps per pixel created by electron irradiation is significantly different from that of the
neutron created charge traps. This has allowed us to measure the relative fractions of
neutron induced and electron induced radiation damage in VXD3.

3.2.3 VXD3 Radiation Damage Studies
We removed the inactive vertex detector VXD3 from SLD and made detailed
measurements of the level and character of the radiation damage from three years of
SLD data taking. In addition to normal running, at least once, early in the run,
undamped beams were brought through the detector, exposing the CCDs to unusually
large levels of radiation. The inner South CCDs were particularly affected as they
face the beampipe. The distribution of number of charge traps/pixel indicates that
damages were caused by light particles - electrons or photons. The level of damage
corresponds to exposure to about 1011 - 1012 electrons/cm2 (10 - 100 kRad) if the
energy of electrons was similar to NLCTA electrons (60 MeV). If the electron was of
higher energy, the estimate of the level of exposure level would be reduced.

4. Plans for the Coming Year
4.1 Monolithic CMOS Pixel Detector Development
As described above, we believe that we have a conceptual design for these detectors that
will work for the Vertex Detector for a superconducting ILC, with even a considerable
margin of safety. The next step we believe is to start detailed design of these devices via
a contract with SARNOFF that will lead to the fabrication of some small prototypes.
There are many issues and uncertainties that will have to be addressed in the detailed
design. Some of these issues apparent at this time are:
•

•
•
•
•

SARNOFF feel they can build devices with pixels as small as 5µ x 5µ, have large
area chips, 25 MHz read rate, and sufficient logic under each pixel to do what it needs
to do in this conceptual design. Can they achieve all of these features simultaneously
on one chip?
How thin can these devices be thinned below the standard 500µ thickness?
Radiation hardness
Power consumption
Will the Electromagnetic Interference during a bunch train affect adversely the
functioning of the device at the pixel level?
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We believe that the funding that will be available this coming year will not be sufficient
to carry out both the detailed design by SARNOFF and the fabrication of the first
prototypes. We foresee two options. The first is to find Japanese or European
collaborators to put in some funds to allow SARNOFF to proceed with prototypes this
coming year. The second option is to delay the fabrication of the first prototypes after the
following year.

4.2 Beam induced EMI tests
EMI effects disrupted the planned operation of the SLD vertex detector VXD3, requiring
a delayed readout of the CCDs. The origin of these effects was never completely
understood, since operations were possible. If such a problem recurred at the ILC, it
would not be possible to solve it so easily. Therefore, for the sake of the ILC, it is critical
to understand the origin of such effects, and to develop procedures for ameliorating them.
Working in collaboration with groups from Rutherford-Appelton Lab and KEK, we plan
to study this problem.

4.3 Radiation Damage Testing
In this coming year we plan to complete the radiation testing of the SLD vertex detector
CCD’s. While much has been learned in the tests to date, there remain unexplained
effects, such as the long trapping times, which must be resolved. Such tests might
involve electron beams at SLAC and possibly proton beams at Yale. When the first
CMOS prototypes from SARNOFF are available, we plan to do radiation testing on those
both with electron and proton/neutron beams. This activity will require engineering and
technician support for fixturing, vacuum, electronics, etc.

5. Relationship to Linear Collider Detector Concept Studies
Our vertex detector design effort is in the context of the SiD detector concept. The design
that we are working on, illustrated in Figure 1 and Table 1, fits well within that context
and has the parameters appropriate to that detector. However, the other detector concepts,
the LDC and GLD designs, also require vertex detectors and our R&D is also exactly
relevant to those designs. We thus believe that the R&D we are proposing is important for
all of the detector concepts under discussion at this time.

6. Relationship to Other CCD Vertex Detector R&D Programs
6.1 This research is coordinated with M Breidenbach, SLAC; A. Miyamoto, Y. Sugimoto,
KEK; P. Skubic, U. of Oklahoma; R. Yarema, W. Wester, FNAL; C. Damerell and the
LCFI, Rutherford Lab.
6.2 The LCFI Collaboration, in Europe led by Chris Damerell of Rutherford Labs, is
developing a CCD vertex detector for the TESLA Detector. We maintain a close
relationship with the work of the European group and are coordinating our activities with
them to complement, rather than duplicate, their R&D effort.
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In the course of the design and successful fabrication of the Yale QUEST CCDs,
we have made a number of contacts and worked with several silicon fabricators.
We have built on this base of experience and have this year made a subcontract
with the SARNOFF Corporation, who is quite experienced in the design and
fabrication of CMOS pixel imaging devices, and have developed a conceptual
design for our CMOS pixel detectors. We plan to exploit this connection in the
future to move on to detailed design and have the fabrication of prototype
devices by SARNOFF.
6.3 The Japanese CCD Vertex Detector Collaboration, led by Y. Sugimoto and A.
Miyamoto of KEK, is also working on the issues confronting a CCD vertex detector for
the linear collider. We are in direct communication with this group, and coordinating our
R&D effort, and plan now to write a proposal for the Japan-US Program to develop a
vertex detector prototype.

6.4 We have begun work on the readout electronics for linear collider vertex detectors in
collaboration with SLAC (M. Breidenbach and G. Haller). There are other groups
proposing to work on the fast readout electronics required for these detectors, and we
plan to coordinate our efforts closely with these groups so that together we develop a
coherent detector with pixel imaging detectors and the electronics appropriate to read
them out.

7. Work Plan and Deliverables
We are proposing here a three-year R&D program to address the issues discussed
above. We foresee the following activities
7.1 Work Plan Year 1
• Continue study and design of CMOS detectors for ILC
• Simulation studies of the effects of detector thickness on the physics, and
coordination with other groups doing simulations
• Continue the study of effects of radiation damage
• Mechanical Engineering study of support scheme

7.2 Work Plan for Year 2
• Complete detailed design for CMOS detectors
• Buy masks for fabrication
• Place order and start fabrication of prototypes
• Continue the study of effects of radiation damage
• Continue support structure engineering design
• Begin ASIC development for readout
(progress on year 2 work plan will be contingent upon successful supplemental
funding to pay for all engineering and masks)
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7.3 Work Plan for Year 3
• Complete prototype detector fabrication
• Complete prototype ASIC fabrication
• Test performance of prototype detectors
• Radiation test of prototype detectors
• Complete preliminary support structure design
(progress on year 3 work plan will be contingent upon successful supplemental
funding in years 2 and 3 to pay for all engineering and fabrication)

7.4 Deliverables after the 3 Year R&D Program
• First prototype devices (contingent on supplemental funding)
• Performance and radiation tests of prototype devices
• Preliminary support structure design

8. Budget Estimates
Request in Units of $1000

Item
Engineering, Technician, Shop Support and Supplies
At Oregon
At Yale
Subcontracts
CMOS Design
Masks
CMOS Fabrication
Yearly Totals

Year 1

Year 2

Year 3

13
12

25
25

25
25

50
0
0

25
25
50

0
0
100

75

150

150

9. Broader Impact
This research project contributes to society in many ways, including but not limited to:
•
•
•

development of new devices for applications in other fields
opportunities for students and young researchers to learn state-of-the-art
techniques
advances in the understand of the fundamental nature of the universe around us.
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Overview of Tracking Proposals
Experimental physics goals for a future Linear Collider create challenges for charged
particle tracking, particularly in regard to momentum resolution, multi-track separation,
and the precise and efficient reconstruction of tracks at forward angles. The momentum
resolution is driven in part by the need to measure the di-lepton recoil mass spectrum in
the process e + e − → HZ , with Z → µ + µ − . With the small beam energy spread possible
with superconducting accelerator technology, the recoil mass spectrum resolution is
limited by track momentum resolution even at the previous aggressive baseline level of

σ (1 / pt ) ≈ 2 × 10 −5 GeV −1 .. Such momentum resolution is also driven by the need to
measure high-energy isolated charged particles [2], expected to be prevelant in new
physical processes (supersymmetric interactions, heavy lepton production, production of
leptopquarks, etc.), as well as Standard Model processes with a propensity to produce
high-energy leptons ( tt , W +W − , ZZ , l + l − production). All in all, the requirement on
the precision of the momentum measurement is an order of magnitude more demanding
than that of existing collider detectors. Clearly, the full exploitation of the physics
potential of a Linear Collider places stringent demands on the performance of the tracker.
The Linear Collider presents several other challenges that are more demanding than that
faced at previous electron-positron colliders. Linear Collider backgrounds are expected to
be somewhat worse than those experienced at previous high-energy electron-positron
colliders, while hadronic jets associated with underlying parton-level processes will be
denser and more energetic. Accurate reconstruction of hadronic jets in this environment
will be an essential tool in unraveling the physics of the Linear Collider. Particle-flow
algorithms, discussed in the section on calorimetry, are only effective to the extent that
charged tracks are individually accounted for and associated with discrete calorimetric
clusters. Achieving the jet-energy resolution promised by the energy-flow approach will
require excellent charged-particle pattern recognition, superior two-track separation
resolution, as well as the precise determination of particle trajectories as they exit the
tracking volume.
Forward (high cos θ ) tracking will be of particular importance at the Linear Collider.
Flagship supersymmetric processes (selectron and chargino production) have the
potential to exhibit forward-peaked cross sections. The process of diboson (WW and ZZ)
production, which may prove essential to uncovering the secret of electroweak
symmetry-breaking, is also increasingly forward-peaked at high energies, with the
corresponding jets more tightly collimated about the underlying parton trajectory. Finally,
adequate modeling of beamsstrahlung requires a precise in-situ differential luminosity
measurement, which in turn requires that the acolinearity of bhabha-scattered electrons be
measured to the accuracy of ~0.01 mrad.
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Overview of Tracking Proposals
Tracking projects in this proposal cover three broad areas. Work on the simulation of
physics processes is oriented towards establishing tracker performance criteria that are
required for the full realization of the physics potential of the Linear Collider. Simulation
of detector response and performance is focused upon assessing the capabilities of
specific tracking scenarios, and of their ability to achieve the established performance
criteria. The goal of research and development work on instrumentation hardware is to
provide a proof-of-principle for the more promising of those tracking scenarios. All three
of these components are essential for the design and optimization of a tracker that will be
capable of exploiting the great potential of the Linear Collider physics program.
At this point, the choice of technology for the central tracker remains open. The most
promising candidates are a large-volume TPCand an all-silicon tracker, the focus of two
new world-wide studies toward conceptual design reports. More options are under
consideration for the forward tracking, including silicon-strip or active-pixel disks, and at
larger forward angles, straw tubes, silicon strips, and GEMS, for which more R&D is
needed.

Simulation

Physics simulations have clarified many of the design goals for the LC detector,
including the central tracker. Studies of sparticle production and decay are needed to
establish more quantitatively the physics requirements on momentum resolution,
including that of low momentum tracks. There also remains a compelling need to study
the track-reconstruction capabilities of the proposed detector scenarios, as well as issues
relating to the interface between the tracker and calorimeter, both in the central and
forward directions. A total of four groups are proposing to contribute to the Linear
Collider Detector simulation infrastructure.

Silicon Central Trackers

Silicon central trackers have the advantage of compactness, and may prove to be
particularly good at tracking particles in dense jets. Two groups propose to improve track
reconstruction algorithms for a silicon tracker, one focussed on forward tracking. Another
group proposes to use simulations to address detailed tracker configuration issues, and
another group proposes to explore the requirements on the tracker imposed by Higgs and
Supersymmetry physics needs. Another group proposes to explore how calorimetry
improves the tracking of Kshort and Lambda decays for a detector with a relatively small
number of silicon tracking layers.
In regard to silicon detector R&D, one group proposes to develop a long shaping-time
readout chip that limits its period of operation to the small fraction of time that beams are
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present in the machine, and work with an international group to develop and test a
prototype two-meter-long silicon detector ladder. Another group proposes to develop
thin-silicon sensors to minimize material in the tracking volume.

Achieving the resolution goals with a relatively compact silicon central tracker requires
precise control of detector alignment and distortions. One group proposes to develop a
“real-time” tracking device alignment system, important at the Linear Collider for a lowmass, non-rigid silicon tracking system.

TPC Central Tracker

A TPC promises excellent momentum resolution and resilient pattern recognition. A
number of groups will work on TPC readout development. Two intend to improve
fabrication techniques for GEMs, and optimize GEM design for use in TPC readout. One
of these groups will focus on photo-lithography and use simulation to optimize design. A
second group will use prototype TPC’s with GEM and MicroMegas readout to explore
resolution, segmentation, noise, ion feedback, etc. A third group proposes to explore
VLSI readout as an alternative.

Forward Trackers

Forward tracking is more important at the Linear Collider than at previous e+e- machines
because of the increased contributions of t-channel processes at the high center-of-mass
energies. Forward tracking is also important for differential luminosity measurement.
One group proposes to develop a GEM-based forward tracking prototype detector.

.
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Development and Evaluation of Forward Tracking in the Linear
Collider
Classification (subsystem)
Detector: Tracking
Personnel and Institution(s) requesting funding
University of Oklahoma, Department of Physics: Michael G. Strauss (Associate Professor)
Collaborators
Post-doctoral Researcher (to be named)
Project Leader
Michael G. Strauss
Strauss@nhn.ou.edu
(405)-325-3961 ext. 36343
Project Overview
Traditional e+ e− tracking detectors have provided excellent track finding capability and track
resolution in the central region, but diminished performance in the forward direction, closer to
the beam pipe. However, forward tracking will be a critical component of the Linear Collider
(LC) physics program and the LC detector will require outstanding forward tracking to attain
the maximum physics potential.
There are important physics processes with enhanced cross sections in the forward region that
can only be effectively measured by having exceptional forward tracking. For instance, certain
production and decay modes of supersymmetric particles are peaked in the forward direction.
Some important Standard Model processes, like Higgs production via W W t-channel fusion
are also predominantly along the beamline. Quality forward tracking will be required to
maximize the ability to do certain physics. Because the colliding beams disrupt each other and
induce radiation, an accurate measurement of the differential luminosity requires an angular
measurement of Bhabhas with an uncertainty, ∆θ, of 100 µrad over polar angles of 100-500
mrad. The best algorithms for determining jet energies are particle flow algorithms which
require measurement of energy in the calorimeter as well as the momentum of charged tracks
in the same jet. Multijet events often produce jets in the forward direction. Consequently, to
measure jet energies in the forward region with good efficiency, quality tracking must extend
to small polar angles. Other physics considerations include the ability to efficiently measure
the charge of all tracks, not just those in the central region, and minimizing the material in the
forward region so that conversions do not cascade and disrupt tracking pattern recognition.
These physics goals can be accomplish by developing forward tracking that uses minimal
material in order to preserve momentum resolution of the order σ(1/pt ) = 10−4 GeV−1 ,
with polar angle coverage down to about 110 mrad. Many issues regarding forward tracking
need to be studied in detail now so that relevant questions can be answered and reasonable
technology choices can be made, particularly for the Silicon detector tracking option.
The tracking system must be able to maintain its superior resolution and pattern recognition
capabilities well into the forward region, for which backgrounds increase steadily while the
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mean pt , and the lever-arm available to reconstruct tracks and measure pt , shrink steadily. In
addition, good angular resolution must be maintained for the differential luminosity measurement. These issues present great challenges to the design of a forward tracking system, and it
is essential that a realistic simulation and reconstruction package that can easily investigate
alternate technologies and geometries be developed and utilized so that these questions can
be addressed.
At present, only a few studies have been done to choose tracking hardware options or develop
software algorithms to assure quality track finding and resolution in the forward direction.
The TESLA collaboration has done some simulation of tracking in the forward direction. The
default TESLA design uses seven layers of intermediate silicon disks and a forward chamber,
possibly made of straw tubes, behind the TPC. Studies show that TESLA gets a resolution of
∆θ ≈ 30µrad at a polar angle of about 120 mrad. Some other layouts of the TESLA tracker
have been investigated to determine if pattern recognition can be improved by eliminating
”ghost” hits. The TESLA studies show that reasonable tracking can be done in the forward
region with the level of realism modeled in their simulation. There have not been TESLA
studies that investigate alternate tracking geometries, technologies, and algorithms that might
improve forward tracking. Tracking options that might provide better resolution need to be
investigated. The U.S. LC tracking group has expressed their opinion that forward tracking
is at the core of the tracking program, and that simulation and software development is of
paramount importance to the LC tracking effort.
We propose a systematic software effort to understand tracking capabilities and develop tracking algorithms in the forward direction, to about 110 mrad from the beamline. These studies
will use the detailed Monte Carlo and simulation being developed by Norman Graf and collaborators at SLAC. A realistic simulation must include beam related backgrounds, accurate
simulations of charge deposition, full energy deposition from tracks and backgrounds, realistic detector response, digitization, cluster finding, merging and hit recognition algorithms,
detailed coordinate determination, and accurate track finding algorithms. Some of these parameters are not yet in the LC Monte Carlo simulation. We would make the Monte Carlo
more realistic and use the enhanced Monte Carlo to investigate the forward tracking potential. Such an effort will allow an informed choice for forward tracking technologies and design
parameters. We will help determine the essential hardware components needed to assure
quality tracking and physics capabilities in the forward direction, and to eventually develop
quality pattern recognition and tracking algorithms in the forward direction. The software
tools we develop will be used to facilitate future physics studies.
The program at the University of Oklahoma will continue to work in conjunction with the LC
community. We have been using the current simulation package developed by Norm Graf and
will continue to work closely with the existing LC tracking simulation groups. Some pattern
recognition tools have already been incorporated into the LC simulation. Using these tools is
a good place to start when studying forward tracking issues, but is insufficient to develop the
best algorithms for meeting the forward tracking physics issues. For instance, the strategy for
the current tracking algorithm in the Silicon detector is to first find tracks in the CCD vertex
detector then to extrapolate these tracks into the central and forward detectors. However,
there are very important questions that have not been investigated: (1) How well do five layers
of CCDs do at pattern recognition given realistic backgrounds and detector performance? (2)
What is the track finding efficiency and purity using this pattern recognition technique? (3)
Will the proposed thickness of the detectors cause so much showering that pattern recognition
is impossible? (4) Are there other algorithms that give better performance in the forward
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region?
We would like to concentrate on answering questions regarding forward tracking with the Silicon Detector (SiD) tracking option that have not been investigated. Many of these questions
are outlined in the document “Critical Questions for SiD” by M. Breidenbach, H. Weerts,
J. Brau, and J. Jaros. We would like to develop simple pattern recognition code that could
easily compare different designs in order to answer questions that have been raised by this
report. (1) What detector layout will will offer robust pattern recognition? (2) Should the
forward tracking depend on VXD pixel endplates? (3) How feasible is pattern recognition
in the VXD with pixel endplates? (4) How thick can the system be before it degrades the
calorimetry? (5) Does forward tracking need stand alone track finding capability, without
help from VXD endplates calorimetry pixels?
We will continue to work closely with groups developing hardware that might be used as key
components in the forward tracking of the LC. We have developed a working relationship
with the group at Louisiana Tech that is working on GEM technology that could be used in
the forward tracking region.
At the end of this project, we will know
1. The detector design that maximizes the forward tracking potential.
2. The detector technology that offers the best prospect for meeting the physics goals
outlined above.
3. Whether three-dimensional technologies are necessary for tracking in the forward direction.
4. Whether reasonable resolution and pattern recognition can be performed to 110 mrad.
5. How beam-related backgrounds interfere with tracking capabilities in the forward region.
Broader Impact
This entire proposal focuses on developing a broader impact by teaching and training a postdoctoral researcher in the area of tracking software. The requested funds will be used for the
salary of one researcher who will be learning from the principle investigator of this project
who has years of experience in developing tracking software. In essence, the entire request
for funds is for the purpose of education.
Results of Prior Research
We have not received any previous funding for LC projects. However, we have been involved
with the LC project by attending conferences and working informally with people involved
in the software effort at Stanford, and the hardware effort at Louisiana Tech University. We
have installed and run the standard Monte Carlo tools available for LC simulations.
Our current research at OU focuses on many areas that are directly related to this proposal.
We are funded from the Department of Energy, DE-FG02-04ER41305, “Experimental Physics
Investigations Using Colliding Beam Detectors at Fermilab and the Large Hadron Collider”
from May 1, 2004 until April 30, 2005, for $480,000. Part of this project funds work at the DØ
detector where the principle investigator is currently the convener of the tracking group. The
tracking group has developed a combined tracking algorithm that uses both a road finding
method and a histogramming method to find tracks in the DØ detector. The road finding
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method, is particularly good at finding tracks in the forward region of the detector. Lessons
learned from that algorithm may be applied to forward tracking at the LC.
Facilities, Equipment and Other Resources
This project requires only computing facilities and internet access. We have plenty of equipment available to complete the program. In fact, OU has both a supercomputing center and
a cluster of Linux computers available for High Energy physics applications.
FY2005 Project Activities and Deliverables
During the first year, we would hire a post-doctoral researcher who will increase the realism
of the Monte Carlo in the forward direction, develop and adapt tools for LC forward track
finding, and investigate the tracking efficiency and purity for various detector geometries.
There are a number of tools that have been developed within the high-energy community, or
are being developed within the Linear Collider community that can be adapted for the purpose
of understanding tracking in the forward region. For instance, very good forward tracking
has been attained by the DØ collaboration using the “AA” tracking algorithm. Tools and
algorithms developed for DØ tracking may be useful to compare with current forward tracking
algorithms in the LC environment. By integrating tools that have been developed within the
high energy community and current Linear Collider software tools, and by developing new
algorithms and tools, a comprehensive and precise understanding of forward tracking will
emerge.
Initially, we will characterize the efficiency and practicality of the currently proposed forward
tracking technology and geometry, such as the silicon detector default geometry using endcap disks with radially aligned silicon microstrips. We will also characterize other designs
being considered like the use of Gas Electron Multipliers (GEMs) as charge amplifiers and/or
collectors in the forward region as proposed by groups at Louisiana Tech and Hampton University. All our studies will be done in collaboration with other groups working on tracking
hardware and software. We will coordinate our efforts with the SLAC and LBNL simulation
and reconstruction groups, and will cooperate with universities that are developing hardware
that may be used for LC forward tracking.
After one year we expect to have (1) developed a realistic Monte Carlo including backgrounds
in the forward region, full energy deposition, and accurate detector response, (2) implemented
existing reconstruction tools into a unified package, and (3) determined tracking efficiency and
purity for the default detector technologies and geometries in the forward region. Further
work will need to be done to develop and optimize future algorithms, to develop mature
tracking algorithms, and to add more realism to the simulation.
FY2006 Project Activities and Deliverables
We will focus specifically on some of the issues dealing with the SiD tracker. The primary
questions about the SiD tracker involve pattern recognition. Finding actual tracks from
particles in a densely populated hit environment can be an extremely challenging problem,
even for conventional tracking systems that have many more layers than the SiD. The current
SiD baseline proposal has 5 layers of pixellated vertex detector followed by 5 layers of Si
strip detectors in the central region, but does not have a well developed baseline detector
for the forward region. One milestone that should be completed by the second year is to
develop a baseline detector that can accomplish the physics goals. Questions that have still
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not been answered about the central region will need to be addressed in the forward region,
like whether K 0 mesons and Λ0 baryons can be found with only 5 vertex layers and 5 silicon
layers. Answering questions about the track pattern recognition and track resolution with
the SiD detector will be the major focus both in the first and second year once the necessary
tools have been developed.
FY2007 Project Activities and Deliverables
The direction during the last year of this proposal will depend heavily on the findings during
the first two years. The final paragraph of the Project Description above lists the goals of
the three year project. At the end of the third year, we expect to have those questions
answered so that the LC detector collaboration will have the tools and information to answer
the important questions about forward tracking technologies and physics parameters.
Budget justification:
The budget is for supporting a post-doctoral researcher half time. The other half of the
time the post-doc will be involved in doing physics with DØ or investigating other aspects of
physics at the LC. The proposed tracking studies need manpower to use the available tools
and develop new tools to answer the relevant questions. Consequently, the most important
use of funds for answering these questions is to support people who can develop and run the
needed sophisticated simulations.
Three-year budget, in then-year K$
Institution: The University of Oklahoma
Item
One-half FTE Post-doctoral Researcher
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
$20,000
$20,000
$7400
$27,400
$27,400
$13,152
$40,552

FY2006
21,000
21,000
$7770
$28,770
$28,770
$13,810
$42,580

FY2007
$22,050
$22,050
$8159
$30,209
$30,209
$14,500
$44,709

Total
$63,050
$63,050
$23,329
$86,379
$86,379
$41,462
$127,841
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Tracking Prototype for the ILC
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Tracking
Contact person
Lee Sawyer
sawyer@phys.latech.edu
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Louisiana Tech
Funds awarded (DOE)
FY04 award: 35,000
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FY06 request: 30,420
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Development of GEM-based Forward Tracking Prototypes for
the ILC
Classification (subsystem)
Tracking.
Personnel and Institution(s) requesting funding
Lee Sawyer
Z.D. Greenwood
Center for Applied Physics Studies
Louisiana Tech University
Ruston, LA 71272
Collaborators
Tony Forest
Center for Applied Physics Studies
Louisiana Tech University
Ruston, LA 71272
Project Leader
Lee Sawyer
sawyer@phys.latech.edu
(318) 257-4053
Project Overview
We propose a research and development effort for the International Linear Collider, based
on our interest in forward tracking. We propose to study the need for additional tracking in
the region beyond the TPC endplate (in the ”Large Detector” scenario) and extending down
to the masked region (approximately 100 mrad from the beamline.) We will evaluate the
usefulness of an ionization chamber equipped with multiple gas electron multiplier (GEM)
preamplifiers in this region; as such devices offer a fast, radiation-hard, low material profile
tracking solution. Incorporating GEMs for forward tracking will also reduce the number of
heterogeneous detector technologies in this region, since GEMs will likely be used to readout
the TPC. This request is for renewal of current Department of Energy funding received
through the Linear Collider Research and Development (LCRD) working group.
Previous uses of ionization-based tracking systems equipped with gas electron multiplier preamplification stages have found that such systems can provide 50 microns level resolution
and radiation hardness up to 2Mrad. We intend to evaluate the system for use in the ILC by
constructing a prototype to confirm the above observations and work to improve the system’s
response time as well as further test the radiation limits of a prototype detector using a
high energy electron beam. We also propose a parallel program of simulations studies in the
forward region, with particular emphasis on the tracking needs for luminosity measurements.
We have made substantial progress in our first two years of activity in the LCRD working
group. This progress is described in detail in the later section on Previous Research.
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Forward Tracking Studies
Forward tracking will potentially be more important at the Linear Collider than at previous e+ e- colliders, as many interesting t-channel processes have differential cross sections
peaked in the forward direction, including WW and WZ production. For SUSY searches,
selectron pair production includes contributions from t-channel gaugino exchange. Other
slepton production channels may be characterized by very forward, low pT leptons due to
small slepton-chargino mass splitting for some regions of the SUSY parameter space NEED
REF! Detailed understanding of the Higgs boson can also potentially benefit from forward
tracking. It will also be important to accurately measure differential luminosity cross-sections
at the LC, with angular resolutions on the order of 0.1 mrad [1].
Several critical issues need to be addressed in determining the detector configuration best
suited for forward tracking. These include background radiation levels and overall rates, triggering, timing resolution, and hit resolution when the forward detector is used in conjunction
with other tracking elements.
We propose to address these issues through an integrated hardware and simulation effort.
We will devote part of our Linear Collider effort to understanding the specific physics issues
involved in forward tracking, and part to the development of a prototype tracking chamber
which uses a gas electron multiplier technology for pre-amplification. Based on the observed
performance of such devices, we feel this technology may be well-suited to the forward region
Gas Electron Multiplier-based Tracking
Several groups are currently exploring the fabrication of tracking detectors based on the use of
gas electron multiplier (GEM) foils [3]. This includes the proposed Time Projection Chamber
(TPC) which forms the central tracking component in the North American ”Large Detector”
concept as well as the detector outlined in the TELSA Technical Design Report [2]. Other
GEM detector projects include the digital calorimeter option for the hadronic calorimeter.
We propose to evaluate a forward tracking ionization chamber for the linear collider which
uses a GEM as a preamplifier and will permit single particle tracking. We are working in
close collaboration with others groups interested in applying GEMs to detectors for the ILC.
In the TESLA TDR, it is envisioned that there will be a layer of tracking between the TPC
endplate and the endcap EM calorimeter (see Figure 1). This is called the Forward Chamber,
or FCH, in the TESLA TDR and allows tracking segments in the central tracking volume to
be extrapolated to the calorimeter, particularly in the region where there is reduced coverage
or lever-arm for the TPC. As an application of GEM-based tracking, we are investigating the
design of an FCH using GEM tracking chambers. (Other proposed technologies include straw
tubes and silicon strips.)
A GEM is a perforated foil of insulating material approximately 50 microns thick and coated
on both sides with a thin conductor approximately 5 microns thick. The holes have a radius
on the order of 50 microns and are in a grid pattern in which the distance between adjacent
holes is on the order of 150 microns. The photo-lithography based technology to construct
this preamplifier was developed at CERN by Fabio Sauli and collaborators [4]. When used
as a preamplifier in front of a micro-pattern device, like a multiwire proportional chamber,
the signal is amplified 100 fold [5] and can operate in harsh radiation environments up to at
least 2 Mrad [6]. Charge multiplication occurs when the electrons pass through the foil holes
whose sides have had an electric potential difference applied to produce electric fields on the
order of 40kV/cm. A typical GEM detector electric field is shown in Figure 1. With multiple

445
125

Figure 1: (left) A quarter view of the detector in the TESLA Technical Design Report. (right)
The layout of the tracking, showing the FCH between the TPC and EM calorimeter. (Both figures
taken from the TELSA TDR [2].).
GEMs serving as preamplifiers, the charge can be detected directly on a segmented printed
circuit board due to the large gains which approach 106 [7].
As an application of GEM technology in subdetector systems at the linear collider, we will
explore the use of GEM-based detectors in forward tracking. The GEM strategy offers the
possibility of achieving the necessary spatial resolutions with a detector that is radiationhard, high rate, and compact with a low material profile. This would fit the needs of an FCH,
which has to fit within a slim gap between the TPC and EM calorimeter, at possibly a much
lower cost than solid-state detector such silicon strips. Timing resolutions on the order of 14
ns have been measured with GEM detectors having a 3 mm gap. Research needs to be done
to understand if faster timing can be achieved.
An evaluation of GEMs for use in the inner tracking system of HERA-B concluded that they
are better suited for the harsh radiation environments of their experimental setup [8]. We
would like to expand on their work to determine if a GEM-based forward tracking system is
suitable for the ILC.
Detector Prototyping for the International Linear Collider
Outstanding issues to be addressed by this proposal involve a determination of the expected
rates, lowest achievable scattering angle, desirable tracking resolution, readout rate and acceptable radiation length for use of this device. Triggering in the forward region, particularly
with high backgrounds that are possible, may also be a significant technical challenge. We
have begun work on a current monitor for the GEM detector, which we plan to develop into
a differential current trigger. We propose to develop this current monitor trigger as part of
our GEM detector prototyping activities, and to test the current monitor triggering scheme
during an electron beam test of the GEM detector. (This differential current trigger may be
useful for other groups exploring GEM-based detectors.)
In the progress report attached to this proposal, we detail our work to date in establishing a
testing facility for the GEM based prototype tracking system. Briefly, an ionization chamber
with two GEM preamplification stages and a 2-D charge collector has been procured from F.
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Sauli’s group at CERN during the first year of funding. Front end amplification, pulse shaping
and 128 channel multiplexing electronics arrived during the first year of this work which were
based on the HELIX128 chip developed by the Heidelberg ASIC laboratory in collaboration
with a group from the MPI [8]. Students involved have been working on fabricating PC
boards to integrate the HELIX chip onto the detector’s charge collector, designing current
monitors, installing driver signals for the HELIX chip and setting up a cosmic ray test stand.
A data acquisition system is now in place with ADC and TDC readout electronics for 8
GEM channels. A second prototype detector, with three GEM preamplification stages, was
constructed by Louisiana Tech students during the second year of this work and is currently
operating in conjunction with our data acquisition. This prototype is shown in Figure 2

Figure 2: The second prototype 10cm x 10cm GEM tracking chamber, designed and developed by
students at Louisiana Tech.
The challenge is to determine the optimal level of multiplexing which will reduce the probability of false hits to an acceptable level. In the case of the linear collider, a simulation will
be used to determine what level of multiplexing will be needed. We can then investigate if
it is desirable to adapt the HELIX128 to serve a similar function for the forward tracking
device proposed here or use alternative methods of direct digitization which are currently
being developed at CERN. At a future date, tests using a 1 GeV electron beam will also be
done to evaluate readout performance at high rates as well as radiation hardness issues.
Broader Impact
Louisiana Tech University has a long tradition of involving underrepresented groups in research project. The last master’s degree graduate was a woman, Jena Kraft, whose thesis
was the evaluation of the gain and quantum efficiency properties of the GEM detector as
a function of the gas pressure. We have a strong record of recruiting American students,
including traditionally underrepresented minorities, into our physics program at both the
undergraduate and graduate level.
An X-ray lab, developed for this project, has enhanced the infrastructure of the facilities at
Louisiana Tech and will allow the research to expand into the area of medical imaging. We
hope that the detector will have some impact on the current methods of medical imaging. A
partnership has been created between the Biomedical Engineering department at Tech, the
Biomedical Research Foundation of Shreveport, and the Center for Applied Physics studies
to evaluate the usefulness of this device in the area of medical imaging.
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Results of Prior Research
We report progress to date on our previous GEM-based detector development and forward
simulations work. This work was carried out with support from a Department of Energy
grant DE-FG02-99ER41117 ($505,000 over three years), covering the budget period 15 June,
2003 to 14 June, 2005, and LCRD-related supplements in 2003 ($37,490) and 2004 ($35,000).
We have made substantial progress in meeting the goals set out in last year’s proposal, both
in the area of GEM development and prototyping and in detector simulations. With the
funding in hand, we have purchased Rohacell material for the detector prototype, a TTLLVDS converter for our readout electronics, machine time for a prototype readout plane,
and miscellaneous gas fittings and electronic components. We have designed and built two
prototype GEM-based tracking chambers. We have initiated detailed studies of the electric
field around the GEM holes, as well as simulations of angular resolution due to multiple
scattering in the tracking chamber material. We have installed the simulation software for
the full detector simulations needed to understand the detector parameters for the forward
chambers in a TPC-based detector at the International Linear Collider.
We are funding two graduate students on this project, with money from the Department of
Energy LCRD supplement and matching university funds. With travel funds provided in the
LCRD supplement, we have participated in the the American Linear Collider Physics Group
meetings in Stanford in January, 2004, and in Victoria in July, 2004. Recently we participated
in the Workshop on Gaseous Detectors at the ILC, held at Ecole Polytechnique, Paliaseau,
France on January 13-15, 2005. One of us (Sawyer) presented an overview of options for
intermediate to forward instrumentation for a large TPC-based detector.
Detector Prototyping
A second prototype detector has been built by Louisiana Tech students which has an additional GEM preamplification stage compared to our first prototype but still has an 10cm x
10cm active area and a 2-D charge collector with a strip pitch of 400µm. A gas handling
system, using 70% Ar and 30% CO2 , is in place along with regulators, connections lines, and
bubbler. We are using a CAEN N470, 4 channels, 10 kV power supply to bias the GEM detector and X-ray source. A trigger circuit has been installed on the second prototype detector
which is being using to trigger the DAQ readout of up to 8 detector channels.
Another student has fabricated PC boards using our Protomat machine to short out the
GEM readout lines in order to facilitate the use of our limited number of readout channels
currently available. The student is also designing a PC board (“pitch adapter”) to carry
the GEM trace lines to the HELIX readout boards which we have recently procured. These
readout boards were developed by the Heidelberg ASIC laboratory in collaboration with a
group from Max Planck Institute to utilize a highly integrated and radiation hard readout
chip called the “HELIX 128 ” which can read out 128 anode strips at 40 MHz and store the
information for last 8 events in a pipeline citeHELIX. The GEM connectors for this board
have just arrived from Felco Electronics. The next step will involve using a wire bonding
machining to connect the Helix input pads to the pitch adapter output lines.
Another student is working to provide the low voltage differential signals (LVDS) to control
the Helix chip. The initial attempt by the student was to use our in-house function generators
to create the LVDS signals. This was abandoned due to the high noise levels (150 mV) on
the function generator output. An LVDS signal converter chip has been purchase to output 4
LVDS pulses from a single TTL input pulse. A data acquisition system, based on the CODA
system developed at Jefferson National Laboratory, is now in place. Currently we are reading
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Figure 3: A sample GEM detector hit. The left figure shows a single hit on detector channel 4
while rht right most figure illustrates a multiple hit on channels 4 and 5. Channel 8 represents the
measured charge of the trigger signal. Channel 1 & 7 are pedestal channels.
a LeCroy 1182 8-channel ADC. DAQ files are being written to disk and software has been
written to convert the RAW data files to ROOT ntuples for analysis. The next step is install
the Lecroy TDC into the readout list in order to perform timing studies.

Figure 4: A sample of several different ionization sources measured by the second prototype detector
A charge collector has been designed using Autodesk. The structural dimensions may be
altered by simply editing an excel spreadsheet which contains the relevant parameters. A
prototype charge collector board has been received from CERN that has 15 µm thick copper
traces layed down on 1.7 mm thick G-10. The next charge collector boards will have 5 µm
copper traces layed down on 120 µm thick G-10. Because of oxidation problems with the first
prototype detector, the charge collectors are now being coated with 2 µm of Nickel and 0.1
µm of Gold. Wire bonds between the output connector and the charge lines have also been
eliminated to improve detector robustness.
A pulsed X-ray tube is being used to perform detailed position resolution as well as response
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time studies on the completed prototype detector. The CAEN N470 power supply is used
in conjunction with a newly acquired PVX-4140 high voltage pulse generator from Directed
Energy, Inc. to pulse the nanotube based X-ray source. The pulse generator can apply up
to 3500 kV within 25 ns and has a tight pulse width of 60 ns. When collimated, this pulsed
X-ray source will be used to perform position and timing measurements of the detector.
In collaboration with the University of Texas at Arlington and the University of Victoria, we
will be testing new 30cm x 30cm GEM foils produced by the 3M corporation. A design for a
tracking chamber incorporating these larger GEM foils is being developed.
Simulation Studies
We have begun detector simulation studies on two fronts: detailed studies of GEM chamber simulations in order to better understand pulse shape, ionization, and drift times; and
GEANT4-based studies of the forward tracking needs of the proposed ILC detectors configurations, with a particular interest in forward tracking needs.
ANSYS has been used to calculate the electric field of a GEM foil. A 2-D model was constructed which had the same characteristics as other published models. A 3-D model is now
being developed which reduces the perforated hole pattern into a fundamental pattern based
on 1/4 of 2 adjacent holes. The electric field map for the entire GEM foil may be generated
from this. The goal will be to generate an electric field map for use in a program which
simulates the gas ionization process. The program GARFIELD[10] is a popular simulation
program for drift chambers which we may borrow from for our needs. The key ingredients are
the function HEED [11], used to calculate energy loss due to ionization in the drift chamber
gas, and MagBoltz [12], used to track electrons in a gas. Detailed figures from these field
studies were included in our earlier progress report.
A GEANT3 [13] based study of the prototype GEM-based tracking chamber has been performed. The effect of multiple scattering on a 1 GeV electron which traverses the detector
was investigated. The angular resolution is degraded by about 15% when a triple GEM ionization chamber is used to detect electrons emerging at 9 ± 2 degrees with respect to the
beamline. The final step in detector simulation will be to incorporate the proposed detector
system into the full GEANT4-based Linear Collider Detector simulation, in order to study
the performance of the detector in the forward region of the Large Detector configuration.
Currently, we are still in the process of installing GEANT4 and the LCDROOT packages
(along with other required software packages) on our Linux cluster. During the summer,
2004, we stationed one of our graduate students with the simulations group at Northern Illinois University, in order for him to learn the GEANT4 and LCD4 software. He is now in
charge of installing and maintaining that software on our cluster. However, as the conceptual
design process has taken shape over the last several months, we now believe that we can
best proceed by modifying the existing Mokka simulation framework, which was used for the
TESLA TDR studies. We are currently installing Mokka, and plan to have results for the
International Linear Collider in Stanford, March 18-20, 2005.
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Facilities, Equipment and Other Resources
This research project represents collaboration between the Institute for Micromanufacturing
and the Center for Applied Physics Studies at Louisiana Tech University. The Institute
for Micromanufacturing has the facilities to fabricate the ionization chambers, assemble the
components in clean rooms, and wire bond the readout electronics to the ionization chamber.
To shorten development time, GEM foils will be purchased. The Center for Applied Physics
Studies contains the high energy and medium energy physics groups who will be developing
the GEM detectors. The collective experiences of the Center for Applied Physics Studies
members will ensure the development a GEM-based forward tracking prototype and detailed
studies of the tracking needs in the forward region..
The principal investigators (Sawyer, Greenwood) are members of the high energy physics
group at Louisiana Tech, are members of the D0 experiment at Fermilab, and have extensive
experience in detector development and simulations. The Louisiana Tech group built and
installed portions of the Intercryostat Detector for the D0 upgrade. Dr. Sawyer has worked
on the ALEPH, D0, SDC, and ATLAS experiments, while Dr. Greenwood has built a number
of neutrino detectors and is currently involved in Run IIb upgrades to the D0 Silicon Tracker.
Our collaborator, Tony Forest, is a member of Louisiana Tech’s medium energy group, with
experiments at Jefferson Lab. He is developing GEM-based trackers for the proposed Qweak
experiment at JLAB. His experience with tracking in that detector system will be used in
developing the forward tracking prototype. In addition, other members of the medium energy
group are collaborating on studies of GEM-based tracking applications, and students from
both the high energy and medium energy groups are collaborating in our detector development
lab.
FY2005 Project Activities and Deliverables
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In year one of our renewal request, we will build a prototype GEM-based tracking detector
using the new 30cm X 30cm GEM foils from 3M. We will carefully test this chamber’s performance compared to the 10cm X 10cm currently being tested, which foils manufactured at
CERN. We will use our new X-ray test facility, as well as source and cosmic ray testing. The
X-ray lab is a new addition to CAPS, is based on carbon nanotube technology to facilitate
pulsing and is capable of delivery 1 kHz of 8 and 20 keV photons. The goals of these tests
will be to establish the operational limits of the proto-type device.
We will continue our simulation studies of forward tracking at the LC. We will use the Mokka
front-end to GEANT4 to perform detailed studies of the improvement to tracking with a
Forward Chamber (FCH) between the TPC endplate and the EM calorimeter. We will begin
studies of different detector readout configurations and begin the process of optimizing the
detector design for the GEM tracker FCH.
FY2006 Project Activities and Deliverables
In year two, we will perform beam tests of a prototype tracker module. We will plan for the
installation of the device at Jefferson Lab which is capable of delivering up to 100 microamp
of 6 GeV electrons to a target. Our plan is to install the prototype in Hall C at Jefferson Lab.
This would be preferably in conjunction with a running experimental setup but we could
conceivably setup a standalone beam test. The goal of these tests will be to evaluate the
operational rate limits of the detector readout system and determine the impact of radiation
damage.
In year two, we will finalize a design for the FCH, based on our simulation studies. This
should coincide with the timetable for detector conceptual design to be formulated. We will
contribute to the conceptual Design of a TPC-based detector for the International Linear
Collider, with emphasis on the FCH and tracking in the intermediate to forward regions.
FY2007 Project Activities and Deliverables
In year three, we will analyze the results of the beam studies. In conjunction with the results
of simulation studies, we will then be able to propose a full forward tracking detector for
the LC detector, which will hopefully be in the Technical Design stage by this point (year
2006-2007). We will use the pulsed X-ray facility at Louisiana Tech to investigate the effect
of ionization chamber and GEM preamplifier wall thicknesses on pulse risetime in the GEM.
Budget justification: Louisiana Tech University
Our budget request for year one is based on the purchase of an additional 4 GEM foils from 3M
($2600), machining time for the prototype components ($700), construction cost for additional
readout plane construction ($1000), and costs of prototyping the readout electronics ($1000).
We will also need clean room time for GEM detector assembly, for which we request 20 hours
at$60/hour ($1200). We request continued support for one Ph.D. student ($14,000). We
request modest travel funds ($5,000) to cover the additional costs of attending ILC meetings,
which are beyond the scope of current base Dept. of Energy grant.
For year two, our budget request includes expenses for beam tests as well as continued simulation studies. For the beam tests, we will need power isolation transformer ($500), cabling
($900), power supply for the HELIX128 readout ($100), gaslines and bottles ($200). We will
need at least 4 trips to the beam line, estimated at $1,500 per trip based on past experience from the medium energy group. We request continued support for one Ph.D. student
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($14,000). Because of the travel request for beam tests, we reduce our request for travel to
ILC meetings to $2000, and will attempt to secure additional travel funds to make up the
difference.
For year three, we request funds for replacement GEM foils ($900), machining time for test
chamber walls ($500) and supplies. We request continued support for one Ph.D. student
($14,000). We request travel funds of $7,000 to cover the predicted increased number of trips
needed to collaborate on the Technical Design Report for the TPC-based detector.
Three-year budget, in then-year K$
Institution: Louisiana Tech University
Item
FY2005
Other Professionals
0
Graduate Students
$ 14,000
Undergraduate Students
0
Total Salaries and Wages
$ 14,000
Fringe Benefits
0
Total Salaries, Wages and Fringe Benefits $ 14,000
Equipment
0
Travel
$ 5,000
Materials and Supplies
$ 6,500
Other direct costs
0
Total direct costs
$ 25,500
Indirect costs(1)
$ 6,720
Total direct and indirect costs
$ 32,220
(1) Includes 48% of salary and wages only
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FY2006
0
$ 14,000
0
$ 14,000
0
$ 14,000
$ 600
$ 8,000
$ 1,100
0
$ 23,700
$ 6,720
$ 30,420

FY2007
0
$ 14,000
0
$ 14,000
0
$ 14,000
0
$ 7,000
$ 1,400
0
$ 22,400
$ 6,720
$ 29,120

Total
0
$ 42,000
0
$ 42,000
0
$ 42,000
$ 600
$ 19,000
$ 9,000
0
$ 71,600
$ 20,160
$ 91,760
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Proposal Name Studies of Gas Electron Multipliers for a Time Projection Chamber for
the International Linear Collider
Classiﬁcation (subsystem)
Identify accelerator subsystem. Central Tracking Chamber; TPC
Personnel and Institution(s) requesting funding
Prof. Peter Fisher, Massachusetts Institute of Technology, Cambridge, MA, 02139
Prof. Ulrich Becker, Massachusetts Institute of Technology, Cambridge, MA, 02139
Collaborators
Project Leader
Prof. Peter Fisher
ﬁsherp@mit.edu
617-253-8561
Project Overview
Over the past ﬁfteen years, Time Projection Chambers (TPCs) have developed into robust
tracking systems for use at electron-positron colliders as well as ﬁxed target experiments.
TPCs provide three dimensional track measurements with high resolution and low channel
count. Future linear colliders challenge TPC design: the large number of bunch crossings
over a very short time can cause the build up of ions in the drift region resulting in the
loss of resolution. Gas Electron Multipliers (GEMs) [1, 2, 3] may provide a solution: as
they amplify electrons in a closed channel, the ions remain trapped in the channel where
ampliﬁcation occurred and can be ejected in between bunch crossings. However, current
GEM ampliﬁcation systems need three layers of foils to attain suﬃcient (103 -104 ) gain. We
aim to investigate GEM designs which result in higher gain per layer which may allow one
or two layer GEMs. At the very least, we aim to ﬁnd an optimized GEM design which will
improve GEMs robustness and uniformity.
GEM foils amplify drift electrons by creating a very high ﬁeld region in a channel formed by a
hole through a highly resistive substrate (usually Kapton). Electrons liberated by high energy
particles in the TPC volume drift to the GEM (which may be separated from the drift volume
by a grid) and are focussed by the electric ﬁeld into the ampliﬁcation channel. Typical ﬁeld
gradients are as large as 100 kV/cm (500 volts applied across a 50 µm foil) which give gains
of a hundred or more in typical gases such as Ar:CO2 (80:20) or P10. Current applications
use stacks of three GEMs and achieve gains of up to 104 . After the last stage of ampliﬁcation,
the electrons are collected on readout pads which give the position information.
In the ﬁrst six months of the current award, we have built the infrastructure we need to
optimize GEM foils (see below) Fig. 1 and the coming year, we will carry out a systematic
study of how the physical parameters of GEM foils inﬂuence the gain. In particular, we
will study how the diameter and pitch (the spacing between ampliﬁcation channels) of the
ampliﬁcation channels inﬂuence the gain by fabricating GEM foils using the exactly the same
processing techniques from the same vendor. A larger ampliﬁcation channel will collect more
electrons, but will have a smaller ﬁeld gradient (owing to leakage of the ﬁeld out of the
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Figure 1: a) Test chamber with triple GEM mounted inside. The chamber was built for another
detector study; the test chamber used for the proposed GEM foil studies is of the same design. b)
Relative gain measurement of diﬀerent energy sources with triple GEM shown in a). The GEM
foils are made by Tech-Etch.
channel) and thus lower gain. In addition, a foil with a large channel diameter to pitch
ratio will be mechanically weaker than a foil with a smaller ratio. We will also measure foils
with thicker Kapton substrates: a thicker substrate will allow higher voltage and a longer
ampliﬁcation channel, possibly giving higher gain.
Carrying out these studies requires the fabrication of GEM foils to our speciﬁcations and we
have developed an industrial partner in Tech-Etch of Plymouth, MA. Tech-Etch 1 is a custom
ﬂexible printed circuit board vendor which is able to make custom GEM foils in small (12-20
foil) batches at reasonable cost ($250 per foil). Tech-Etch has made GEM foils which we
have working in our lab (Fig. 1) and is part of an SBIR with MIT, BNL and Yale for the
STAR experiment at RHIC. As Tech-Etch foils have well deﬁned properties and performance
characteristics, our plan is to make modest variations from a reference design.
Broader Impact
GEM foils ﬁnd application in a wide range of tracking systems. They form the basis for the
tracker in the COMPASS experiment [4] with good results and are a serious option for the
ILC TPC [5]. The use of CF4 with GEMs has been considered in medical applications [6]
and are proposed for dark matter experiments[7] and double beta decay experiments[8].
Our studies have the two fold purpose of optimizing the mechanical design of GEM foils and
continuing to develop a vendor who can provide custom foils at reasonable cost. As the use
of GEM foils expands, we expect the work we do in the coming years will have impact of a
wide range of experiments and technology.
Results of Prior Research
In the past six months, we have ordered two sets of twelve GEMs from Tech-Etch, constructed
a gas chamber for testing single and multiple GEM foils, completed a ﬁrst simulation of GEM
performance and taken some steps toward developing a new method of GEM quality control.
1

URL: http://www.tech-etch.com
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Figure 2: Layout of GEM foils for Tech-Etch for the reference set. All dimensions are inches.
Since we want to study the dependence of GEM performance on hole dimension and spacing,
our ﬁrst order of twelve GEM foils has a proven geometry (Fig. 2) and these GEM foils will
be used as a reference set for comparison with other designs. The reference set has been
received, mounted and tested: of the twelve foils, six meet our acceptance criteria (Fig. 3)
and the best three will form our reference set. We will investigate cleaning the other six foils
for later use.
The active region of the second set (referred to as Set 2) of GEM foils has four diﬀerent
electrically separate zones (Fig. 3). Each zone has a diﬀerent hole diameter, with one zone
having the same dimensions as the reference set in order to provide a direct normalization
between Set 2 and the reference set. We have asked Tech-Etch to use the same processing
sequence (etching time, chemical concentrations, etc.) for Set 2, so, in principle, the gain of
Zone B of Set 2 and the gain of the reference set will be the same. This way, we will know
that a gain diﬀerence observed, for example between Zone A and Zone B results from the
diﬀerent hole size rather than diﬀerent processing. The Set 2 foils have been ordered and we
expect delivery from Tech-Etch in late March.
This work has been carried out by Mr. Scott Hertel and Ms. Marta Lewandoska, who were
supported by FY2004 funds.
We will test our GEM foils in a specially constructed chamber shown in Fig. 5. The test
chamber has a manifold on the bottom to distribute the gas evenly at moderate ﬂows and
works over the pressure range of vacuum to 3 bar. The test chamber has a gas system attached
which has a residual gas analyzer, turbopump and simple gas recovery system which will allow
us to recover expensive gases. In interesting feature is the externally mounted resistor chain
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Figure 3: I-V curves for six of twelve reference GEM foils. All have surface resistances of better
than 50MΩ/cm2 at 500 V, our maximum planned operating voltage.

Figure 4: a) Design for GEM foil Set 2 to study the eﬀect of hole size on gain. The processing
(etching time, copper thickness, etc.) will be exactly the same as the reference GEM foil set in
order to allow direct comparison between the gain of Zone B in Set 2 and the reference set.
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Figure 5: a) Cross section of test chamber for triple GEM foils. b) Detail showing the spacing of
the detector components.
which allows the adjustment of foil and transfer voltages without opening the test chamber.
The test chamber has been built in our shop and vacuum tested. We are currently mounting
the reference GEMs in the chamber. for the initial tests, we plan to use Ar:CO2 (80:20) and
P10, which have well known characteristics. We will also carry out some measurements with
CF4 .
Coding and testing of our simulation is now complete and we have compared our simulation
results to data taken on an earlier single GEM setup Fig. 6 [9]. The simulation has two
parts: in the ﬁrst part, MAXWELL 3D (from Ansoft Corp.) computes the electric ﬁeld for a
speciﬁc geometry, producing an electric ﬁeld map. The second part is a single particle mover
which moves electrons along the electric ﬁeld lines, taking diﬀusion into account. Ionization
cross sections are used to compute probability distributions which we then sample to ﬁnd
the gain for each electric ﬁeld setting. While the agreement between the simulation and data
seems reasonable, we do not ﬁnd the simulation a useful tool for studying the impact of hole
geometries on gain and we have decided to direct the eﬀort towards the GEM foil testing.
Once we have good data from a number of geometries, we will resume our simulation eﬀort.
This work was carried out in collaboration with Prof. Sekazi Mtinwga, now at Harvard
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Figure 6: Comparison of gain measurements for a single GEM in argon and neon based gas. The
measurements were only of relative gain and have been normalized to the simulation at 275 V.
University and Dr. Oleg Bouianov of SEFT in Helsinki, Finland.
Facilities, Equipment and Other Resources
This work has been and will be carried out in our detector lab which is supported by a detector
development contract from other DOE funds and MIT Kavli funds. The lab is fully equipped
with test equipment, gases, gas handling systems and electronics. There are two attached
machine shops: one maned by Mr. Michael Grossman (for whom we request approximately
20% salary to support this project) and the second is the Edgerton Machine shop, an institute
supported shop for students. The Edgerton shop is staﬀed by a full time machinist (Mr. Fred
Cote) who teaches a shop course and helps the students with basic machining tasks.
Our detector lab has a long history of gas studies, including a long standing systematic study
of gas mixtures documented at http://cyclo.mit.edu. Typically, six to eight undergraduates
work in our lab on a number of diﬀerent gas detector projects.
Undergraduate students run our lab under our supervision. Most students at MIT participate
in the Undergraduate Research Opportunities Program (UROP) and we expect two UROP
students to complete Senior Theses (which is required by the department) on the GEM
studies. Two students, Kasey Ensslin and Julie Wyatt, have completed Senior Theses on
earlier GEM studies. Our machinist, Mike Grossman, also provides support and supervision.
FY2005 Project Activities and Deliverables
In the early part of FY2005, we will complete the measurements of the performance of the
GEM foil reference set and begin the measurement of of the gain characteristics of Set 2, which
should be delivered in early March. We anticipate the mounting and acceptance testing of
the Set 2 GEMs will take several weeks and the gain measurements will begin in late spring.
Based on what we learn from Set 2, we will submit an order for GEM foil Set 3, which may
consist of
• Larger holes: in Set 2, the largest holes have an outer diameter of 90 µm and a pitch of
110 µm. If hole size leads to larger, more stable gains, we may try 95 µ holes with the
same pitch or larger pitch.
• Thicker Kapton: most GEM foils use 50 µm Kapton as the substrate. We may use a 75
µm substrate, which would imply stronger, more robust GEMs.
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We expect to place th order for Set 3 after our study of Set 2, which will be in early Summer
2006. Testing of Set 3 will extend into FY2006.
FY2006 Project Activities and Deliverables
In FY2006, we will continue testing Set 3 and, based on the results from Set 3, design two
further GEM foil sets for test, Sets 4 and 5. The designs will depend on what we have learned
with Sets 2 and 3, but will most likely include 100 µm thick substrate and larger pitch foils.
We will also use the extra foils from Set 2 to in a small TPC (which we are re-instrumenting
with readout electronics) for resolution studies using the Bates 1 GeV electron beam.
A TPC for a linear collider requires a detection region covering several square meters. Using
the extra GEM foils from Sets 2-3, we will begin designing a two or three layer two-by-two
array of 10 cm × 10 cm GEM foils in order to learn how to design and construct a much
larger array for an ILC TPC ampliﬁcation plane.
FY2007 Project Activities and Deliverables
We will conclude the systematic gain measurements of Sets 2-5. If appropriate, we will resume
the simulation studies.
The GEM foils produced at Tech-Etch are 10 cm × 10 cm, so we plan to investigate with
Tech-Etch the fabrication of larger foils and study how to tile these foils to cover a large area.
We plan to order 20 cm × 20 cm foils (or larger) with a geometry based on the outcome of
our studies from Tech-Etch and build a TPC detection plane of realistic dimension for use in
an ILC TPC.
A second study we may undertake is the question of registration of the GEM channels. In
a multiple layer GEM ampliﬁer, there is some idea that lining up the channels will result in
higher gain. We plan to address this my installing a micrometer and tension system in the
our test chamber which will allow us to move the GEM foils in the triple GEM system. A
back light will make measuring the alignment of the channels possible.
Budget justiﬁcation:
The amounts requested are as follows:
Other Professionals: the requested amount of $10,000 supports 20% of our machinist,
Mr. Michael Grossman, who fabricates the test chambers, GEM mounting frames and other
hardware used on our project. In FY2005, he will fabricate the GEM mounting frames and
a second test chamber. In FY2006, he will fabricate the GEM frames and parts for a multiGEM ampliﬁcation plane and in FY2007, he will fabricate a second ampliﬁcation plane using
larger GEMs. he also plays a major role helping and supervising our students.
Undergraduate Students: much of the work is a carried out by undergraduate students
as part of the Undergraduate Research Opportunities Program (UROP) at MIT. Almost all
undergraduate participate in the UROP and, in the physics department, a students UROP
project usually leads to a senior thesis. We request support for two full time students.
Equipment: covers the purchase of two sets of twelve GEM foils each year from Tech-Etch
($ 6,000, described above) along with materials for making the GEM frames, test chambers
and other test hardware. This also includes the purchase of gas used for testing.
Travel: covers two trips to ILC meeting to present results. One of us plans to attend the
meeting at SLAC in March.

461
141

Materials and Supplies: covers the replacement of consumables in our lab such as electronic components, tools, test electronics, etc. The experience of the past ten years is that
each student uses, loses or breaks $1,000 of lab supplies each year.
Three-year budget, in then-year K$
Institution: MIT Institution 1
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
10
0
17
27
3
30
9
1
2
0
42
19.5
61.5

FY2006
10
0
18
28
3
31
7
1
2
0
41
20.15
61.15

FY2007
10
0
18
28
3
31
7
1
2
0
41
20.15
61.15

Total
30
0
53
83
9
91
23
3
6
0
124
59.8
183.8
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5.7

Tracking

5.7: Development of a Micro Pattern Gas
Detector Readout for a TPC
(new proposal)
Tracking
Contact person
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Institution(s)
Cornell
Purdue

New funds requested
FY05 request: 92,476
FY06 request: 82,407
FY07 request: 74,416
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Development of a Micro Pattern Gas Detector Readout for a TPC
Classification: subsystem
Detector: tracking
Personnel and Institution(s) requesting funding
D. P. Peterson, R. S. Galik, Laboratory for Elementary-Particle Physics,
Cornell University
G. Bolla, I. P. J. Shipsey, Physics Department, Purdue University
Collaborators
none
Contact Person
Dan Peterson
dpp@lns.cornell.edu
(607)-255-8784

Project Overview
Motivation
A tracking detector with unprecedented performance, in both multi-track separation and
momentum resolution, will be required to meet the experimental physics goals of the
future linear collider. A time projection chamber (TPC) may provide the best
combination of detector segmentation and continuous track measurements that would
lead to the optimum multi-track separation and noise immunity. However, as described
below, the segmentation of current technology TPCs is insufficient for precision
reconstruction of linear collider events. In addition, obtaining spatial resolution that is
required to meet the momentum resolution goal is challenging with the current
technology. We proposed to study improvements to a TPC readout in an effort to develop
the segmentation and resolution required for the linear collider program.
Multi-track separation, which leads to efficient track reconstruction, is required for an
“energy flow analysis”, the precision measurement of jet energies using tracking
information to determine the charged energy component {1}. Energy flow analysis will
require efficient track reconstruction within jets where the track density is of order
100 tracks/steradian. TPCs using wire anode gas-amplification, of which the STAR and
ALEPH chambers are typical examples, have pad readouts with segmentation of order
1 cm in the azimuthal direction. This segmentation is insufficient for reconstructing
tracks in dense jets. For example, consider a TPC with 4 cm longitudinal segmentation
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and a two-pad FWHM pad response function. The solid angle segmentation would be
-3
about 10 steradian at a detector radius of 1 meter. Thus, the occupancy within a jet
would be 10% - a challenging environment for track reconstruction. In a simulation of
digitized detector response {2}, a 1 cm pad width was shown to provide only 94%
reconstruction efficiency while a pad width of 2 to 3 mm is required for the ultimate
resolution. Simply increasing the detector segmentation in a wire anode TPC will not
result in increased reconstruction efficiency because the signal width is determined by the
inductive readout. A gas-amplification technology with signal width less than 2 mm is
required to take advantage of increased readout segmentation.
Spatial resolution, which determines charged particle momentum resolution, is also
limited in wire anode TPCs. Charged particle momentum resolution, σ(1/p), of order
-5
10 /GeV is required to determine the Higgs mass through the precision measurement of
the recoil mass of di-leptons in Higgsstrahlung events {3,4}. Similar momentum resolution
is required to measure the end-point momentum in leptonic supersymmetric decays. This
momentum resolution can be achieved only if the TPC spatial resolution is of order
100µm. This spatial resolution is very challenging in a wire anode TPC not only because
it represents 1% of the pad size but also because the radial electric field in the vicinity of
the wires leads to a significant spatial distortion.
A TPC readout based on a micro-pattern-gas-detector (MPGD) gas-amplification device
such as a GEM {5} or MicroMegas {6} promises to provide both improved segmentation
and resolution. Segmentation is improved due to a fundamentally reduced transverse
signal size; the signal is created on pick-up pads by electron transport rather than
induction. The pad size can then be significantly reduced. Spatial resolution is improved
due to the reduced signal size and reduced ExB distortion of the drift path in the vicinity
of the amplification device. Operation in a high rate environment may be simplified
because these readout systems are expected to naturally suppress ion feedback into the
drift volume.
The world linear collider TPC study
Several groups in Europe, Canada, and Asia are currently studying gas-amplification
devices in prototype TPCs. Groups from Victoria {7}, DESY {8}, Karlsruhe {9}, and
Aachen {10} have been studying GEM gas-amplification. The Saclay/Orsay/Berkeley
{11} group has been studying MicroMegas gas-amplification. The Carleton {12} group
has been studying MicroMegas gas-amplification with an additional resistive foil over the
pad plane to control the pad response function. The Asia/MPI/DESY {13} group has
made measurements with wire gas-amplification. Results from the individual groups and
recent reviews {14} of this work have been presented at the linear collider workshops.
Results from these groups are encouraging; several groups report spatial resolutions of
less that 100 µm with MPGD devices. However, the results are preliminary. The
resolution is not as good as expected from simulations. It is recognized within the linear
collider TPC community that the measurements of different gas-amplification devices are
difficult to compare because they are taken by different groups under various
conditions{15}. In addition, there are sometimes discharge problems in the gas-
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amplification devices that must be understood. Significant development and operating
experience are required before a full-size design for a detector incorporating a GEM or
MicroMegas can be finalized. Even with many groups working on these issues, the
development will take several years and should not be delayed.
The Cornell/Purdue R&D program
We have initiated a TPC detector development program. We will study issues of
resolution, segmentation, signal width, noise, cross-talk, and ion feedback using various
readout systems on prototype TPCs. The TPCs will be built and operated at Cornell. We
will study TPC readouts using both traditional wire anode wire gas-amplification built at
Cornell, and TPC readouts using GEM and/or MicroMegas gas amplification built at
Purdue.
The Cornell/Purdue program is a part of, and coordinated with, the world TPC study. We
regularly present at the regional and international workshops including the January 2005
TPC R&D mini-workshop {16} held in conjunction with the Meeting on ILC Detectors
with Gaseous Tracking {17}. We will add to the body of MPGD gas-amplification TPC
operational knowledge by building on our experience of operating large tracking
chambers and MPGD development.
The recently completed Cornell TPC (see “Progress”) can easily be configured with
various readout modules. While other groups typically make measurements using one
gas-amplification device, we will be able to make direct comparisons of several gasamplification devices using with the same drift cage and readout electronics.
We plan to make ion feedback (also known as "back-drift") measurements using an
instrumented drift cage termination grid. Again, direct comparisons between several gasamplification configurations will be possible. The ion feedback dependence on biasing
can be readily measured because biasing for the gas-amplification device, as well as the
drift cage field, can be adjusted from outside the gas volume.
As described below (see "Expertise"), Purdue is involved in several studies of
manufacturing techniques for the purpose of providing large scale production of reliable
GEMs. and MicroMegas. It is expected that the MPGD manufacturing will require 3 to 4
years of development. The development of new manufacturing techniques for GEMs and
MicroMegas is important because it may provide reduced cost and procurement time for
large scale implementations such as a TPC or a hadron calorimeter in a linear collider.
Much of this work is at an early stage; extensive R&D and testing, including radiation
hardness studies, will be required. Funding exists for this work and we are not seeking
additional funding for it at this time. These studies will be performed by many groups,
including Purdue, over the next few years. We expect to incorporate each of the
successful alternative manufacturing technologies into TPC readouts. The Cornell TPC
will be used to test and compare MPGDs that are manufactured with new techniques as
well as devices produced at CERN. In the first instance, we will test a recently produced
MicroMegas.
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As the world TPC study evolves, the Cornell/Purdue group plans to become involved in
scaling a MPGD readout to a full size detector. We will use our TPC to study problems
associated with assembling an array of MPGD devices to cover a large area. On a time
scale of about three years, groups involved in the world TPC study plan to construct a
large prototype. First discussions of the design of the large prototype and how to divide
the tasks involved the construction are just beginning. We plan to participate by
designing and building a component such as the thin endplate support frame and the
mounting scheme for the readout elements or the field cage.
Our coordination with the world TPC study will be strengthened by cooperating on
projects of mutual interest with the Carleton group consisting of Prof. Alain Bellerive and
Dr. Madhu Dixit. The proposed infrastructure will enable us to make a direct comparison
of Carleton MPGD readout devices with those prepared at Purdue. This will help in
reducing systematic uncertainties and in optimizing the readout design for the MPGD
TPC. The partnership between Carleton and Cornell/Purdue will benefit from the
proximity of Ottawa and Ithaca.
Expertise
The Cornell group has extensive experience building and commissioning drift chambers
for the CLEO experiment {18}. For the CLEO II drift chamber {19}, the Cornell group
developed thin structures for inner and outer segmented cathode readouts. In the design
stage of the CLEO III drift chamber {20}, the Cornell group developed specialty parts
and machining practices with commercial vendors. Prototype chambers were used to
study questions of gas properties, insulating feed-through breakdown, electronics
characteristics and mechanical issues for the endplate. The CLEO III drift chamber {21},
installed in 1999, has been extremely reliable with superior spatial resolution. Most
recently, the Cornell group constructed and commissioned a 6-layer inner drift chamber
for the CLEOc program {22}. Two significant issues were resolved in this project:
integrating the chamber design with the existing interaction vacuum chamber and
focusing elements, and reducing the sensitivity to electronic noise transmitted by the
beam pipe.
The Purdue group has many years of experience developing MPGDs {23-37}. In
collaboration with the CERN and Saclay groups, radiation hardness of GEM and
MicroMegas foils manufactured at CERN have been studied and excellent radiation
hardness has been demonstrated. The first triple-GEM {34} and GEM+MicroMegas
detector have been built. The latter has achieved the best signal-to-noise performance in a
beam line of any MPGD to date {35} making it very attractive for TPC readout. In
addition a new readout mode of a MicroMegas has been developed that promises greater
electrical robustness.
GEM manufacturing technology, for readily available samples, has been limited to
Kapton lithography. Purdue is involved in several studies of alternative manufacturing
techniques. In collaboration with the University of Chicago, a micro-machined large area
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LEM (large scale GEM) has been built and successfully tested at Purdue {38}. Electrodeless GEMs and MicroMegas, which have greatly reduced amounts of material, are also
under development. The Purdue/Chicago collaboration has worked with the 3M
Corporation to develop a less expensive, large quantity, manufacturing process for
standard GEMs.

Figure 1: A MicroMegas produced by the 3M Corporation in
collaboration with Purdue University mounted for testing. The cover of
the high purity stainless steel gas chamber is removed for display.
These have been delivered and tested at Purdue and CERN. Preliminary results indicate
that the performance of GEMs manufactured by 3M, when appropriate materials are used
and the process is carefully controlled, is indistinguishable from the performance of those
manufactured at CERN {39,40,41}. More recently, Purdue has collaborated with 3M to
develop the first mass-produced MicroMegas. These have been delivered {42} and are
being tested as shown in Figure 1.
Work described in this section and in “Progress” has been supported at Cornell by NSF
cooperative agreement PHY-0202078, 4/1/2003 – 3/31/2008, entitled "Support of the
Cornell Electron Storage Ring (CESR) Facility. Work at Purdue has been supported by
DoE grant DE-FG02-91ER40681, 1991-present, entitled "An Experimental High Energy
Physics Program at Purdue University".

Progress
In the past year, the Cornell group has constructed and commissioned a TPC, shown in
Figure 2, with a 64 cm drift field and 10 cm square readout aperture. To commission and
operate the TPC, Cornell has purchased high voltage and data acquisition (DAQ) systems.
The high voltage system provides 20kV for the drift potential as well as biasing voltages
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Figure 2: Time Projection Chamber at Cornell University. The drift cage
has an inner diameter of 14.6 cm and length of 64 cm.

Figure 3: TPC Readout Module. A wire gas-amplification section is
mounted in front of the pad board on the left. Pad biasing voltage
distribution cards are mounted behind the pad board.
for the gas-amplification devices. The VME based DAQ has low noise power supplies to
improve the signal sensitivity for prototype detectors. TPC signals are digitized with
commercial flash-ADCs. Cornell has purchased four 8-channels flash-ADC units with
105 MHz sampling rate, +/- 200mV input range, and 14 bit resolution. These units
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sample continuously, storing results in a circular buffer. This provides sensitivity at zero
drift time.
The TPC accepts interchangeable readout sections. A wire gas-amplification readout,
shown in Figure 3, is currently installed and being tested. A coarse pad pitch, 5mm by
10mm, was chosen because it allowed us to demonstrate the TPC operation with a
minimum number of channels. The first cosmic-ray events were recorded in January
2005. Experience gained in operating the drift field and data acquisition system will
allow us to concentrate on issues involving the new gas-amplification devices.

Interim Activities
A number of activities will proceed without additional funding. With the successful
commissioning of our TPC in January 2005, we will continue with measurements using
our present readout pad board design and limited, 32 channel, DAQ. We will complete
baseline resolution measurements using our original wire gas-amplification stage as well
as a variation with reduced anode-pad spacing. We will then study several 3M-produced
MicroMegas and GEMs and CERN-produced GEMs. The use of individual pad boards
for each gas-amplification device will simplify mounting these sensitive devices in the
TPC. For each of the tested gas-amplification stages, resolution and operational stability
measurements will be made with three of the gas mixtures currently used by other groups
in the world TPC study: Ar-CO2(90:10), “P10” Ar-CH4(90:10), and "TDR gas"
Ar-CH4-CO2(93:5:2), and with variations in the biasing.
Resolution measurements will be limited by the 5mm pad pitch of our present readout.
While the resolution provided by MPGD gas-amplification is a fraction of a millimeter,
measurements of the intrinsic resolution can be made only with tracks near the
boundaries between pads. Precise, high statistics, measurements will require smaller pads
and more readout channels.

1st Year Project Activities and Deliverables
The first year of funding provides for several equipment upgrades. We require an
increase in the number of readout channels in our DAQ for resolution measurements
using smaller pad pitch. An additional power supply module is needed to provide more
flexibility and control of biasing voltages. We must acquire instrumentation for the ion
feedback measurements. Smaller items include revised readout pad boards, improved
preamplifiers, other components in the readout chain, and chamber gas.
Our deliverable will be precision resolution measurements using 2 mm pad pitch with
several gas-amplification devices and several gas mixtures. These measurements will
provide a direct comparison of the various devices with other experimental conditions
held constant. Ion feedback for the various devices will be compared.
These measurements will be made with cosmic rays in zero magnetic field. Several other
groups have made measurements in magnetic fields that show no degradation of the
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MPGD gas-amplification and confirm that the diffusion contribution to the spatial
resolution is reduced. Our goal, at this time, is to provide a direct comparison of the
different gas-amplification devices and to study the operational stability.

2nd Year Project Activities and Deliverables
Our deliverable in the second year will be to use the TPC to measure the resolution
degradation and other issues associated with assembling an array of MPGD devices to
cover a large area. Also, we will continue measurements of various gas-amplification
devices and make measurements in a magnetic field if relevant and if funding exists.
These activities will require a further expansion the DAQ system.
In the second year, we anticipate that the world linear collider TPC group will collaborate
to design a large prototype. The expertise of the Cornell/Purdue groups will provide
valuable input to that design.

3rd Year Project Activities and Deliverables
In the third year of this project, we anticipate that the world TPC group will collaborate
to build the large prototype. We expect to contribute by taking responsibility for the
design and construction of a major component. There are several possibilities that would
match our expertise: for example, the endplate support frame, a composite field cage
structure, or readout modules. The distribution of the responsibilities will be decided by
the participants at a later date.
The deliverable will be the component of the collaborative large prototype.

Additional Budget Justification Discussion
The first year equipment budget for Cornell provides for an expansion of the DAQ for
use with a readout module with smaller pad pitch. The major expenditure is the FADC
modules. We can efficiently carry out the first year program with an increase to 96
channels. The budget reflects the purchase of additional flash-ADC units matching our
current units. These are expensive but provide dependability, low noise, and
measurements at zero drift time that are difficult with common start units. The 100 MHz
sampling rate will be useful in separating an inductive component of the signals. As an
alternative, we will investigate other units that may provide adequate performance at
reduced cost/channel and that are compatible with our VME DAQ.
The second year equipment budget for Cornell provides for further expansion of the
DAQ system, maintenance of existing equipment and/or the purchase of items not yet
foreseen. The Cornell budget includes funds for travel and other costs to cover
measurements in a test magnet at DESY.
The third year equipment budget can not be predicted until the responsibilities are
distributed among the collaborators in the world TPC study. Based on our experience, the
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requested amount, $50K, would be suitable for construction of a composite field cage of
this size or some fraction of the readout modules. It is probably not a sufficient amount to
fabricate a lightweight endplate support frame. If we take this responsibility, it would be
necessary to share the cost of this component with another collaborator.
Purdue is requesting funding to support two undergraduate students each year at 20 hours
per week, 40 weeks a year. The students will work exclusively on this project. Benefits of
involving undergraduate students in the program are described under "Broader Impact"

Resource Reallocation
Cornell has provided a reallocation of resources to construct the TPC. The cost of
materials, circuit boards, and commercial electronics has totaled $55K. Cornell has also
provided a computer to read out the DAQ and the spare custom components to construct
wire gas-amplification stage as well as the preamplifiers. Cornell is providing a
continuing reallocation of resources to this project in the form of support for research
staff (Peterson) as well as technical staff, machine shop time, and computer support.
Cornell supports two graduate students working on this project. Laura Fields is a third
year Ph.D. candidate who has programmed the interface to the DAQ. She will also work
on the instrumentation for the ion feedback measurements. Peter Onyisi is a second year
graduate student working on the slow control interface to the HV system.
Purdue engineers and post doctoral physicists will work on the design and testing of the
devices but derive their salary support from base funding. Machine shop charges will
likewise be derived from base funding. Use of clean-room, testing, and assembly
facilities at Purdue will be provided to this project at no charge.

Broader Impact
D. Peterson mentored an RET participant from an underrepresented group during the
summer 2004 working on one aspect of the interface to the DAQ. It is anticipated that
other REU/RET participants will work on this project in the future.
I. Shipsey has had over twenty undergraduates work with his group since 1992. This has
been a very productive arrangement both for the group and the students resulting in
several publications {28,32,33,34,36,37}. Currently, three undergraduate students are
working on MPGD with the group. The Purdue group also takes participants from the
Purdue REU program.
As described under "The Cornell/Purdue R&D program", the TPC infrastructure will be
used in a partnership with researchers from Carleton University in Canada.
Each year, approximately 500 people tour the Cornell University Wilson Laboratory
facility. The accessibility of the TPC laboratory to the public promotes a greater
understanding of particle physics tools.
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Three-year budget, in then-year $ Institution: Cornell University
FY2005 FY2006 FY2007 Total
Other Professionals
0
0
0
0
Graduates Students
0
0
0
0
Undergraduate Students
0
0
0
0
Total Salaries and Wages
0
0
0
0
Fringe Benefits
0
0
0
0
Total Salaries Wages and Fringe Benefits
0
0
0
0
Equipment
42573
40000
50000
132573
Travel
0
6000
0
6000
Materials and Supplies
12113
5290
0
17403
Other Direct Costs
0
0
0
0
Subcontract (Purdue)
24416
24416
24416
73248
Total Direct Costs
79102
75706
74416
229224
Indirect Costs
7026
6549
0
13575
Subcontractor Indirect Costs
6348
152
0
6500
Total Indirect Costs
13374
6701
0
20075
Total direct and Indirect Costs
92476
82407
74416
249299
Three-year budget, in then-year $ Institution: Purdue University
FY2005
Other Professionals
Graduates Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs
Total direct and Indirect Costs

0
0
16000
16000
63
16063
0
0
0
0
16063
8353
24416

FY2006
0
0
16000
16000
63
16063
0
0
0
0
16063
8353
24416

FY2007

Total

0
0
16000
16000
63
16063
0
0
0
0
16083
8353
24416

{1} Energy flow analysis is further described in the "TESLA TDR",
http://tesla.desy.de/new_pages/TDR_CD/start.html, Part IV, page 2.
{2} “TPC Detector Response Simulation and Track Reconstruction”, D. Peterson,
ALCPG workshop, Victoria, 28-July-2004,
http://www.linearcollider.ca:8080/lc/vic04/abstracts/detector/sumul/
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0
0
48000
48000
189
48189
0
0
0
0
48189
25059
73248

{3} ``Linear Collider Physics Resource Book for Snowmass 2001'', CLNS 01/1729, p387
and p402.
{4} "TESLA TDR", Part III, p24; Part IV, p2 and p5.
{5} F. Sauli et al., Nucl. Instr. and Meth. A386 (1997) 531-534.
{6} I. Giomataris et al., Nucl. Instr. and Meth. A376 (1996) 29-35.
{7} "Status of Victoria TPC Tests in the DESY 5T magnet", by Dean Karlen, ECFA
Study workshop, Durham, 1-Sept-2004, http://www.ippp.dur.ac.uk/ECFA04/
{8} "TPC Activities at DESY Hamburg", Ties Behnke, ECFA Study workshop, Durham,
1-Sept-2004, http://www.ippp.dur.ac.uk/ECFA04/
{9} "The Karlsruhe TPC Protype: Results of beam tests at CERN and of a magnetic field
test at DESY", Jochen Kaminski, LCWS 04, Paris, 19-April 2004,
http://polywww.in2p3.fr/actualites/congres/lcws2004/
{10} "Charge Broadening and Ion Backdrift in a Triple-GEM Readout for a TPC",
Adrian Vogel, ECFA Study workshop, Durham, 1-Sept-2004,
http://www.ippp.dur.ac.uk/ECFA04/
{11} "MicroMegas TPC tests", Paul Colas, ECFA Study workshop, Durham, 1-Sept2004, http://www.ippp.dur.ac.uk/ECFA04/
{12}"Carleton studies: TPC Resolution of MPGD readout with charge dispersion" by
Madhu Dixit, ECFA Study workshop, Durham, 1-Sept-2004,
http://www.ippp.dur.ac.uk/ECFA04/
{13} "Results of MPI/TPC beam test at KEK and plans",Akira Sugiyama, ECFA Study
workshop, Durham, 1-Sept-2004, http://www.ippp.dur.ac.uk/ECFA04/.
{14} see reviews by Bruce Schuum, ALCPG workshop, Victoria, 28-July-2004,
http://www.linearcollider.ca:8080/lc/vic04/plenary, by Madhu Dixit, ECFA Study
workshop, Durham, 1-Sept-2004, http://www.ippp.dur.ac.uk/ECFA04/, and by Ron
Settles, ACFA workshop, 9-Nov-2004, http://hep1.phys.ntu.edu.tw/ACFA7/ .
{15} “Some Remarks on LC TPC Resolution Studies”, P. Wienemann, TPC R&D
miniworkshop, Paris, 12 and 14-Jan-2005,
http://www.mppmu.mpg.de/~settles/tpc/talks/miniws/tpcworkshopfrancejan05.html.
{16} TPC R&D miniworkshop, Paris, 12 and 14-Jan-2005,
http://www.mppmu.mpg.de/~settles/tpc/talks/miniws/tpcworkshopfrancejan05.html
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Linear Collider Tracker Simulation
Studies and Alignment System R&D
Classification (subsystem)
Detector (Tracking)
Personnel and Institution requesting funding
S. Nyberg, K. Riles, H. Yang, Physics Department, University of Michigan
Project Leader
J. Keith Riles
kriles@umich.edu
(734) 764-4652
Project Overview
The University of Michigan group has a long-term interest in helping design and construct
the central tracking system for a linear collider detector. This interest is driven not by a
particular favorite technology, but by the critical importance of charged-particle tracking to
the physics processes we wish to investigate, which include Higgs production and decay, along
with certain Supersymmetric channels.
This project has two thrusts: 1) detailed simulation and evaluation of key physical processes
that govern the design of the tracker; and 2) R&D for a silicon tracker alignment system
based on frequency-scanned interferometry. The research proposed here builds on extensive
work by our group in both areas. While the R&D work is most closely relevant to a the
SiD detector, where silicon tracking will be pervasive, it is also relevant to the forward angle
silicon disks envisioned for the other proposed Linear Collider detectors. The simulation work
and benchmarking is relevant to all proposed detectors.
More detail is provided below under “Research Plan” and in the description of deliverables.
Broader Impact
Riles has worked closely with undergraduates for many years, both in high energy physics and
in LIGO-related research. Two undergraduates (Tim Blass and Sven Nyberg) have worked
on the alignment R&D work described below. Blass has graduated and is now a graduate
student in mathematics at UT Austin. Nyberg will be completing a senior thesis on the
work described here next year. Nyberg has received partial support from the NSF Research
Experience for Undergraduates (REU) Program. Two other undergraduates, Jennifer Lindahl
and Tim Bodiya (who have also received partial REU support), work with Riles in the same
laboratory on LIGO-related research. There is considerable cross-fertilization (and sharing of
equipment!) between the two research teams working on different interferometers on optical
tables only five meters apart. Undergraduates provided essential contributions to the PI’s
research.
More generally, Riles has served for many years as a physics department adviser to majors, has participated in high school recruiting programs, including helping organize Physics
Olympiads and rewriting a handbook for physics majors used in recruiting. As an adviser,
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he also meets with most of the entering freshmen with calculus-based Advanced Placement
Exam physics credit and advertises to them the opportunities open to physics majors. Riles
has given frequent presentations on frontier physics to a variety of student groups and will
deliver a pair of “Saturday Morning Physics” lectures to the general public in spring 2005.
Although these lectures will focus on LIGO research, his research group’s activity in linear
collider research will also be discussed. In recent years, the Saturday Morning Physics lectures have consistently attracted 300-500 persons each week. The lectures are videotaped for
web archiving and shown repeatedly on the local cable television channel set aside for the
University of Michigan.
Results of Prior Research
We have contributed extensively to linear collider simulation studies, both in technical tracking reconstruction issues and in evaluating physics analysis demands upon tracker performance. Riles has served as a co-convener of the linear collider central tracking working group
since 1998, sharing leadership responsibilities in different years with Dean Karlen, John Jaros
and Bruce Schumm. Riles has shared responsibility for organizing working group meetings,
evaluating baseline tracker designs, coordinating tracking simulations, creating & maintaining
the group web site, and assembling annual joint R&D proposals.
As part of the baseline tracker design optimization, Riles wrote a stand-alone Monte Carlo
hit generator and 3-d helical track fitter to study the effects of multiple scattering on particle
momentum resolution vs momentum and vs polar angle for various tracker configurations.
This work served as an independent cross check of the resolution studies carried out by Bruce
Schumm using an analytic Billoir approach.
Postdoctoral Fellow Haijun Yang began linear collider studies in fall 2000. He has been carrying out several related studies: 1) Studies of Higgs and Supersymmetry physics capability
and 2) influence of central tracking performance on Higgs and Supersymmetry physics. As
a member of the Higgs working group, he has evaluated the precision with which the Higgs
mass and cross section can be evaluated at 350 GeV and 500 GeV center of mass energies.
This study has used both the JAS fast Monte Carlo and the full simulation packages. Yang
has independently confirmed and improved upon preliminary findings by European groups
with the use of a more sophisticated and powerful fitting technique, based on Monte Carlo
event interpolation. In parallel, Yang has examined the influence of central tracker parameters on the precision of Higgs and slepton mass determination. In addition, he has assisted
the SLAC simulations group in comparing the tracker’s performance in full Monte Carlo
simulations vs performance in parametrized fast Monte Carlo simulations. He has given numerous presentations on Higgs physics, Supersymmetry and tracking at various linear collider
workshops[1, 2, 3, 4, 5, 6, 7, 8, 9, 10] and at the Snowmass 2001 meeting[11, 12]. Yang’s studies of the Higgsstrahlung process found that previous baseline tracker designs in the U.S. were
close to where improved resolution does not yield comparable improvement in Higgs recoil
mass resolution, because of expected intrinsic beam energy spread in the X-band accelerator
designs, but that further improvement could be attained with the smaller beam energy spreads
of S-band accelerators. His more recent work on slepton and neutralinos[7] indicates that in
large regions of sparticle mass parameter space, measuring lepton spectrum end-points to determine sparticle masses is less sensitive than was previously believed to degraded momentum
resolution[13].
The unprecedented excellent track momentum resolutions contemplated for linear collider
detectors demand minimizing systematic uncertainties in subdetector relative alignments. At
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the same time, there is a strong desire for a very low material tracking system (see discussion
below). In the case of a silicon main tracker and in the case of silicon forward disks (envisioned
in all linear collider detector designs now on the table), the low material budget may lead
to a structure that is far from rigid. The short time scales on which alignment can change
(e.g., from beam-driven temperature fluctuations) probably preclude reliance on traditional
alignment schemes based on detected tracks, where it is assumed the alignment drifts slowly, if
at all, during the time required to accumulate sufficient statistics. A system that can monitor
alignment drifts “in real time” would be highly desirable in any precise tracker and probably
essential to an aggressive, low-material silicon tracker. The tradeoff one would make in the
future between low material budget and rigidity will depend critically upon what a feasible
alignment system permits.
Within the last 18 months, we have begun investigating the capability of a novel precise alignment scheme based on Frequency Scanned Interferometry (FSI), first developed by the Oxford
group for the Atlas Detector[14]. The FSI system incorporates multiple interferometers fed
by optical fibers from the same laser source, where the laser frequency is scanned and fringes
counted, to obtain a set of absolute lengths. In order to explore this technique, we have set up
a bench test in our laboratory at Michigan. We have purchased, installed and commissioned
the components of a self-contained FSI system that operates at optical wavelengths. These
components include a Newport RS4000 optical table, a New Focus Velocity 6308 tunable laser
(λ = 665-675 nm), a high-finesse (>200) Thorlabs SA200 F-P Fabry-Perot spectral analyzer,
a Faraday isolator, several photodiodes with amplifiers, a femtoWatt photoreceiver, retroreflectors (both prism and hollow), a National Instruments data acquisition card with 4-channel
analog/digital conversion, steerable mirrors, beamsplitters, optical choppers, optical fibers,
fiber couplers, a microscope for inspecting fibers, and an array of thermistors.
With this apparatus, we have reached and extended the state of the art in precision distance
measurements at DC over distance scales of a meter under laboratory-controlled conditions.
We have attained precisions better than 100 nm, using a single tunable laser when air temperature is carefully controlled. Our preliminary results have been presented by Yang at three
linear collider workshops[8, 9, 10], and an article concerning our single-laser benchtop FSI
will appear soon in Applied Optics[15].
The research and results described above have been partly supported by the following NSF
and DOE grants:
• NSF Grant PHY-9984997 “Electron-Positron Collider Physics,” 6/15/00-2/28/05,
$695,661 (L3 & Linear Collider)
• NSF Subcontract 43422-7323 (Cornell U.) “Tracker Simulation Studies and Alignment
System Research and Development,” 9/15/03-8/31/04, $9,702 (Linear Collider)
• DOE Grant DE FG02 04 ER41345 “Linear Collider Tracker Simulation Studies and
Alignment System R&D,” 9/1/04-8/31/05, $45,000 (Linear Collider)
Research Plan
With the recent international decision on ILC technology[16] and efforts underway worldwide
to create conceptual design reports for at least two detectors (using large gaseous or silicon
central trackers), it is appropriate to narrow the focus of our work in two ways. In our
simulation studies, we will confront specific tracking system designs with realistic detector
and event reconstruction imperfections. In our detector R&D, we will address overall detector
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constraints on alignment system design, including detailed layout of sensors and lines of sight,
along with the material budget.
1) Simulation Studies
In the coming years we wish to extend the ongoing slepton/neutralino studies to additional
Supersymmetry final states to understand quantitatively whether they impose more or less
stringent requirements than Higgsstrahlung on tracking resolution. We will begin by exploring
a larger parameter space in sparticle masses in the slepton production channel. The sharpness
of the spectral end-points is governed in part by track resolution. We have already shown
that for large regions in sparticle parameter space, track momentum resolution is not critical
because of more dominant degradation from initial state radiation and beamsstrahlung. But
it has been argued that the case of near degeneracy between very massive sleptons and
neutralinos deserves more attention. We propose to quantify, in the context of specific detector
designs (gaseous and silicon trackers), the influence of tracking resolution on sparticle mass
resolution, including examination of corners of parameter space previously ignored.
A longstanding question in the Linear Collider Detector community is the importance of
material burden in the central tracking system. One naturally wishes to avoid introducing
unnecessary material in the tracker because it creates multiple scattering, affecting momentum
resolution for low-momentum tracks, and because it leads to photon conversions and electron
bremsstrahlung, causing confusion in event reconstruction. On the other hand, as discussed
above, going to the extreme of an ultra-lightweight silicon tracker, to avoid material burden,
invites mechanical support and alignment troubles. We wish to quantify this tradeoff. Our
earlier work on slepton spectral endpoints indicates that one can, in fact, tolerate relatively
large material in the tracker, but the not-yet-addressed case of nearly denerate sparticle
masses could lead to final states of very low momenta, where the effects of multiple scattering
are more pronounced. We will carry out our Supersymmetry studies with a careful eye on
this issue.
We also propose to carry out more realistic analysis studies of a variety of Higgs and Supersymmetric final states, using information from both the central tracking system and the calorimetery in the new detector designs. Yang has developed with colleagues on the Mini-Boone Experiment at Fermilab a new general-purpose analysis technique called “boosting,”[17] which
allows the effective use of a large number of input variables for signal/background discrimination. Unlike a neural net approach, boosting is highly deterministic (minimal dependence on
arbitrary starting paramters), fast, and able to make good use of many dozens of variables.
Yang and collaborators in the Mini-Boone Experiment[18] have recently shown that boosting
gives better than a 50% improvement in signal detection efficiency (fixed background fraction)
compared to a mature neural-net algorithm that had been developed over several years for
that experiment. We believe the boosting method can be applied quite effectively in Linear
Collider studies too. As a pioneer in applying the boosting method to high energy physics
data analysis, Yang is well positioned to implement this powerful new method.
2) Alignment System
Now that we have commissioned a single-laser FSI system in our laboratory and achieved
better than 100 nm accuracy in position determination for distances of order (1 meter) under
carefully controlled conditions, we wish to proceed to address distance measurement under
poorly controlled conditions, such as we expect to hold in a Linear Collider Detector environment. Following the lead of the Oxford ATLAS FSI group, we have begun to study a
dual-laser FSI system that employs optical choppers to alternate the beams introduced to
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the interferometer by the optical fibers. By using lasers that scan over different wavelength
ranges in the same short time interval, we hope to identify and eliminate systematic uncertainties due primarily to temperature fluctuations of the air in the interferometer beam
path. We have temporarily borrowed from the manufacturer a second scanning laser for these
preliminary studies, but will need to return this “demo” model soon. In order to carry out
long-term development, we will need to purchase a second laser, and we request funds ($20K)
for this purpose in year 1. Our early studies already indicate significant technical complications in implementing the dual-laser system. The need for two different scanning ranges,
the reduction by half of the light seen by the interferometer photodiode from each chopped
beam, the reduction of usable Fabry-Perot transmission peaks, and the difficulty in handling
“edge effects” at chopped-beam transitions, all lead to increased statistical uncertainties in
FSI distance determinations, despite the decrease in systematic uncertainties. We believe we
can overcome these problems with more sensitive and higher-bandwidth photodiodes, more
sophisticated beam chopping, and improved analysis software, but much work will be needed.
At the same time, we wish to begin confronting the technical issues in constructing multiple interferometers fed by common lasers through an optical fiber fanout. We will need to
purchase fiber splitters and additional optical and photodiode components, along with more
DAQ channels, for these multiple interferometers.
For now, we have chosen to work with optical lasers and corresponding optical components.
For development of techniques on a benchtop, that choice has proven wise in dramatically
shortening the turn-around time on configuration changes, in allowing us to exploit existing
laser/optics infrastructure in our laboratory, and in fostering a safer work environment. In
the long term, however, in building a full alignment system for a Linear Collider Detector, we
expect signficant cost reductions to be possible by using mass-produced infrared lasers and
beam components, because of the prevalence of infrared devices, including scannable lasers,
in the telecommunications industry. Late in year 2 or in year 3 we expect to make a decision
on whether to continue working at optical frequencies or to switch to infrared. The decision
will depend not only on the relative speeds of commercial technology improvements at those
frequencies, but also on the status of the Linear Collider development itself. The faster the
ILC effort moves, the sooner we will have to confront this important technology decision.
It should be noted that the methods we develop for central and forward tracker alignment may
also prove useful for a vertex detector, where again, there is a strong desire for thin detector
material that may be subject to short-term position fluctuations. Similarly, our methods may
prove useful for alignment monitoring of accelerator components far upstream of the detector
(e.g., in the main linacs). Given the natural wide distribution of accelerator components
vs a relatively compact tracker system, however, it’s not clear that a tracker solution will
be cost effective for the accelerator. In any case, we will stay cognizant of vertex detector
and accelerator needs and explore these possibilities, as the tracking alignment system design
evolves.
Facilities, Equipment and Other Resources The University of Michigan provides strong
support for high energy physics reseearch. Within the last decade the University opened up a
new 70,000 square foot Physics Research Laboratory within which our group occupies a large
5-bay area. Our group has optical tables, a variety of lasers, and many optical components
(lenses, mirrors, polarizers, Faraday rotators, electro-optic modulators, photodiodes, etc,)
useful in interferometry. The department’s high energy physics electronics lab is a state-ofthe-art electronics facility, allowing in-house design of multi-layer printed circuit boards and of
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application-specific integrated circuit (ASIC) chips. Its facilities include regular and doubledensity, surface-mount assembly and test stands. The department maintains a machine shop
(and separate student shop) with computer-controlled machine tools. The department Computer Services Group provides maintenance support for PC’s and for our high-speed access to
the internet. The Michigan High Energy Physics group includes 15 faculty members working
on accelerator-based experiments at CERN, Fermilab, DESY, and Protvino.
FY2005 Project Activities and Deliverables
During the first year we will carry out simulation studies of the tracking performance requirements imposed by measurements of slepton production, specifically imposed by desired
precision on sparticle masses. We will write a detailed technical report on our findings in
which the new gaseous and silicon tracker designs are compared quantitatively. Presentations
will be given at Linear Collider Workshops. Our work will focus on the SiD detector design,
but we expect to address gaseous detectors in part too.
We will also continue tracker alignment R&D. Specifically, we will finish acquiring the components for and building a demonstration dual-laser frequency-scanned interferometer on an
optical bench. In parallel, we will come up with a conceptual design of an alignment scheme
for the new silicon detector baseline tracker design and the silicon forward disk trackers for
both the gaseous and silicon central trackers. We will write a general simulation program
that allows the performance evaluation of various layout schemes. It is envisioned that hundreds of absolute length measurements between pairs of reference points would be used in a
global fit to determine the local and global alignment parameters of the tracking subsystems.
An article describing findings with our dual-laser system will be submitted for publication
to a refereed journal (probabably Applied Optics), and presentations will be made at Linear
Collider Workshops.
FY2006 Project Activities and Deliverables
Simulation studies in the second year will depend on findings from the first year on slepton
production. We expect, however, to investigate other supersymmetry channels involving
isolated leptons whose precise measurement imposes stringent performance requirements on
the tracker. Chargino production is a natural channel to investigate. We will deliver a
technical report on our findings and make presentations at Linear Collider Workshops.
We will develop a multi-interferometer, dual-laser demonstration FSI system on our benchtop
to address remaining critical technology and methodology issues and begin work on miniaturization of the interferometer components. Specifically, we must design and prototype tiny
mounts for optical fiber beam delivery and return, including beam splitters and retroreflectors. We will take full advantage, however, of the considerable R&D already carried out by
the ATLAS FSI groups. An article describing this work will be submitted for publication to
a refereed journal (probabably Nuc. Inst. Meth.), and presentations will be made at Linear
Collider Workshops.
FY2007 Project Activities and Deliverables
We anticipate that our supersymmetry/tracking simulation studies will have been completed
to satisfaction by the start of the third year, but depending on what has been learned, we
may wish to pursue certain specific topics in further detail. If so, another technical report
will be written on our findings and presentations made at Linear Collider Workshops.
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We hope by the start of the third year to have a concrete design in hand for a full alignment
system and to have evaluated singly the primary issues affecting that design. At that point
we would wish to build a partial prototype of the system to test system integration issues,
including miniaturization. There is considerable uncertainty at this point, however, since we
may wish to switch to infrared lasers in Year 3, as discussed above. We assume for the sake
of budgeting that we will not make that switch in Year 3. A technical report will be written
on our design and prototyping work, and presentations made at Linear Collider Workshops.
Budget justification:
In the following budget, we request in all years half-time support for Postdoctoral Fellow
Haijun Yang, half-time support for a graduate student, and part-time employment of two
undergraduates. In addition, we request travel funds for Riles and Yang to attend two Linear
Collider Workshops per year. We also request funding for laboratory equipment. In Year 1,
we request funds to purchase a second scanning laser and additional optical and electronic
components. In Year 2, we request funds for optical and electronic components needed to
commission a multi-interferometer benchtop system. In Year 3, we request funds for prototyping a system with miniaturized elements appropriate for the inner regions of a Linear
Collider Detector, along with funds for quarter-time technician support.
Three-year budget, in then-year K$
Institution: University of Michigan

Item
Other Professionals
Postdoctoral Fellow (0.5)
Graduate Student (0.5)
Undergraduate Students
Total Salaries and Wages
Fringe Benefits (@27%)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs (tuition)
Total direct costs
Indirect costs (@53%)
Total direct and indirect costs

FY2005
0
24
10
8
42
11
53
25
6
2
7
93
49
142

FY2006
0
26
11
8
45
12
57
10
6
2
8
83
44
127

FY2007
15
28
12
8
63
17
80
10
6
2
9
107
57
164

Total
15
78
33
24
150
40
190
45
18
6
24
283
150
433
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5.10: R& D Towards a Long Shaping-Time
Silicon Strip Central Tracker
(renewal)
Tracking
Contact person
Bruce Schumm
schumm@scipp.ucsc.edu
(831)-459-3034
Institution(s)
UC Santa Cruz
Fermilab
LPNHE Paris
Funds awarded (DOE)
FY04 award: 72,000

New funds requested
FY05 request: 75,000
FY06 request: 75,000
FY07 request: 0
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R&D Towards a Long Shaping-Time Silicon Strip Central Tracker
Classification (subsystem)
Detector:Tracking.
Personnel and Institution(s) requesting funding Christian Flacco, Alex Grillo, Jürgen
Kroseberg, Gavin Nesom, Hartmut Sadrozinski, Bruce Schumm, Abe Seiden, Ned Spencer,
Lucas Winstrom, Michael Young
Santa Cruz Institute for Particle Physics and the University of California at Santa Cruz
Collaborators Bill Cooper, Marcel Demarteau, James Fast, Michael Hrycyk, Kurt Krempetz
Fermi National Accelerator Laboratory
Collaborators Jean Eudes Augustin, Michel Baubillier, Mikael Berggren, Claude Chapron,
Jean Francois Genat, Didier Imbault, Frederic Kapusta, Herve Lebbolo, Francois Rossel,
Aurore Savoy-Navarro, Daniel Vincent
Laboratory for High-Energy and Nuclear Physics (LPNHE) Paris
Project Leader Bruce Schumm
email schumm@scipp.ucsc.edu
phone 831-459-3034
Project Overview
This proposal presents a request for continued funding for the development of a prototype
long-ladder silicon-strip tracking module to be deployed in a test beam in 2006. For the current
year, the program was funded from this source at a level of $72,000; we are requesting similar
amounts over each of the following two years. This should enable us, in collaboration primarily
with LPNHE Paris and Fermilab, to explore the feasibility and advantages of using such an
approach to central tracking for a Linear Collider Detector with a testbeam run in 2006. The
work described in this proposal, focussed on hardware development, will be complemented by
simulation studies undertaken at SCIPP, SLAC, and elsewhere, that will address the feasibility
and relative advantage of such an approach for reliable pattern recognition and energy-flow
calorimetry. This complementary simulation work, already underway, is not a subject of this
proposal.
As will be discussed below, current-year funding has been used to complete the design of a
front-end low-noise, long shaping-time analog ASIC, known as the ‘LSTFE’ (Long ShapingTime Front End) chip. The LSTFE design was submitted to the MOSIS fabrication consortium at the end of 2004, and is just now back in the SCIPP lab and being prepared for
testing. Most major components of the LSTFE test setup (LSTFE-specific PC test board,
calibration and readout capabilities, and analysis software) have been developed and are now
being deployed for testing. We expect to have first results to share by the International Linear
Collider Workshop in March.
The focus of the activity over the next two years will be to: 1) Re-optimize the LSTFE in order
to take greatest advantage of the recent accelerator technology choice (the first prototype was
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geared towards the most challenging scenario, which was the warm accelerator technology);
2) Develop a full readout system, including appropriate back-end ASIC implementations,
as well as an FPGA-based readout interface, that will be part of a mutual test-beam effort
between LPNHE and SCIPP, most likely to be mounted at the FNAL LC testbeam facility; 3)
Contribute to the design and construction of the testbeam prototype hardware; 4) Participate
in the test beam run and the analysis of data acquired from the run.
To exploit the tremendous potential of a high-energy electron-positron linear collider (LC), it
is necessary to develop a powerful central tracking system. This system needs to determine the
momentum of charged particles to unprecedented precision (better than 5 × 10 −5 in δp⊥ /p2⊥ ),
avoid the excessive use of material for support and readout, and be able to reconstruct tracks
in the notoriously noisy (at least by electron-collider standards) linear collider environment.
The work discussed here represents one possible implementation of central tracking for the
international ‘Silicon Detector’, which features an all-silicon central tracker, allowing for
a relatively compact design that should permit the use of silicon-tungsten electromagnetic
calorimetry at reasonable cost. As will be discussed below, the long shaping-time approach
promises to minimize the amount of material in the tracker, leading to superior momentum
resolution over the full range of track momenta, as well as limiting the degradation of charged
and neutral particles before their entrance into the calorimeter, particularly in the forward
region. The proponents of this proposal are in close and ongoing contact with the leaders of
the silicon detector design study group.
Due to the high precision of microstrip detectors, such a tracker would meet the LC momentum resolution goals. With long ladders, the detector would be burdened by a minimal
amount of readout servicing. By turning the power off when not needed, the detector could
avoid active, liquid-based cooling. As a result, the tracker would incorporate a minimum of
material, and thus maintain its superior momentum resolution at relatively low momentum.
As importantly, such a tracker would also impose a minimal amount of material between the
tracker and calorimeter, limiting the degradation of the calorimeter response, and the obfuscating effects of conversions and material interactions, particularly in the forward region.
We are proposing the long-ladder solid-state tracker as a specific implementation of the March
2001 baseline SD tracker design of the American Linear Collider Physics Group (ALCPG).
In this design, the five-layer central tracker extends between radii of 20 and 125 cm, with a
solid-angle coverage of | cos θ| ≤ 0.8, and is immersed in a 5T solenoidal magnetic field. We
are also exploring, through simulation, other detector configurations (such as an eight-layer
geometry) that may prove more optimal when aspects of pattern recognition are considered.
The keys to achieving the superior tracking performance discussed in this proposal are the use
of: (1) long shaping-time electronic readout to reduce voltage-referenced detector noise; and
(2) power cycling to eliminate the need for active cooling. We believe it will be possible to
exploit these techniques to eliminate everything except the material of the sensors themselves
and a minimal amount of support material from the active tracking volume; the detector
would be read out at its ends only. In addition, for the inner tracking layers, whose ladders
need not be as long as those of the outer layers, the reduced noise may allow the use of
thinner sensors. Figure 1 compares the transverse momentum resolution of the baseline L
(TPC-based; dashed trajectory) and SD (silicon microstrip tracker with conventional readout;
dotted ‘Thick’ trajectory) detectors to that of an idealized short-shaping time detector (‘Thin’
trajectory), for which the only material is that of the sensors themselves. Although not
completely realistic, the figure shows that substantial gains in momentum resolution in the
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Figure 1: Comparison of the expected momentum resolution at cos θ = 0 for the ‘L’ and ‘SD’
tracking options. The ‘SD’ option is further divided into two scenarios: a ‘Thick’ design with 1.5%
X0 per layer, and a ‘Thin’ design, with 0.3% X 0 per outer layer, and 0.2% X0 per inner layer.

low-to-intermediate momentum region stand to be made by pursuing the long shaping-time
design.
Another major advantage of this design would be its lack of endplate structures and servicing.
The separation of W and Z bosons via energy-flow calorimetry is a critical component of
Linear Collider detection, and production processes tend to concentrate these signals in the
forward direction. A long shaping-time microstrip tracker, on the other hand, holds out
the promise of minimal material in the forward region: a light support structure, and limited
electronics and servicing to read out the relatively few channels at the ends of the long detector
ladders. The long shaping-time concept offers the prospect of a tracker that introduces only a
small fraction of a radiation length even in the forward region, rather than the large fraction of
a radiation length typical for gaseous tracking designs, or the substantial end-region material
associated with the readout and cooling of a conventional microstrip tracker (the ATLAS
semiconductor tracker has between 30% and 40% of a radiation length in the forward region,
although admittedly there was less of a motivation to reduce the material burden in that case).
This could be a substantial advantage for energy-flow calorimetry, and would eliminate much
of the problem associated with conversions and interactions in the detector material.
Broader Impact
As an integral component in the drive to develop an optimized design for a Linear Collider
detector, this project will contribute to the overall goal of deepening our insight into the
fundamental makeup and laws of operation of the natural world. Within this lofty goal,
however, lies a much more practical opportunity to train students, from the undergraduate
through the postdoctoral level, in a number of broadly applicable technological areas. In
addition, as part of the interdisciplinary and well-integrated SCIPP laboratory, this work
acts in significant measure to support and further a broad array of scientific efforts.
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For example, work done to date in developing our test and readout infrastructure (see below) was funded mutually through, and is currently enjoying application in, both the LSTFE
project as well as the Particle Silicon Tracking Microscope (PTSM) project, a collaboration
with the Loma Linda medical research center to develop proton-beam based tomography
for more effective treatment of human malignancies. Two undergraduates did substantial
programming work for control, readout, and data acquisition for the mutual LSTFE/PTSM
readout system. Two graduate students gained substantial experience in detector physics
through the development of the SCIPP microstrip pulse-development simulation; a third will
take over the project and apply it to the upcoming re-optimization of the front-end chip
parameters. Two postdocs are involved in the overall development of the test system, including the developing SCIPP expertise in FPGA programming, which will have a broad benefit
throughout the lab’s projects in particle physics, experimental astrophysics, radiobiology, and
neurophysics. Work supported by this program would continue this contribution to the specialized education of a broad range of students, and to the infrastructure essential to the
interdisciplinary program at SCIPP.
Results of Prior Research
In Fiscal Year 2004, this work has been supported by a year of funding through this program
(referred to below as ‘current funds’), with an amount of $72,000 received in September,
2004. These funds were made available as a supplement to award DOE-FG02-04ER41286,
with a total amount of $1,707,851. In Fiscal Year 2003, this work was supported through a
supplement of $50,000 to the same award number, with funds provided through the Advanced
detector R&D (ADR) program (referred to below as ‘prior funds’). The total award for that
year was $1,472,500. This proposal represents a request for a continuation of the FY 2004
funding, at roughly the same level, for two more years, through FY 2005 and FY 2006.
With prior funding, a pulse simulation algorithm developed by Schumm and graduate students
Flacco and Young was used to guide the design of LSTFE ASIC readout parameters and
architecture. This led to the selection of a shaping time of τ = 3 µs, a two-comparator
‘high-low’ discrimination scheme (for which the high threshold discriminates against noise
hits, while the low threshold signal is subsequently used to collect pulse-height information
used in constructing an accurate centroid), and a time-over-threshold analog readout. This
simulation algorithm is currently being incorporated into the global simulation infrastructure
by Young and SLAC physicist Norman Graf.
The parameters and architecture suggested by the pulse simulation studies were incorporated
in the LSTFE design, which was implemented in the TSMC 0.25 µm mixed-signal RF process. Much attention was paid to return-to-baseline and recovery issues associated with rapid
power cycling, resulting in a design allowing for a live-time of only 120 µs per measurement,
corresponding to a 1.5% duty cycle for a 120 Hz machine repetition rate, and a corresponding
power savings of 98.5%. The design and layout of this chip was completed by engineer Spencer
in November 2004, at which point it was submitted to the MOSIS consortium for fabrication.
The fabricated ASIC is now in hand at SCIPP, and the process of characterizing its behavior
is getting underway. Support for Spencer’s contribution to the design of the LSTFE ASIC
was derived from a combination of prior and current funding.
In parallel, much work was completed on the testing infrastructure for the LSTFE project.
A PC board that provides power, readout and control traces, and calibration signals to the
LSTFE was designed and fabricated, and is now in hand. This PC board, as well as an
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Figure 2: The LSTFE test PC Board.

expanded view showing the LSTFE prototype ASIC, is shown in Figures 2 and 3. Much
progress was also made on the development of an FPGA-based data acquisition system –
progress that represents a new capability for the SCIPP laboratory, and one that we expect
to lead SCIPP to an expanded role in the development of back-end digital architecture for
the LSTFE and other projects. While the contribution of postdocs Nesom and Kroseberg
was supported by the base program, approximately $12,000 of current funding was applied to
the fabrication of the PC board and the acquisition of electronic control and data acquisition
hardware.
Four months into the project (we received the initial $72,000 in Sept 2004), in part due to a
prior Advanced Detector R&D grant, we are well along the path towards the production and
testing of the LSTFE chip. We are now close to first results with the LSTFE chip, and expect
to be able to present them at the International Linear Collider Workshop in late March 2005.
Since the period covered by current funding extends into the future, substantial current funds
remain to support this work over the next few months. Plans for the use of these funds will
be discussed below.
at the quality of the charged and neutral tracks that enter the calorimeter), for which signalto-noise is a concern.
Facilities, Equipment and Other Resources
The facilities at SCIPP are ideally suited to carry out the proposed work. Over the past two
decades, SCIPP has become increasingly expert in the development and application of frontend electronic circuitry, and has amassed the infrastructure necessary to operate effectively
in this demanding field. Sophisticated technical equipment, such as an automated wirebonding facility, micro-probe stations, and semiconductor and network parameter analyzers,
essential to carrying out this sort of R&D, have been accumulated through the pooling of
funds from diverse R&D projects, as well as through research instrumentation initiatives

493
173

Figure 3: Expanded view of the LSTFE test board, showing the bonded ASIC in preparation for
testing at SCIPP.

(an NSF MRI award in 1997 allowed us to purchase state-of-the-art automated bonding
and probe stations that have played a central role in a number of subsequent projects). In
addition to our numerous R&D projects, we have recently completed two successful large-scale
procurement projects for ATLAS and GLAST. SCIPP currently employs, on a full-time basis,
a senior electrical engineer (Spencer, who is a proponent of the proposal), as well as three
electrical/electromechanical technicians. The SCIPP facility comprises 5,270 square feet of
assignable laboratory space on the second floor of the Natural Sciences II building, which lies
at the heart of the cluster of buildings known as ‘Science Hill’ on the UC Santa Cruz main
campus.
Proposal for Future R&D
At the time of the accelerator technology decision, we decided to proceed with the finalization
of the LSTFE design we had at the time, even though it was largely optimized for the beam
structure of the warm accelerator technology (the most challenging of the two beam structure
scenarios). We felt the extra months of delay we would have incurred in re-optimizing and
then redesigning the chip would not have been an effective use of resources; we have enough
to learn from the original design about noise performance and power-switching capabilities
that we didn’t feel it appropriate to hold up the submission.
With this chip now submitted, and testing beginning, it is time to begin the re-optimization
of the LSTFE front end to take greatest advantage of the relaxed beam structure presented
by the cold accelerator technology. This reoptimization will begin with simulation studies,
making use of the pulse simulation algorithm developed for the original optimization. Reoptimized readout parameters, together with the experience gained from the tests of the
existing prototype, will be two of the three essential elements to inform the design of the
second prototype. The third element will be the digital and mechanical constraints imposed
by the need to incorporate the chip into the mutual test-beam setup that we plan to begin
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developing with LPNHE Paris and Fermilab.
In more detail, the relatively relaxed time structure of the cold accelerating technology allows
us to entertain the notion of a pulse-by-pulse time stamp for central tracker hits. To good
approximation, the time resolution of a discriminated electronic signal is given by
σt =

1
τ
·
,
θ 1 − a/θ

where τ is the preamplifier response (‘shaping’) time and θ the signal-to-noise ratio. The
threshold parameter a is the value of the comparator level (voltage at which the comparator,
or discriminator, fires) in units of RMS noise.
For the warm technology, for which pulse-by-pulse timing is not possible for a long shapingtime, low-noise amplifier, the optimal shaping time was found to be τ = 3µsec. This leads to a
timing resolution of σt ' 300 nsec – not quite good enough for a three-sigma identification of
individual cold-technology beam pulses, which are separated by 337 nsec. The idea we would
like to pursue is to reduce the preamplifier shaping time to improve the timing resolution.
This will come at some cost in extra noise, which grows in inverse proportion to the square
root of the shaping time. However, we can compromise somewhat on the thickness of the
sensors mounted on the longer outer layers of the central tracker, for which signal-to-noise
is a concern (note that an additional few hundred microns of silicon will have little effect on
the tracking performance of the detector of the quality of the charged and neutral tracks that
enter the calorimeter).
The SCIPP pulse development simulation will provide all the information we need to explore
operating points that are viable in terms of efficiency and occupancy, as well as to estimate
the timing resolution (θ and a are products of the simulation, while τ is an input), and thus
optimize the shaping time of the next prototype front-end chip. In addition, our prior assumption of 120 Hz operation (warm accelerator technology) pushed the limits of our ability
to achieve the necessary power reduction from power cycling necessary to avoid the complication and material burden of active cooling. With the cold technology now selected, which
operates at 5 Hz, the permissible switch-on time has been increased by an order of magnitude,
allowing us to relax the design in this area, and push a little more aggressively in areas that
will contribute to the timing and position resolution (overall noise performance at a given
shaping time, immunity to process variation and matching issues, etc.).
We have recently begun to participate in monthly video meetings between Fermilab, SCIPP,
and LPNHE, the topic of which is the general application of silicon tracking to a Linear
Collider detector. One of the points of focus of these meetings is the demonstration of the
long shaping-time concept, and we are beginning to envision a mutual test-beam run to
test the complementary LPNHE and SCIPP readout schemes, to provide a common proofof-principle and to help choose between several different approaches to implementing the
long shaping-time front end. This run would likely take place at FNAL in late 2006, and
in our monthly meetings we are beginning to discuss the details of how this might play out.
Through their extensive involvement in the development of the D0 upgrade silicon tracker, the
Fermilab group brings a large degree of expertise in the design and implementation of silicon
tracking. In addition, we are exploring the use of sensors from the D0 upgrade project, which
have design parameters close to what we are envisioning for the Linear Collider Detector,
in the testbeam effort. We will continue to flesh out the details of this collaboration in the
coming months, as each participating institution evaluates its area of expertise and capacity
for contributing to the project.
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As we continue our current work here at SCIPP, much of the resources from the first year’s
($72,000) award remains in hand. While we have been making heavy use of engineer Spencer’s
time, we managed to pay for the run of the existing prototype with prior funds. Thus, we have
the resources in hand to continue to employ Spencer in the re-optimization of the preamplifier
ASIC, even though this was not an anticipated turn of events in our prior proposal.
Thus, the work we envision doing over the duration of the current year’s funding, and then
the two years represented in this proposal, is as follows.
In the nearest term, we will place highest priority on testing and gaining experience from
the existing prototype. The testing infrastructure is largely in place for this; we will need to
fabricate another PC board (to connect the existing Detector Board of Figure 2 to the FPGAbased readout system), and perhaps purchase one or two more minor pieces of laboratory
equipment (DAQ card, pulser) depending on the availability of SCIPP laboratory stock. The
money for this is in hand from the current year’s funding. The manpower for this will be
provided by post-docs Nesom and Kroseberg, supported from our base grant, consulting with
Engineer Spencer and technician Wilder. Most important will be to explore the performance
of the most challenging aspects of the design: the rapid power switching and recovery, and
the noise performance.
Schumm will work with new Ph.D. graduate student Winstrom (who will do his thesis on
BaBar) in using the SCIPP pulse development simulation to re-optimize the readout parameters. No support will be required for this. We will then use current-year funds intended for
prototype fabrication (but released by our use of prior funding for fabrication) to support
Spencer in the design of the re-optimized front-end ASIC.
Year one of proposed funding will be used to finalize the design of and fabricate the reoptimized ASIC, and to provide funds for engineer Spencer to support us in testing the
re-designed ASIC, and the implementation of the ASIC in the development of the testbeam
prototype (Spencer has extensive experience in the electronics and electromechanics associated with physical tracking systems through his efforts on BaBar, GLAST and ATLAS).
We would also bring a graduate student on to help us carry out the test beam effort. This
student’s funding would extend into the second year of the proposal, allowing her/him to
become engaged with the testbeam effort for an entire year, including the development of
components of the testbeam prototype, the running period, and data analysis. This should
provide an excellent opportunity for an early graduate student. Second-year funding will also
go towards supporting a technician to construct components of the testbeam prototype. We
will need to construct at least one more PC board to implement the re-optimized prototype
chip in the testbeam prototype. Finally, Spencer will continue to direct the electrical and
electromechanical aspects of the testbeam prototype design, and move into the discussion of
design of the full tracking system, including optoelectronic (data transmission) issues, which
could be critical should thinking continue to favor a triggerless detector.
We expect to augment funding from this initiative with a degree of support from the SCIPP
base budget. Postdocs Nesom and Kroseberg, while both heavily involved in BaBar, will work
part-time on the LSTFE project. This has already worked quite successfully, with Kroseberg
and Nesom having produced a refereed publication from BaBar data in their first year at
SCIPP, while also having played a central role in the development of the LSTFE test and
FPGA readout infrastructure. We also have base funding to support some amount of travel
when it becomes time for the testbeam run.
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FY2005 Project Activities and Deliverables
Activity in the first portion of FY2005 will focus on completion of the design and fabrication of
the re-optimized LSTFE ASIC. In addition to the re-optimized front end, this ASIC will have
an input geometry and data-flow architecture consistent with its use in the joint testbeam
prototype. The deliverable will be the fabricated ASIC to the SCIPP lab for testing, with a
milestone date of December 1, 2005.
The latter part of Calendar Year (CY) 2005, as well as the first few months of CY2006, will
be devoted to characterizing the reoptimized ASIC’s power switching, noise performance, and
timing resolution capabilities (the latter of which becomes essential for the reoptimized frontend). We will also explore how far towards the noise floor the second (lower) comparator
can be lowered before an unacceptable level of noise is introduced into the centroid-finding
algorithm. These results can then be fed back into the pulse development simulation (soon
to be part of the global Linear Collider simulation package) to produce a refined projection
of the performance of a long shaping-time silicon strip tracker. A deliverable, expected June,
2006, will thus be a re-evaluation of the capabilities of a long shaping-time tracking system
for a Linear Collider detector, based on input from lab-bench measurements.
In the latter half of FY2005 (first half of CY2006), we will begin contributing to the design
and construction of components for the mutual test-beam prototype, in collaboration with
LPNHE and FNAL. We will also develop the LSTFE-specific components of the testbeam
prototype (the readout and data acquisition), and contribute to mutual analysis software.
Timelines for deliverables for this work will extend into FY2006.
FY2006 Project Activities and Deliverables
In the first few months of FY2006, we will complete the design and construction of the
testbeam prototype, including electronics instrumentation and readout. Since the details of
this prototype system are just now coming under discussion, it is difficult to specify SCIPP’s
full commitment. However, a primary set of deliverables, with a milestone date of October,
2006, will be the full readout, data acquisition, and analysis system necessary to operate and
record high-quality data in a two-week testbeam run to be conducted in autumn of 2006, very
likely at the FNAL Linear Collider test beam facility. The goal of the testbeam run would
be to confirm and refine many aspects of the system performance for which we now rely on
the pulse-development simulation, including efficiency and occupancy levels as a function of
the track entrance angle, and the point and timing resolutions for minimum-ionizing tracks.
This work would be carried out in large measure by an as-of-yet to be identified graduate
student, who would begin working on the project for the last quarter of FY2005, and follow
through the first three quarters of FY2006, to the completion of the analysis of the testbeam
data. PI Schumm expects to make use of sabbatical release time to see the project through
at this point. Thus, a deliverable with a milestone date of the end of FY2006 will be a
complete analysis of test beam data, with a clear statement of how that data enhances our
understanding of the overall performance of a long shaping-time silicon strip central tracking
system.
FY2007 Project Activities and Deliverables
We don’t feel we’re in a position to evaluate our needs for FY2007. We hope that by the end
of FY2006 (June 2007), we have in hand a proof of principle of the long shaping-time concept
that can fully inform a debate about the design of the Linear Collider Detector(s).
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Budget Justification: Santa Cruz Institute for Particle Physics
In the description that follows, indirect costs are included in the estimates of expenses. Indirect costs are broken out explicitly in the budget table of the following section.
In the first year, we will complete refinement of the design of the front-end ASIC, and develop
a back-end architecture commensurate with testbeam hardware that we expect to develop
jointly with LPNHE and FNAL. This will require funds for the fabrication of a final prototype
ASIC (about $30,000), as well as an estimated 2-3 months of work from engineer Spencer (we
ask for 2.5 months, or about $28,000). We will also need to design at least one PC board to
implement the LSTFE ASIC on the prototype detector, and to provide an interface to the
FPGA-based readout system (about $4,000; including miscellaneous supplies, this results in a
total of about $7,000 for materials and supplies). Finally, as the effort to design and construct
the testbeam prototype matures, we will want to bring on a graduate student who will play
a lead role in carrying out the testbeam run (about $10,000 for the first of four quarters of
support).
In year two, support for the graduate student would extend for three more quarters, through
the testbeam run and the data analysis (an additional approximately $28,000). Electrical
technician Forest Martinez-McKinney, who is also skilled at mechanical work, would support
the final preparation of the testbeam system for about three months (about $19,000). A
contingency of about $3,000 ($4,500 including indirect costs) is included for minor laboratory
equipment and supplies.
The total request is $75,000 per year for two years, or $150,000 in two years. Although
this work will represent a collaboration between SCIPP, LPNHE, and FNAL (and perhaps
other institutes that may join later), the funds requested here are to be used solely for the
work performed at SCIPP. SCIPP has played a role similar to that played here by LPNHE
in expressing support for this mutual effort to European funding agencies (specifically, the
DESY PRC). This funding request is intended to allow SCIPP to continue to contribute to
the exploration of long shaping-time readout for a Linear Collider silicon central tracker.
Three-year budget, in then-year K$ Santa Cruz Institute for Particle Physics
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
14.6
4.5
0
19.1
4.6
23.7
0
0
24.7
0
0
51.3
23.7
75.0

FY2006
21.7
13.9
0
35.6
7.4
43.0
0
0
9.4
0
0
52.5
22.5
75.0

FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
36.3
18.4
0
54.7
12.0
66.7
0
0
0
0
0
103.8
46.2
150.0

5.13

Tracking

5.13: Continuation of Reconstruction
Studies for the SiD Barrel Outer Tracker
(new proposal)
Tracking
Contact person
Stephen Wagner
stevew@pizero.colorado.edu
(303) 735-6072
Institution(s)
University of Colorado

New funds requested
FY05 request: 66,000
FY06 request: 63,600
FY07 request: 65,900

5.13
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Continuation of Reconstruction Studies for the
SiD Barrel Outer Tracker
Classification (subsystem)
Detector - SiD Barrel Outer Tracker
Personnel and Institution(s) requesting funding
Stephen R. Wagner - University of Colorado, Boulder
Collaborators
None at current time
Project Leader
Stephen R. Wagner
stevew@pizero.colorado.edu
(303) 735-6072
Project Overview
Further development of tracking code for SiD Barrel Outer Tracker. Determine whether backgrounds (BGs) at cold Linear Collider (LC) make long-shaping-time Silicon-strip detectors
viable again. Investigate whether observed fall-off in tracking efficiency near jet core is due
to the method of estimating efficiency that was used, and how much it can be improved
with more sophisticated tracking algorithms. Improve base tracking classes in hep.lcd, the
Java/JAS-based Monte Carlo (MC) reconstruction package, to make them more functional
for tracking developers and those doing detailed physics analysis studies. Produce and support a SiD barrel reconstruction package that inter-operates with the other standard classes
and packages to produce tracks which can be used by other groups for detector optimization
and physics justification studies.
Broader Impact
The goal of this study is to assist in the design of a Silicon-based detector (SiD) for a LC
experiment, driven by all of the particle physics discoveries and measurements possible at
such a machine. One clear goal of this proposal is to involve the next generation of post-docs
and physics undergraduates in this process. The Project Leader has an established record of
mentoring undergraduates from underrepresented groups, and will certainly include them in
this work if possible.
Results of Prior Research
The project being proposed here represents a continuation of work started while the Project
Leader was at SLAC. This research was funded at that time by Research Division LC R&
D funds from the SLAC base grant. The Project Leader has since moved to the University
of Colorado (CU). We are submitting this LCRD proposal because there are no funds in the
CU base grant to continue and expand the work begun at SLAC.
The research performed at SLAC was periodically presented at SiD tracking meetings and at
several workshops. A summary of this work is Pattern Recognition Studies for a Silicon Outer
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Tracker, SLAC-PUB-10991, to be published in the Proceedings of the 2004 International
Conference on Linear Colliders (Paris).
These studies were based on the projection of already found tracks from the barrel CCD
vertex detector (VXD) into the barrel outer tracker. The outer tracker was fully loaded with
hits from other tracks and with the full complement of the various BGs expected at the warm
LC. These studies showed that the long-shaping-time detector was quite challenged for lower
momentum (∼ 3 GeV/c) tracks with full BGs added in (efficiencies of ∼ 96.5%), but that
these efficiencies could be improved by adding more spatial information (“tiling”) or timing
information, at the resulting cost of more material in the tracking volume and the resulting
loss in momentum resolution.
The studies also demonstrated a loss in efficiency for high momentum (∼ 50 GeV/c) tracks
near the core of jets. While this is expected somewhat due to the increased density of hits in
near the jet cores, and can be remedied some with more sophisticated pattern recognition,
some of this may also be due to the fact the efficiency was evaluated for tracks embedded
in real physics events, imposing a situation that real energy/momentum conservation might
alleviate somewhat. The two-track resolution of the SiD tracker, compared with that of a
detector with an outer TPC, is a subject deserving of further investigation.
Facilities, Equipment and Other Resources
The work (software development) described in this proposal is completely computer-based.
The CU HEP group provides a compute farm, funded some from university money and some
from the base grant, that is used for all HEP work done on-campus, and that farm will be
available for this work also. There is also a pool of senior physicists at CU experienced in
tracking at e+ e− detectors and with silicon-strip detectors that will be available for consultation.
FY2005 Project Activities and Deliverables
Redo previous tracking studies with new estimates of BGs from cold LC. Fully Kalman-ize
track fits from existing reconstruction package (SODTrackFinder), so that ambiguous hits
(shared between two or more candidate tracks) can be optimally arbitrated between tracks.
These ambiguous hits are the most likely cause of track finding confusion near the core of
jets. Change MC truth method from embedded tracks to hit parent history so that we can
evaluate tracking efficiency for multiple tracks in an event, and have multiple tracks to do hit
arbitration between. Better incorporate any available z information into pattern recognition.
Report progress and continue development at Snowmass workshop.
FY2006 Project Activities and Deliverables
Release beta version of track finding package for other groups to test. Adapt to improved
simulation of detector hit response. Reactivate effort for stand-alone pattern recognition (in
coordination with VXD-projected track finding) in the barrel outer detector.
FY2007 Project Activities and Deliverables
Participate in final optimization of the detector for LOI/TDR using developed tools. Continue
to develop package and to support others using these tools.
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Budget justification: University of Colorado, Boulder
The majority of the funding being requested is for half of a post-doc’s salary for the 3 years.
It is expected the other half of this post-doc’s salary will come from the CU base DOE grant,
and that they will spend the other half of their time on one of that grant’s funded projects
(BaBar, BTeV, or the neutrino program).
There is also a line to hire one undergraduate (at a time) for 10 hours/week during the
school years and 40 hours/week during the summers. While we would like to get more
undergraduates involved, we assume any additional ones will be funded through the CU
Undergraduate Research Opportunities Program (UROP).
The Equipment funds are to provide desktop computing for those working on this project
(including the Project Leader). The Travel request assumes one US conference or workshop
and one foreign conference per year, except for 2005, which assumes two US conferences and
two people at Snowmass for the full two weeks. The travel request includes the travel of the
the Project Leader for the work proposed.
Inflation is calculated at 4% per year, benefits are calculated at 20% of salaries, and indirect
costs are calculated at 50% of direct costs. All of these are approximately in line with those
used in the CU base grant.
Three-year budget, in then-year K$
Institution: University of Colorado, Boulder
Item
Post-Doctoral Research Associate
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
22.5
7.5
30.0
6.0
36.0
2
6
44.0
22.0
66.0

FY2006
23.4
7.8
31.2
6.2
37.4
2
3
42.4
21.2
63.6

FY2007
24.3
8.1
32.4
6.5
38.9
2
3
43.9
22.0
65.9

Total
70.2
23.4
93.6
18.7
112.3
6
12
130.3
65.2
195.5

5.14

Tracking

5.14: Simulation Studies for a Silicon
Tracker
(new proposal)
Tracking
Contact person
Richard Partridge
partridge@hep.brown.edu
(401) 863-2634
Institution(s)
Brown

New funds requested
FY05 request: 39,997
FY06 request: 41,497
FY07 request: 43,055
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Simulation Studies for a Silicon Tracker
Classification (subsystem)
Detector: Tracking
Personnel and Institution(s) requesting funding
Richard Partridge, Prof. of Physics
Postdoctoral Research Associate (to be named)
Brown University
Department of Physics
Providence, RI 02912
Project Leader
Richard Partridge
email: partridge@hep.brown.edu
phone: (401) 863-2634
Project Overview
A silicon strip outer tracker is an attractive option for the International Linear Collider (ILC).
The ﬁne pitch of the strip detectors provide precise measurement of hit position, excellent
two-track separation, and low occupancy. With proper design, these features can lead to
a tracker with superb momentum resolution and excellent pattern recognition capabilities
within a relatively compact volume. A silicon strip tracker is a key feature of the Silicon
Detector concept.
To better understand what such a device might look like and how it would perform, a Silicon
Detector Tracking group has been formed that meets regularly to share results and exchange
ideas. This eﬀort has gained considerable momentum over the past year, and the mailing list
has grown to over 50 members of the HEP community.
A number of innovative tracker design concepts have emerged, but the eﬀort is presently
handicapped by the absence of detailed simulations that can quantify the relative merit of
these diﬀerent design concepts. Developing the ability to perform realistic simulations of
detector performance and track reconstruction, including the eﬀect of backgrounds, is urgently
needed to provide a rational basis for the design choices that must be made. In the somewhat
longer term, the tracker simulations are an essential component of a larger simulation eﬀort
that will be needed to build a credible case that the proposed detector is capable of meeting
the physics goals of the ILC.
A number of key design issues have been identiﬁed that need to be addressed with simulation
studies. These issues include:
• Are stereo layers required in the central (barrel) region, or is it suﬃcient to have only
axial layers used in conjunction with the vertex detector?
• How many tracking layers are required, and how should they be arranged?
• How well can the tracker reconstruct long-lived particles, including KS , Λ, and possible
new long-lived massive particles?
• Is it necessary to fully overlap detectors in a given layer, or are small gaps acceptable?
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• What is the impact of tracker material on the performance of energy ﬂow algorithms?
• How accurately can the detector be aligned, and what is the resulting momentum resolution?
Addressing these issues will require a signiﬁcant and dedicated eﬀort. The best prospect for
establishing such an eﬀort is to get a postdoc involved in developing the needed simulation
tools and in analyzing the result of these simulations. This project would provide funding for
50% of a postdoc working half time on tracking simulations. The postdoc would be based at
Fermilab, where a signiﬁcant fraction of the tracker design and engineering eﬀort is based. The
Brown University DOE grant would provide the remaining 50% of funding, and the postdoc
would spend half time working on the DØ experiment. Richard Partridge would continue
to contribute to the tracker design eﬀort, and would help guide the simulation eﬀort. He is
typically at Fermilab days per week, allowing him to closely monitor the proposed simulation
studies.
As part of this project, a variety of simulation tools will be developed to provide realistic and
quantitative measurements of tracker performance. A hit digitization package is needed to
turn GEANT4 energy depositions into charge measurements on individual strips. A clustering
package is needed to identify clusters of strips associated with a hit and to estimate the hit
position. A pattern recognition package is needed to ﬁnd tracks using the hits clusters.
Finally, a ﬁtting package is needed to ﬁt the hits and determine track parameters.
Developing the above packages would be a formidable undertaking if one were starting from
scratch. Fortunately, the functionality of the above packages already exists in several HEP
experiments (including DØ and CDF), and we expect to borrow heavily from these existing
packages. Furthermore, many of the relevant experts are at Fermilab where this eﬀort will
be based.
Following the development of the required simulation tools, we anticipate using these tools to
develop a quantitative understanding of the key design issues listed above. Expected measures
of tracker performance include:
• Track ﬁnding eﬃciency as a function of polar angle
• Rate and characteristics of ”fake tracks” that don’t match a generated track
• Eﬃciency for reconstructing long-lived particles
• Momentum and impact parameter resolutions and residuals
• Eﬃciency for matching tracks between the vertex detector, silicon tracker, and calorimeter
• Rate and origin of photon conversions
• Disposition of tracker hits from conversions, albedo, etc.
• Eﬀect of in-ﬂight decays (kinks)
We anticipate that initial simulation studies will be focused on those quantities needed to
answer speciﬁc design questions. For example, the question of whether additional detector
layers with small-angle stereo should be incorporated will depend on comparisons of trackﬁnding eﬃciency, KS reconstruction eﬃciency, and the impact of the increased material on
energy ﬂow algorithms.
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Looking further to the future, we anticipate that the Silicon Tracker design eﬀort will converge
on a ”baseline” design for the Silicon Detector Conceptual Design Report. The simulation
eﬀort will then focus on a detailed characterization of the performance of the baseline design.
Of particular importance is establishing that the baseline design can meet the needs of the full
range of ILC physics goals. In addition, it will be important to demonstrate that the design
is robust, insensitive to the expected range of backgrounds, and capable of being precisely
aligned.
In summary, we propose to initiate a Silicon Detector tracking simulation eﬀort. Support is
requested for half of a postdoc, who will be based at Fermilab, for a period of three years.
The proposed project includes development of simulation tools for realistically simulating
track reconstruction, quantitative comparisons of tracker design options to guide the tracker
design, and detailed characterization of tracker performance required for the Silicon Detector
conceptual design report.
Broader Impact
The Brown High Energy Physics group takes an active role in ensuring that the results of
our research have a broad impact on society. We accomplish this goal through a variety of
means, including integrating research and teaching experiences, propagation of new results
through publication and public lectures, and mentoring the next generation of scientiﬁc leaders. For example, last summer we recruited Allison Chang, a Brown undergraduate student,
to participate in a research project at SLAC that studied vibration stabilization issues for a
Linear Collider. We believe that a close involvement between faculty and students is one of
the best ways to introduce students, especially members of under-represented groups such as
Allison, to the excitement and rewards of science. Last summer’s research was a tremendously
rewarding experience for Allison - not only did she learn a great deal about physics and data
analysis, but she also came away with a much deeper understanding of the nature of scientiﬁc
inquiry.
Results of Prior Research
Richard Partridge has been working in the area of silicon tracker design for the Silicon Detector for more than a year, and has presented studies of tracker design concepts and performance
measures at the past two ALCPWG meetings. Other research activities include participation
in the DØ experiment at the Tevatron Collider, and he has recently joined the CMS experiment. Prior experience on silicon tracker design includes simulation studies and a signiﬁcant
leadership role in the proposed Run IIb upgrade for the DØ experiment, where he was a cocoordinator of the upgrade during the initial design phase and later served as deputy project
manager.
The above research is supported in part by Task C of the Department of Energy grant DEFG02-91ER40688. This grant largely supports research by the Brown High Energy Physics
group in the study of hadron collider physics as members of the DØ and CMS collaborations.
Facilities, Equipment and Other Resources
The proposed research will be based at Fermilab, allowing close interaction with the tracker
design and engineering eﬀorts taking place at the laboratory.
No specialized equipment is required for this project. Computing requirements are expected
to be modest, and existing computing resources available to the Brown group will be utilized
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for this project.
FY2005 Project Activities and Deliverables Project activities in the ﬁrst year are focused on developing the tools needed to perform realistic tracking simulations. Where possible, we anticipate adapting existing algorithms to the Silicon Tracker rather than developing
new algorithms.
• Incorporate a realistic hit digitization model into the Silicon Detector Monte Carlo
• Develop a clustering package for reconstructing clusters from the digitized hits
• Implement a track reconstruction package that performs track ﬁnding from the reconstructed clusters
• Begin to compare the performance for diﬀerent tracker design options, with a focus on
the most critical design issues
FY2006 Project Activities and Deliverables Project activities in the second year are
focused on performing the tracker simulation studies needed to support the tracker design
eﬀort.
• Compare tracker performance for axial-only designs with axial+stereo designs
• Optimize the number of tracker layers and the placement of the layers
• Develop a V-ﬁnding algorithm and study the eﬃciency for reconstructing long-lived
particles, including KS and Λ decays
• Participate in studies of the impact of tracker design on energy ﬂow algorithms
• Perform additional tracking studies as needed to optimize the tracker design
FY2007 Project Activities and Deliverables
Project activities in the third year are focused on further studies needed to ﬁnalize the conceptual design for the tracker and to perform simulation studies in support of documenting
the detector performance at the conceptual design stage.
• Complete simulation studies of any remaining design issues
• Perform simulation studies needed to document the performance of the tracker design
• Asses the alignment precision that can be achieved using experimental data
• Participate in simulation studies of the Silicon Detector conceptual design to document
the ability of the detector to meet ILC physics goals
Budget justification: Brown University
The proposed budget will support 50% of a postdoctoral research associate, with the remaining 50% provided by the existing Brown University DOE grant. It is expected that the
postdoc will spend 50% of his or her time working on ILC tracker simulation, with the remaining 50% spent on the DØ experiment at Fermilab. A starting full-time salary of $44,000/year
with 4% annual salary increases is assumed. Brown’s beneﬁt rate is currently 35.2%.
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Support is also requested for travel expenses associated with the tracking simulation project.
Estimated travel expenses include one trip per year to an ALCPWG meeting ($1000) and
two trips/year to SLAC to meet with tracking and simulation experts there ($ 500/trip).
Indirect costs are calculated using the oﬀ-campus rate of 26% that is applied for personnel
based at Fermilab.
Three-year budget, in then-year $
Institution: Brown University
Item
Postdoctoral Research Associates
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
22,000
0
0
22,0000
7,744
29,744
0
2,000
0
0
31,744
8,253
39,997

FY2006
22,880
0
0
22,880
8,054
30,934
0
2,000
0
0
32,934
8,563
41,497

FY2007
23,795
0
0
23,795
8,376
32,171
0
2,000
0
0
34,171
8,884
43,055

Total
68,675
0
0
68,675
24,174
92,849
0
6,000
0
0
96,849
25,700
124,459

5.15

Tracking

5.15: Calorimeter-based Tracking for
Particle Flow and Reconstruction of Longlived Particles with SiD Detector
(new proposal)
Tracking
Contact person
Eckhard von Toerne
evt@phys.ksu.edu
(785) 532-1644
Institution(s)
Kansas State

New funds requested
FY05 request: 26,500
FY06 request: 23,900
FY07 request: 24,500
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Calorimeter-based Tracking for Particle Flow and
Reconstruction of Long-lived Particles with the SiD
Detector
Tracking

Contact person: Eckhard von Toerne
email: evt@fnal.gov
phone: (785) 532-1644

Kansas State University
Year 1: $26,500
Year 2: $23,900
Year 3: $24,500
March 30, 2005
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Calorimeter-based tracking for particle flow and reconstruction of
long-lived particles with the SiD detector
Classification (subsystem)
Detector: Tracking
Personnel and institution(s) requesting funding
T. Bolton, D. Onoprienko, E. von Toerne
Kansas State University, Manhattan, KS
Collaborators
M. Demarteau et al., FNAL
N. Graf et al., SLAC
U. Mallik et al., University of Iowa
D. Chakraborty, Northern Illinois University
Contact person
E. von Toerne
evt@fnal.gov
(785)532 1644

1

Project Overview

The high energy physics group at Kansas State University is interested in the SiD detector
concept [1] because of its excellent prospects for the application of particle flow algortihms,
resulting in improved energy and momentum measurements. One of the main concerns with
respect to the SiD concept has been the reconstruction of long-lived particles (K0S , Λ) [2].
We address this issue with our proposal.
The reconstructing of long-lived particles in the SiD with standard tracking can be considered a problem because tracking with the SiD relies on Vertex detector hits as seeds for
tracks, assuming that the Tracker with only five layers is not capable of providing pattern
recognition. Tracks from the decay of long-lived particles usually lack enough vertex detector
hits to provide a track seed and these tracks are lost. For example, about 97% of all K0S in
hadronic events decay more than 3 cm away from the beam pipe and have thus less than the
necessary number of three vertex detector hits to form a track seed.
This problem is addressed by the Garfield tracking algorithm, an algorithm developed for
the SiD by von Toerne and Onoprienko. The algorithm was specifically intended for the
reconstruction of tracks without vertex detector hits. The algorithm uses ECAL clusters as
the start point of pattern recognition. The cluster provides the track’s endpoint and the track
direction at that point. The algorithm extrapolates the track into the tracking volume and
assigns tracker hits to the track. The algorithm constitutes a full outside-to-inside tracking
algorithm that complements the standard (inside-to-outside) tracking algorithm.
We propose to further develop our tracking algorithm and to perform dedicated studies of
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the impact of our algorithm on particle flow methods. Particle flow is a natural topic in this
regard because our tracking relies on calorimetry and our project can be viewed as being at
the interface of tracking and calorimetry. Although we count ourselves as part of the SiD
tracking effort we collaborate with ECAL groups and groups interested in particle flow in
general. We are also interested to develop algorithms that will improve particle flow. Other
groups working on particle flow concentrate on the calorimeter (ECAL at U. Iowa and HCAL
at Northern Illinois U.). We will concentrate on tracking-related particle flow software, thus
optimizing the division of labor.

2

Broader Impact

We see the linear collider effort as excellent opportunity to increase our outreach efforts. We
will implement linear collider segments into our existing outreach efforts.
Quarknet We are a Quarknet center [3], serving the western, rural part of Kansas. During
our first Quarknet summer institute in 2003, we trained four lead teachers and attracted
about 30 teachers in the following year. We will include a linear collider segment into the
next institutes.
Undergraduate Research Our research has already attracted one undergraduate student from a Kansas College. We have found that the proposed research topic, reconstuction
and tracking is very attractive for students for several reasons. Simulated events can be
easily visualized with the advanced event display that is part of the java-based reconstruction software. The code also runs standalone on standard PCs equipped with LINUX or
windows operating systems. Since the JAS package is publicly available, we installed it on
the student’s private Notebook as well. We see this as an additional step of empowering the
student and encouraging him to experiment with the self-contained code.
Colloquia Von Toerne has introduced students at a four-year college (Benedictine College
in Atchison, KS) to his work by giving a colloquium about his research. We will continue to
give colloquia about linear collider to a broader audience.
We also intend to disseminate the results of our research by publication in international
journals.

3

Results of Prior Research

Prior research has focussed on the implementation of the Garfield tracking algorithm, a basic
reconstruction algorithm for long-lived particles with the SiD. A proof-of-principle version
was completed in the summer of 2004 and was presented at the ALCPG meeting in Victoria
and at several other occasions [4, 5, 6, 7].
The algorithm is comprised of about 5,000 lines of code and has been implemented as part
of the standard java-based reconstruction software (hep-lcd). Our code is available through

512
192

CVS and through the package’s homepage [8]. Figure 1 shows a reconstructed event with
Garfield tracking and a reconstructed K0S decay.

Figure 1:

Left: Event display for a linear collider event (simulated Z0-pole data).
Tracks reconstructed with the K-State Garfield algorithm are highlighted. Right: Reconstructed decay of a long-lived particle using Garfield.

We have also studied design options for the SiD. We investigated the impact of the length
of ladders in the tracker barrel. We found that long ladders spanning halfs the size of the
barrel still allow the reconstruction of the K0s. A shorter ladder length improves pattern
recognition slightly [6].
The Kansas State High Energy Physics group is mainly funded by our DOE base-grant and
an DOE-EPSCoR grant. Prior L.C. research was funded by the EPSCoR grant. Quarknet
outreach acvtivities are supported by a DOE+NSF grant.

4

Collaboration with other LC groups

We collaborate with the following groups on several aspects of our research.
University of Iowa We collaborate on particle flow. Iowa investigates questions related to
the calorimeter while we are interested in track-cluster matching and the question of impact
of strange partcile decay of particle flow.
Northern Illinois University We use NIU’s GEANT4 simulation interface “LCDG4”
and have generated multihadronic and single particle Monte Carlo samples with it. We
provide feedback and bug-reports about LCDG4 to the developers at NIU.
SLAC We cooperate by testing code released by Norman Graf’s simulation group.
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FNAL D. Onoprienko is now stationed at Fermilab, participates in SiD meetings their and
is in contact with other linear collider experts stationed at Fermilab.

5

Facilities, Equipment and Other Resources

The Kansas State University High Energy Physics group has at its disposal approximately
2000 ft2 of space in the physics department “high bay lab”, including a 550 ft2 class 10000
clean room containing probe stations, a manual wire bonder, and an optical microscope with
video and computer interfaces.
Our K-State HEP group has access to a proton beam of up to 14 MeV from the tandem
van de Graff accelerator in the Kansas State James R. Macdonald Laboratory (JRML, a
DOE national user facility). DOE EPSCoR funds were used to instrument a JRML beam
line for radiation tests of silicon sensors, and we have sole use of this line and a guarantee of
beam time for the next three years. The HEP group also has access to the K-State physics
department mechanical shop and the Kansas State Electronics Design Laboratory (KSUEDL), which is staffed by two engineers, a technician, and several student interns. The
KSU-EDL supports our work on readout electronics for detectors. KSU-HEP computing
consists of a 12 node LINUX cluster containing mostly Pentium 3 and older processors.
The group maintains good connectivity via Internet2 connections and an IP/ISBN videoconferencing system. Linux PC-cluster is sufficient computing resources for code development
and the generation of modest Monte Carlo samples. No additional computing resources are
requested from this grant. For the generation of larger Monte Carlo samples we intent to
utilize a Linux cluster at Fermilab in collaboration with Northern Illinois University.

6

Description of project activities

We seek resources from the Department of Energy to continue our linear collider research
effort and to further explore the physics reach of the SiD detector design and its particle
flow capabilities.
FY2005 activities and deliverables In fiscal year 2005 we plan to further improve our
Garfield tracking algorithm and explore its physics capabilities. One issue that we need to
address is to better understand track reconstruction in busy events. While our base-line
reconstruction studies Z-pole hadronic decays, these are far less busy than the important
multihadronic events at higher energies. We will continue our study of SiD design options
and will investigate particle flow questions along two avenues. The first is the general impact
of long-lived particle decays (K0S and Λ0 ) on particle flow calorimetry and to understand the
extend to which long-lived particles affect the reconstruction of multi-hadronic events.
The second is improve particle flow techniques using the Garfield tracking algorithm. This
is done in several ways:
• By identifying clusters that come from charged tracks.
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• By complementing the standard tracking algorithm and we increase the tracking efficiency (two track finder find more tracks than one).
• By identifying calorimeter backscatter. The are charged tracks that originate from
particles interactions in the calorimeter and that traverse the tracking volume. Our
algorithm is capable of reconstructing these and we intend to provide a dedicated
package for the identification of calorimeter backscatter. This will improve particle
flow because cluster created by the backscatter can be removed.
Deliverables are improved version of our tracking and reconstruction package which will be
released to the linear collider community via CVS. We will also provide a detailed study on
the impact of long-lived particles on particle flow and a suite of reconstruction routines that
will be used in particle flow analyses.
FY2006 activities and deliverables In FY2006 we intend to continue our particle flow
studies and to perfrom in addition a detailed study of the physics reach for long-lived ( 10−8
s lifetime) particles with the SiD detector concept. We would also like to develop a new
version of the Garfield prgram that is compliant with the new world-wide Input/Output
format (LCIO). A LCIO-compliant version of the java-based linear collider software is being
developed at SLAC. We intend to port our code to the new LCIO framework as soon as the
LCIO based reconstruction package is released.
FY2007 activities and deliverables FY2007 We will investigate tracking in the forward
region. Due to its excellent angular coverage of the ECAL our algorithm can also be applied
for tracks in the far forward region. Our algorithm only requires an ECAL cluster and a
couple of hits to form a tracks seed. Our algorithm already performs well in the forward
region. We will study in detail how to optimize our algorithm to the forward region.
In FY07 we will also implementing our algorithm for other detector concepts as well. We
are interested to collaborate with Mike Ronan (Berkeley) for use of our algorithm for the
large detector option.
Deliverables for 2007 will be that our algorithm be compliant with several detector options.

7

Budget

Budget justification This section provides an explanation and breakdown of our requested budget for fiscal years FY05, FY06 and FY07. A context for the requests has been
provided in Section 6.
Personnel
We request partial funding (20%) for research associate Dima Onoprienko. We also ask for
funds to pay hourly students for participation in research projects.
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Equipment/Materials
No funds for equipment or materials are requested from this grant.
Travel
we request support for domestic travel for the post-doc and for von Toerne to collaborate
with other groups, attend simulation workshops and present results at L.C. conferences. The
travel for FY2005 is slighlty higher due to the planned participation of Onoprienko at the
2005 Snowmass workshop.
Facilities and Administrative costs (F& A) at K-State
The standard Kansas State University rate for indirect costs (Facilities and Administration)
is 46%. KSU makes a contribution to F& A costs which brings the effective rate down to
33% for the High Energy Physics group.
Three-year budget, in then-year K$
Item
FY2005 FY2006
Other Professionals
9.4
9.7
Graduate Students
0
0
Undergraduate Students
3.0
3.0
Total Salaries and Wages
12.4
12.7
Fringe Benefits
3.1
3.2
Total Salaries, Wages and Fringe Benefits
15.4
15.9
Equipment
0
0
Travel
4.5
2.0
Materials and Supplies
0
0
Other direct costs
0
0
Total direct costs
19.9
17.9
Indirect costs
6.6
5.9
Total direct and indirect costs
26.5
23.9
Columns might not add up due to rounding

FY2007 Total
10.1
29.2
0
0
3.0
9.0
13.1
38.2
3.3
9.6
16.5
47.9
0
0
2.0
8.5
0
0
0
0
18.5
56.3
6.1
18.6
24.5
74.9
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5.16

Tracking

5.16: TPC VLSI Readout R&D
(new proposal)
Tracking
Contact person
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Institution(s)
U.C. Berkeley
U.C. Davis
LBNL

New funds requested
FY05 request: 87,000
FY06 request: 139,000
FY07 request: 146,000
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TPC VLSI Readout R&D
Tracking
Personnel and Institution(s) requesting funding
M. Battaglia, University of California at Berkeley and Lawrence Berkeley National Laboratory
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Project Overview
The proposed R&D program aims at a proof of concept and the development of a novel read-out
technique for a Time Projection Chamber (TPC) tracker, based on highly integrated VLSI electronics,
adapted from hybrid Si pixel detectors.
Significant R&D activity on a TPC based on Micro-Pattern Gaseous Detectors (MPGDs) is presently
being carried out worldwide to develop a large volume tracking chamber with three-dimensional particle track reconstruction, matching the challenging requirements of the ILC physics program. Not only
will the momentum resolution at the ILC need to improve by almost an order of magnitude compared
to the performances of detectors at LEP and SLC, small readout cells and large channel multiplicity
will have to be addressed. The Main Tracker device must also be light, so as not to degrade the calorimetric measurements of neutral electromagnetic particles and hadrons, thus restricting the amount of
electronics which can be installed at the chamber end-plates. The concept of a large detector based on
a 3D central tracker, providing continuous reconstruction of charged particle tracks, has been receiving significant support in the physicists community promoting the ILC studies. Designing a TPC, able
to provide the required momentum resolution with thin, highly integrated endplates is a centerpiece
of this concept.
Similar challenges have already been met, and solved, in the development of high resolution vertex
detectors. The R&D, initiated at LEP and SSC and continued in applications at experiments at the
LHC and BTeV at the Tevatron, has developed into a new paradigm for applying high-volume commercial CMOS processes to readout electronics for tracking in high energy physics. This approach
allows very complex system-on-chip developments through VLSI technology.
We propose to use a VLSI chip, developed for the readout of the charge carriers generated in a Si p − n
junction, to detect and digitize the charge generated in the sensitive volume of a TPC and amplified
through a MPGD layer.
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A European collaboration has very recently demonstrated this principle, obtaining 2D images of ionizing particles with the MediPix chip, developed for medical imaging, in a drift chamber (see below).
This proposal intends to follow-up on the path of work started by that group, build-up expertise on
this highly promising technique in the US and expand it into a pioneering study of TPC performance
and integrated 3D custom device design.
For the proof of concept of full 3D imaging, we propose to use the ATLAS pixel FE-I3 chip, developed
at LBNL and adopted for the ATLAS pixel detector at the LHC. The chip active size is 7 mm×11 mm.
The chip contains 2880 channels of charge sensitive amplifiers and fast digital readout operating at a
40 MHz clock. The pixel dimension is 50 µm high and 400 µm wide. The high gain preamplifier is
optimized for the typical signal of Si detectors, corresponding to ' 20k e− equivalent. Each time an
individual discriminator fires, the pixel address, time and charge information of the hit are generated.
The charge is determined by the time-over-threshold. The time is obtained in increments each 25 ns
for the 40 MHz cycle. Hits are stored on-chip until an external trigger prompts the readout. The FE-I3
chip is equipped with input pads in the form of 20 µm metal octagons with a 12 µm opening in the
insulating passivation layer. In order to avoid discharges in the high field between the MPGD and the
chip, the insulating material needs to be reduced by a post-processing in which a thin conductive layer
is deposited and the input pads are extended to cover the majority of the anode plane. The proposed
test will allow real 3D imaging of the ionization tracks in a small volume TPC.
Broader Impact
Detector development projects provide a very important component of a well rounded graduate student
training. The educational impact reaches far beyond the academic world because a large fraction of
the students find employment in industry. The activity described in the present proposal will be
carried out as a collaboration between two Universities (UC at Berkeley and Davis) and a National
Lab (LBNL). We plan to involve both graduate and undergraduate students in the activities. A group
of undergraduate students is already working at LBNL on ILC physics questions within the framework
of the Undergraduate Research and Apprentice Program (URAP) at UC Berkeley. The high energy
physics group at UC Davis participates in an NSF-sponsored REU program. This program is in
its second year and we will actively recruit undergraduate students during the summers. We plan
to extend these schemes to the TPC VLSI readout R&D program. This will enable undergraduate
students to learn about particle physics and advanced instrumentation while contributing to cuttingedge R&D and studies. We shall encourage women and students from minority-serving institutions
to join this program.
Results of Prior Research
The area of R&D we are proposing is quite novel. There has been one earlier attempt, carried out by a
collaboration between CERN, Geneva, CEA, Saclay and NIKHEF, Amsterdam. In Spring 2004 they
reported to have observed 2D signals from ionizing particles in a small drift chamber equipped with
a Micromega foil and readout by means of a MediPix2 chip as direct anode (M. Campbell et al., to
appear in Nucl. Instr. Meth. A).
LBNL has a long tradition of developing detectors and custom micro-electronics for trackers at both
lepton and hadron colliders. This tradition has relied on close collaboration between the Physics and
Nuclear Science Divisions and the Engineering Division to blend scientific direction and technical
expertise. Not only did the TPC concept originate at LBNL but also the VLSI chip, which we intend to
use was developed there. There is very significant expertise both in the construction, commissioning
and testing of gaseous detectors, in readout electronics and microelectronics development, which
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makes such a project particularly well adapted for LBNL. The Department of Physics at UC Berkeley
has very tight links to LBNL, but also profits from a mechanical shop providing low charge rates and
access to the facilities of the Engineering department in Cory Hall.
The UC Davis group has a long history of R&D in Si pixels starting with the SDC detector at the
SSC, followed by the development of generic data-push architecture readout chips and more recently,
in the forward pixel group of the CMS Collaboration at the LHC.
Facilities, Equipment and Other Resources
The proposed R&D will be primarily carried out in the newly setup ILC R&D laboratory at the Physics
Division of LBNL. The laboratory is presently focused on a Laboratory Directed R&D (LDRD)funded project on monolithic Si pixel sensors for application at the ILC Vertex Tracker. This laboratory provides basic infrastructure and dedicated space for the TPC R&D and is already equipped with
networked computing, gas system and DAQ facilities. The project will have access to the departmental mechanical and electronics shops located on the UC Berkeley campus and to the LBNL shops, as
well as technician support through the Physics division. A collaboration agreement with the ATLAS
group at LBNL (contact K. Einsweiler) will ensure the availability of a full DAQ chain for the ATLAS
pixel chips, several chips and the relevant software and support. This will minimize costs and risks
for the electronics and DAQ systems.
At UC Davis, the electronics shop has capabilities of designing, simulating and laying out circuits
using state of the art software tools. The test lab contains a full suite of instrumentation for high bandwith analog signal analysis and debugging of multi-channel digital logic. The labs are also equipped
with hardware and software for FPGA firmware development, VLSI chip design and probing of bare
ASICs. A clean room and an electromagnetically shielded room provide space for testing sensitive
components. A 32 node Linux cluster is available for large scale data analysis along with 5 TB of
data storage space. Computing will be also supported in part through NERSC, under the resources
allocated to the LBNL ILC project (ERCAP request 80938).
FY2005 Project Activities and Deliverables
The first year of the project will be devoted to design and proof of concept. The activity will start with
the design and construction of a small test drift chamber equipped with MPGDs. The test chamber will
be designed to be adaptable to the tests of various micro-pattern detector designs and configurations.
It will also be equipped with standard pad readout for functionality tests. After completion of the
construction and testing, studies with the ATLAS VLSI readout chip will start. The UC Davis group
will develop and fabricate a prototype board for use with the end-cap of the chamber. This board will
house all of the service circuitry for the pixel chips and also provide necessary back-end electronics
and data acquisition. VLSI chips will be sent to an external contractor for metalization of the bonding
pad and then tested. We envisage performing tests with the test chamber using a laser beam, a 55 Fe
radioactive source and cosmic rays.
FY2006 Project Activities and Deliverables
We expect to achieve a proof of concept for the readout using the ATLAS VLSI chip and 3D imaging
within one year from the start of the project. The second year will then be devoted to the construction
of the TPC field cage, definition of the custom chip specs and system design. Lab tests will include
studies of charge diffusion with different gases, aging tests and detailed electrostatic simulation of the
device which will be performed jointly by the Berkeley and Davis groups. This will make possible to
define specs for application of this readout scheme to a large scale device, such as the TPC at one of
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the ILC detectors. The system design activity will be carried out in collaboration with the Electronics,
Software and Instrumentation group in the Engineering division at LBNL (contact P. Denes) that is
already a partner in the R&D activity on monolithic Si pixel sensors. It will address issues such as
minimization of nearby pad crosstalk, input protective circuitry to eliminate discharge damage and
optimisation of dynamic range. Design for the inclusion of the MPGD mesh into a monolithic device
will also be carried out, with the aim of achieving a highly integrated device with single electron
sensitivity. We expect that significant collaboration with other institutions will be set up at this stage.
FY2007 Project Activities and Deliverables
The third year will be devoted to the engineering design of the TPC end-plates and to finalization
of chip design and submission of a first test chip. Engineering tests for the mesh integration will be
performed. The test chip will be characterized and tested in the TPC test chamber.
Budget justification:
Lawrence Berkeley National Laboratory
The budget request for FY05 covers the costs for the construction of the test chamber. We intend to
profit from our access to the mechanical shop at the Dept. of Physics on the Berkeley campus which
offers highly competitive charge rates. Additional items are the post-processing metalization of the
chip input pads and the customization of the single chip hybrid and PC board. While we are evaluating
the possibility to perform the lithographic metalization in collaboration with the Dept. of Engineering
at Berkeley, we cost it at the rate quoted by the MESA Research Institute of the University of Twente
in the Netherlands, which successfully processed the MediPix chip for the CERN+CEA+NIKHEF
group. The “Other Professionals” cost covers a technician for FY05 and the part of the cost of a
part-time micro-electronics designer from LBNL for FY06 and FY07. We expect to receive matching
support from the base program at the Physics Division at LBNL, through the ILC project in FY06
and FY07. Equipment costs include the estimated costs for the construction of the test chamber and
the high-precision MPGD and VLSI array holder for FY05, the construction of the TPC field cage for
FY06 and a fraction of the cost of the test chip submission for FY07. The requested travel funding
will cover participation to one topical conference or a dedicated working meeting per year and travel
costs to Davis. “Other direct costs” includes a visitor from Europe in FY05 to help with the setup of
the Micromega mesh.
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Three-year budget, in then-year K$
Lawrence Berkeley National Laboratory
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
UC Davis subcontract
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
10
0
3
13
4
17
20
5
3
5
21.5
72
16
87

FY2006
30
0
3
33
11
44
15
3
3
0
49.2
114
25
139

FY2007
30
0
3
33
11
44
20
3
3
0
49.6
120
26
146

Total
70
0
9
79
26
105
55
11
9
5
120.4
306
67
372

Budget justification:
University of California at Davis
Salary support is requested for a graduate student for the summer of the first year and two academic
quarters during years two and three of this project. A total of 400 hours of undergraduate student
support (costed $7.25/hour) is requested for each year. Travel support is requested for frequent trips to
LBNL. Additional support for travel to one domestic and one international Linear Collider workshops
each year is requested for the senior researchers. The supplies budget of $3K/year is for miscellaneous
electronics parts, software licences, telephone and printing charges.
Three-year budget, in then-year $
University of California at Davis
Item
Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs (Grad Student Fee Remission)
Total Direct Costs
Indirect Costs
Total Direct and Indirect Costs
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FY2005
0
6,714
2,900
9,614
288
9,902
0
4,200
3,000
0
17,102
4,447
21,549

FY2006
0
21,821
2,900
24,721
294
25,015
0
5,200
3,000
7,346
40,561
8,636
49,197

FY2007
0
21,821
2,900
24,721
300
25,021
0
5,400
3,000
7,493
40,914
8,728
49,642

Total
0
50,356
8,700
59,056
882
59,938
0
14,800
9,000
14,839
98,577
21,811
120,388
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Development of thin silicon sensors for tracking
Classification (subsystem) Tracker.
Personnel and Institution(s) requesting funding
Purdue University: Daniela Bortoletto (Professor), Ian Shipsey (Professor), Kirk Arndt, G.
Bolla and P. Merkel
Project Leader
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494 5197

Project Overview
One of the possible detector options for the LC is SiD which incorporates a Silicon/Tungten
calorimeter with a precise silicon tracker and vertex detector. The tracker design includes a
compact silicon tracker with 5 layers in the central region and five disks per end. The tracker
is expected to provide excellent momentum resolution and pattern recognition in a compact
volume and therefore minimizes the cost of the calorimeter. Now that the LC technology
has been selected it is important to develop the SiD detector concept into a detailed detector
technical design report. In order to achieve this goal there are critical questions that have
to be addressed. These questions have been summarized in a document by Breidenbach,
Brau, Jaros and Weerts[1]. This proposal will address the issue of material minimization and
pattern recognition in the endcap outlined in [1].
Material Minimization
The objectives of LC physics include the precision studies of the Higgs and new physics which
can only be achieved by a detector with:
• excellent flavor tagging efficiency and purity for bottom and charm quarks
• superb momentum resolution with polar angle coverage down to about 110 mrad.
• two jet mass resolution comparable to the natural width of the W and Z bosons
• hermeticity to achieve a precision measurement of the missing momentum
These requirements lead to a fully integrated detector and the implementation of particle flow
algorithms to measure the jet energies.
Therefore it is important that the LC tracking and vertexing systems achieve excellent momentum resolution even in the forward region and for low momentum tracks, good pattern
recognition, and extremely precise impact parameter resolution to distinguish secondary and
tertiary vertices for flavor tagging. R&D is necessary to substantially improve the vertexing
and tracking subdetector performance that was achieved for LEP/SLC to cope with increased
jet multiplicity, higher track density in more collimated jets and larger backgrounds[2].
Material minimization is important both to achieve excellent impact parameter resolution
and for the precise measurement of low momentum tracks. Therefore it impacts both silicon
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pixels that provide precise space points near the interaction region and a silicon microstrip
tracker further from the primary interaction region, and the measurement of tracks at small
angle in the forward region.
Preliminary simulations have been performed comparing the momentum resolution achieved
by the silicon tracker in a SD Thin and SD Thick scenario in the barrel. The results indicate
that the SD thin tracker with 3 inner layers of sensors 200 µm thick and 2 outer layer of
standard thickness silicon (300 µm) could achieve similar or better momentum resolution
than a TPC tracker[3].
Several questions must be answered in order to understand if this option is truly feasible:
• Can thin detectors be manufactured with a reasonable yield?
• What signal to noise ratio and resolution can be obtained with thin sensors?
• Can mechanical handling and mechanical support challenges be met?
The R&D program at Purdue University will answer these questions in a very cost effective
and timely way.
Current Status of Research on Thin Silicon Sensors at Purdue
Using DOE ADR funding, the Purdue group explored in 2002 the capabilities of several
vendors to produce thin silicon sensors and received quotes from two vendors, SINTEF and
MICRON. Both vendors were extremely interested in developing this new product line. After
reviewing vendor capabilities we selected MICRON as the vendor in 2003.
MICRON delivered in December 2003 thin silicon strip sensors in the following thicknesses:
150, 200, and 300 µm in 4 inch technology. The sensors were manufactured using the masks
developed for the silicon layer mounted on the CDF beam pipe. Each sensor is 7.84 cm long,
0.843 cm wide, with 256 channels designed to be connected to 128 readout channels. A photo
of the corner of a sensor is shown in fig. 1.
We also received double sided silicon pixel sensors on 6 inch wafers in spring 2004. These
wafers are 200 and 300 µm micron thick. Each n+ pixel has a dimension of 100 µm × 150
µm matching the PSI46 0.25 µm chip developed for the CMS pixel detector at the LHC.
We have performed an electrical characterization of the thin microstrip sensors. This includes
measurement of the bias voltage, leakage current (Ileak ), interstrip capacitance (CIS ), the
coupling capacitance (CC ), the interstrip resistance (RIS ) and bias resistance (Rbias ). The
measurements were performed on a strip by strip basis to determine the overall sensor quality.
The electrical performance of the thin silicon strips is summarized in Table 1. The depletion
voltage of the sensors has been found to scale with the thickness as expected. The 300 µm
thick sensors have a depletion voltage of about 85 V. The depletion voltage decreases to 30
and 15 V for 200 µm and 150 µm sensors respectively.
As an example we show the leakage current of the 200 µm sensors in fig. 2. All seven 150 µm
thick sensors pass all the specification we had set including having a leakage current below
< 50 nA/cm2 at a bias voltage equal to twice the depletion voltage. The low leakage current
of the sensors we have received confirms that thin detector processing can be successfully
achieved. The measurements of the capacitance and resistance indicates that the resolution
performance should not be compromised by reducing the sensor’s thickness.
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Figure 1: Corner of a thin silicon microstrip sensors. The photo shows the guard ring, the biasing
scheme, the strips and the bond pads.

In summary, the results already at hand are extremely promising and indicate that further
studies with a readout chip are the next logical step. Measurements of the pixels sensors have
still to be conducted.
Future R&D for thin silicon sensors
A critical step to fully evaluate the feasibility of thin sensors for the LC is to determine the
Signal to Noise ratio (S/N) and the charge collection efficiency. In a silicon detector, the signal
for a charged particle depends on the path length the particle traverses in the silicon and so
S is inversely proportional to the thickness. With currently available electronics the noise is
expected to be low enough that reducing the silicon thickness from 300 µm to 200 µm would
still allow a S/N above 15. For example, the SVX4 chip has a noise of 900 electrons for a
capacitive load of 20 pF while the most probable signal for a 200 µm sensor is 14,440 electrons,
yielding a S/N of 16. However, in a thin silicon sensors there is also an increased capacitive
coupling between the two sides of the sensor, which might increase the noise. Maintaining an
acceptable S/N is critical for the long ladder design proposed for SiD[3]. The charge collection
efficiency, which also is sensitive to the capacitive coupling to the backplane, has also not been
measured for thin silicon sensors.
To study these effects we will use in the first instance, the laser test stand already in place
at Purdue to conduct studies with the SVX4 chip developed for Run 2b of the Tevatron.
This chip is not optimized for LC applications but is suitable to compare the performance of
sensors of different thickness.
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Table 1: Comparison of DC characteristics of 300, 200 and 150 µm thick sensors measured at
Purdue University. We follow the same notation used in the text with leakage current (Ileak ),
interstrip capacitance (CIS ), the coupling capacitance (CC ), the interstrip resistance (RIS ) and
bias resistance (Rbias ). We define two different grades to the sensors according to their Ileak . Grade
A (B) sensors have a ILeak at 2× Vdep < 50 nA/cm2 (4000 nA/cm2 )
Ileak
CC
CIS
RIs
Rbias
pF/cm
pF/cm
GΩ
MΩ
Specs
Grade
> 10
<1.2
>1
1.5 ± 0.5
< 10 % variation
300µm 3 Grade A
> 15
< 0.9
>1
0.5 ± 0.2
2 grade B
< 5 % variation
200µm 3 Grade A
> 20
< 0.9
> 10
1.8 ± 0.10
2 Grade B
< 10 % variation
150µm 7 Grade A
>15
< 0.9 pF/cm > 10
1.8 ± 0.10
0 Grade B
< 10 % variation

Ultimate functionality and performance characteristics will be established in a test beam. We
plan to take advantage of the MT4 test beam facility at Fermilab and to measure the charge
collection efficiency, position resolution, and signal to noise ratio in the beam.
The mechanical aspect of thin silicon are frequently overlooked but they are equally challenging and will require a similar amount of time to develop. There are three issues:
1. Acceptable yield
2. Handling post manufacture at HEP labs
3. Mechanical support
We address (2) and (3) here, the vendor is responsible for (1). We will produce thin silicon
sensors which will be wire-bonded to existing electronics. These structures will be used with
prototype mounting schemes. Full Finite Element Analysis models both mechanical and
thermal will be developed. CTE mismatches are more serious for thin silicon sensors and
so one example of the studies that will be performed is temperature cycling of the silicon,
electronics and the mounting assembly. The mechanical studies will have an impact not
only for microstrip sensors but also for CCDs, MAPS (Monolithic Active Pixels Sensors) and
HAPS (Hybrid Active Pixels).
Finally, in parallel and in conjunction with other groups in the US, Asia and Europe we will
study with Monte Carlo how to optimize the tracker design.
Unique Facilities at Purdue
The proposed effort builds upon our experience in design and testing of silicon micro-strip
and silicon pixels for CDF and CMS. We have access to CADENCE design tools and DESSIS
simulation tools. The mechanical aspects of the project build upon our experience in the
mechanical design, fabrication, and assembly of the silicon detector for CLEO III, and the
mechanical design and prototyping of parts of the CMS forward pixel detector.
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Figure 2: IV measurement for 200 µm thick sensors.

The detector facility at Purdue University contains two fully equipped clean rooms for the
design, testing and assembly of detectors for High Energy Physics. These clean rooms are
part of a complex dedicated to microstructure detector development and fabrication including
silicon strip and pixel devices and micro pattern gas detectors. The total clean room space is
3000 sq ft in three laboratories containing a CMM, wirebonder, electrical testing equipment,
probe stations, optical tables, microscopes and high precision measuring devices. The labs
are fully equipped with computer facilities for control, data acquisition and analysis. The
labs have both temperature and humidity control and HEPA filtering of the airflow. Included
in the clean rooms is additional space of class 1000. In a separate location there is a detector
irradiation facility with an X-ray source and an ultra clean gas delivery system.
Other technical resources are also available, such as machine and electronic shops within the
physics department, a central machine shop and state of the art facilities on campus, such as
SEM, TEM (Transmission Electron Microscopy) and EDS (Energy Dispersive Spectroscopy).
In addition to the technical staff, an engineer and technician, there is the normal complement
of graduate students and research associates working on specific projects. There is also an
exceptional pool of talented undergraduates who work on R&D and detector construction
projects.
Results from Prior Research
Our group has not received previous funding for LC projects. We are been involved with the
LC activities by starting the thin silicon studies using ADR funding, attending LC workshops
and communicating with the SiD effort. The Purdue group has considerable expertise in the
development of silicon detectors. We played and important role in the design, installation
and commissioning of the silicon vertex detector for CDF. The CLEO III silicon detector was
built at Purdue. We are now playing a strong role for the CMS forward pixel project.
FY2005 Project Activities and Deliverables
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The first year activities will focus on the studies of the thin sensors 300, 200 and 150 µm thick
with the SVX4 chip. This will require a PCI based data acquisition system. This system was
developed for Run 2b. New boards have to be designed to readout the sensors mounted with
the chip. The measurements will be performed by a graduate student under the supervision
of Petra Merkel who is already very experienced with this system.
We are also planning to participate in the simulation activities that are gaining momentum
in SiD.
The deliverables in the first year will be a quantification of the importance of material minimization, based on more sophisticated MC studies, and an experimental measurement of the
performance of thin sensors.
FY2006 Project Activities and Deliverables
In the second year we expect to start studies of the mechanical mounting and the stability
of thin silicon strips. There are several ladder designs that are under discussion with the SiD
community. One achieves material minimization through a long ladder. The other relies on
a short ladder design based on carbon fiber - rohacell support.
1. Studies of alignment and fabrication of low mass support frames will be conducted at
Purdue. Metrology of thin silicon samples will be performed during cooling cycles. These
will need to be conducted at cryogenic temperatures for CCD applications.
2. Finite Element Analysis (FEA) will be performed to understand the mechanical stability
of thin silicon sensors and mechanical support structures.
The second year deliverable will be a systematic study of the mechanical issues associated
with thin silicon strips.
FY2007 Project Activities and Deliverables
In the third year we will continue the simulation effort and the mechanical studies. Systematic
studies will be performed with the strips to determine the resolution and charge collection
efficiency in a beam tests. Hopefully by that point an optimized LC readout chip might be
available and a more realistic bench mark of thin silicon strip sensors will be performed.
The main third year deliverables will be a first evaluation of the potential gain in resolution
that can be achieved with thin, silicon sensors. We expect to perform:
• Beam tests for structures wire-bonded to electronics.
• Simulation of charge collection properties of structures, with both two-dimensional and
three-dimensional simulation packages, CCE, pulse shape, operating conditions etc.
Budget justification: Institution 1
We request funds to support 50% of a graduate student and a 50% of a postdoc. The remainder
of the support for the student will come from the Purdue CDF group. The graduate student
is charged at the rate set by Purdue University for 2005/2006, increased by an estimated 5%
per year thereafter. The remainder of the support of the postdoc will come from the Purdue
CDF and CLEO groups. The postdoc and the graduate student will carry out the simulation
studies and will evaluate the thin silicon sensors under the guidance of the senior personnel.
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We request travel support for three trips each year to institutions working on LC vertexing.
We are also asking for equipment items.
First Year Budget
During the first year we request $ 10.45 K to set up a PCI DAQ system at Purdue. This
includes:
1. A dedicated PC: $2500
2. PTA board a PCI test adapter board based on the Altera FPGA Chip to interface
between the PC and the PMC card: $ 1150
3. PMC a programmable mezzanine card based on Xilinx FPGA Chip ro readout
the ROC: $1150
4. 2 power supplies: $ 1400
5. 50 SVX4 and sensors carriers boards: $4,250
Second Year Budget
The second year equipment budget will allow Purdue to build a system to study the mechanical issues connected with the thinning of sensors and readout chips. The study will
include precision measurement of the stability of the support schemes including temperature cycles. Some of these studies will be conducted with blank silicon and some with
functional sensors built using ADR funds. The graduate student at Purdue will work
closely with the Purdue mechanical engineer (Kirk Arndt) to perform the temperature
cycling studies. Thin sensors provided by ADR funding will allow a determination of
the yield and the minimum thickness that is achievable by the vendors.
Equipment breakdown:
1. Precision alignment tooling: $1.5K
Vacuum holders for sensor/ROC assemblies and holder for support frame that precisely aligns the modules to the support frames. Cost is based on recent experience
with similar tooling for CMS pixel R&D efforts.
2. Fabrication and assembly of a low-mass support frame: $2.2K
Support frame will be either beryllium or carbon composite and will need to be of
reasonably high precision.
3. Thinned silicon, 2 batches @ $1K per batch: $2K (at no cost - ADR
funding) Cost estimate is based on previous purchases.
4. Metrology: $2.0K This involves modifications to allow us to mount our samples in
a dry chamber which can be cycled to a low temperature. The modifications require
an optical window to allow inspection and metrology during the temperature cycling.
This will be similar to a chamber built by BTeV for their pixel studies but modified
to allow for operation at cryogenic temperature for CCDs studies.
Third Year Budget
The third year budget requests equipment to setup the beam test at Fermilab. This will
include a duplication of the PCI based DAQ and the mechanical assembly of a dedicated
telescope.
Three-year budget, in then-year dollars
Three-year budget, in then-year K$
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Institution: Purdue University
Item
Post Doc (0.5 FTE)
Graduate Students (0.5 FTE)
Graduate Fee Remissions
Graduate Student Insurance
Scientific Equipment
Travel
Indirect costs
Employee Benefits (Post doc)
Employee Benefits (Graduate)
Total direct and indirect costs

FY2005
22.0
9.8
2.62
.45
10.45
2.5
17.47
9.02
0.039
74.35

FY2006
23.1
10.3
2.75
.47
5.7
2.5
18.30
9.47
0.041
72.63

FY2007
24.3
10.8
2.89
.5
10.0
2.5
19.19
9.96
0.043
80.18

Total
69.4
30.9
8.26
1.42
26.15
7.5
54.96
28.45
0.12
227.17

References
[1] M. Breidenbach, H. Weerts, J. Brau, and J. Jaros
http://www−sid.slac.stanford.edu/Documents/CriticalSiDQuestions.pdf

,

[2] Tesla, TDR, http://tesla.desy.de/newpages/TDRCD/start.html
[3] The long shaping ladder option is described in Bruce Schumm’s talk at the Victoria meeting.
The short ladder option is described by Tim Nelson’s talk at several SiD meetings.

532
212

6. Calorimetry

533
213

Introduction to Calorimeter R&D
To explore the uncharted territory of the Electroweak symmetry breaking energies,
identification of Z, W and Higgs from their respective reconstructed decays is critical.
This requires good lepton identification and very good jet energy resolution so that
reconstructed jet-jet energies can be accurately measured. Dijet mass must be measured
to a precision of ~3 GeV or, in terms of jet energy resolution, σ ( E ) ≈ 0.3 E (E in
GeV). [52]
The most important aspect of the calorimeter is to provide accurate measurements of the
four-momenta of charged and neutral particles, individually and in jets. In the present
parlance of calorimetry, this is best achieved by a Particle Flow algorithm in three
dimensions. [53] The Particle Flow (or Energy Flow) Algorithm consists of following the
tracks measured by the tracking detector into the calorimeter and measuring their
respective energy deposits. These particles, which typically carry ~60% of a jet’s total
energy, are measured with much higher precision by the magnetized inner tracker. The
electromagnetic calorimeter (ECal) is used to measure EM showers, carrying on average
~25% of jet energy, with a resolution of σ ( E ) ≈ 0.15 E . This way, even though the
energy resolution of the hadron calorimeter (HCal) for single hadrons may be no better
than σ ( E ) ≈ 0.6 E , a net jet energy resolution of σ ( E ) ≈ 0.3 E is achievable by using
the HCal to measure only the neutral hadrons, typically carrying merely ~11% of the total
jet energy. Even with the component resolutions given here, the estimated jet resolution
(0.3 here) is dominated by limitations of pattern recognition. Hence, the role of
simulation and algorithm development is crucial.
If realized, a detector for the LC will likely be the first with a calorimeter designed
specifically for Particle Flow Algorithms. [54] It will be a challenge to develop
algorithms under the unique conditions and constraints of the new facility. These will in
turn drive the technology and design choices not only for the calorimeter, but for the
inner tracker and the muon systems as well. For the calorimeter to be able to track and
isolate charged particles in a jet while staying within a realistic budget, some features
favored by traditional algorithms of sampling calorimetry may have to be sacrificed to
gain 3-D tracking or imaging capabilities in the calorimeter. Particularly for the hadronic
calorimeter, collecting a large number of hits with good position resolution will be more
important than estimating the amount of energy associated with each hit. The current
favorite designs for the SiD and Large Detector calorimeters have ~30 layers of ≤ 1 cm2
cells totaling ~30 radiation lengths in the ECal and ~40 layers of 1-10 cm2 cells in the
Hcal. [55, 56]
The Particle Flow scheme clearly requires a highly segmented calorimeter, both laterally
and longitudinally. In principle, once the energy flow is fully accomplished, the longcoveted similar response to electrons and hadrons, namely, e/h ~ 1, should not be
necessary, since energy deposited by each particle will be measured individually.
However, to what extent this can be accomplished needs to be tested both by realistic
simulations, and in beam tests.
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The considerations of cost and the technological challenge in satisfying the desire of
having the entire calorimeter immersed in a 4-5 T magnetic field limit the radius of the
calorimeter in the more popular designs. While a finely segmented calorimeter will aid
muon measurements, the muon system may be required to serve as a “tail-catcher” for
parts of jets leaking through the relatively thin calorimeter.
Several competing technologies have been proposed and are being investigated under a
worldwide collaborative effort. [57] Possible alternatives for the ECal include Si-W,
Scintillator-W, or Scintillator-Pb. Plastic scintillators, Resistive Plate Chambers (RPC),
and Gas Electron Multipliers (GEM) are all candidates for possible active media for the
HCal. Hybrids employing multiple technologies are also possible for both the ECal and
the HCal. UCLC and LCRD proposals aim to study these options, with all groups
working in close collaboration.
Hardware development must proceed in tandem, and in close cooperation with simulation
studies. The design optimization must begin with simulation, while data from test-beam
studies of the prototypes will help fine-tune the parameters of the simulation.
Development of algorithms and extensive studies of a multitude of physics scenarios are
key to designing the detector and charting the physics program. While every group
interested in a specific detector technology accepts the responsibility of testing it in
simulation, the overall plan involves much more. A flexible yet powerful software
environment is required to generate millions of Monte Carlo (MC) events under various
scenarios both within and beyond the Standard Model, simulate detector response to
those under different options, reconstruct the signatures, tune algorithms, and parametrize
detector response for very large volumes of MC events for which full detector simulation
is not feasible. Several university groups, including some primarily involved in
calorimetry, plan to contribute to the common infrastructure, support, and MC production
service for the entire LC community. Increasingly, this effort is converging toward a
global unification. Technical and fiscal considerations favor international collaboration in
the planning and execution of beam tests as well. Recently, an international calorimeter
effort has led to a formal test beam planning document for FNAL. [58]
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Project Overview
The Northern Illinois University(NIU)/Northern Illinois Center for Accelerator and Detector Development (NICADD) [1] group is interested in calorimeter R&D for the proposed
Linear Collider. We propose to develop, in simulation and in prototype, designs for a
hadron calorimeter (HCal) optimized for jet energy measurement using particle-flow algorithms (PFAs). Software simulations/algorithm development and hardware prototyping are
envisaged as the two main components of our efforts. This proposal addresses the second
component while the first is the subject of a separate proposal. The end goal of this research
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project will be the development of reliable performance and cost estimates for scintillatorbased hadron calorimeter options suited for, but not limited to, an e + e− linear collider. This
will be achieved by the construction and operation of a prototype in a hadron test beam.
It is clear that for the Linear Collider to fulfill its physics charter multi-jet final states
√ will
have to be exceptionally well measured. In particular, superior resolutions in jet (30%/ E or
better) and missing energy measurements will be critical for discovery and characterization
of the new physics as well as for precision tests of the Standard Model (SM). The most
promising means to achieving such unprecedented resolutions at the next linear collider is
through particle-flow algorithms [2] which require fine lateral and longitudinal segmentation
of the calorimeter to individually reconstruct the showers constituting a jet. This approach
allows one to make optimal use of the information available in the event: tracker momenta
for charged hadrons and calorimetric energy measurements for photons and neutral hadrons.
The NIU team has been investigating a finely-segmented scintillator-based hadron calorimeter
for some time now. This option capitalizes on the marriage of proven detection techniques with
novel photodetector devices. Absence of fluids/gases and very high voltages inside the detector
aids longevity and operational stability. The main challenge for a scintillator-based hadron
calorimeter is the architecture and cost of converting light, from a large number of channels,
to electrical signal. Our studies demonstrate that small cells (6-10 cm 2 ) with embedded
Silicon Photomultipliers (SiPMs)/Metal Resistive Semiconductor (MRS) photodetectors offer
the most promise in tackling this issue. The in situ use of these photodetectors opens the
doors to integration of the full readout chain to an extent that makes a multi-million channel
scintillator calorimeter entirely plausible. Also, in large quantities the devices are expected to
cost a few dollars per channel making the construction of a full-scale detector instrumented
with these photo-diodes financially feasible.
The very large number of readout channels can still pose a significant challenge in the form
of complexity and cost of signal processing and data acquisition. Reducing the dynamic
range of the readout is a potential solution. Monte Carlo studies have shown that this is
indeed a promising possibility as scintillator cells with an area in the 6-10 cm 2 range are good
candidates for one (digital) or two-bit (semi-digital) readout (see Fig. 1) where the lowest
threshold is set so as to detect the passage of a minimum ionizing particle. Performance
of PFAs on scintillator hadron calorimeter Monte Carlo’s with a minimum of amplitude
information in the form of thresholds also looks very competitive [3]. Thus fabrication of
cheap and compact electronics with just a few thresholds (three in the case of a 2-bit readout)
which will deliver the required performance is a realistic possibility for a scintillator hadron
calorimeter.
In these tasks we have been coordinating our efforts with European groups pursuing similar
interests. This interaction takes place under the umbrella of the CALICE collaboration
[4] which bands together universities and labs, interested in developing calorimeters for the
Linear Collider, from all over the world. We are the only group in the United States, actively
investigating the promising option of a scintillator-based hadron calorimeter.
Results of Prior Research
To date we have received two grants for work related to the project described here. The
project titled “Design and Prototyping of a Scintillator-based Digital Hadron Calorimeter”
was initially submitted as part of the UCLC proposal to NSF in 2003. We were instructed
to resubmit, without change in scope, in 2004. The 2003 submission resulted in a $11K NSF

540
220

Figure 1: Single hadron energy resolution as a function of the incident energy.
“Planning Grant” while in 2004 we were awarded a one year $50K DOE/NSF grant. Please
find below a summary of the covered research:
Tile-Fiber Optimization: Prototype cells of various shapes, sizes, thicknesses, surface treatments and fiber groovings were machined (see Fig. 2) and evaluated together with fibers of
different shapes, dimensions and optical treatments to carry out a comprehensive study of
the following:
(a) Cell processing
(b) Light response
(c) Response uniformity
(d) Efficiency
(e) Cross talk
(f) Ageing
The results of our studies, demonstrating that small scintillating cells are appropriate for a
finely-segmented hadron calorimeter, are published in [5] and [6].
Photodetectors: We propose to use SiPMs/MRS [7] devices as the photodetectors for the
hadron calorimeter. During the course of our investigations we also studied other solid-state
photodetectors like APD’s and VLPC’s [8] but find that the SiPMs are the most suitable
for the finely-segmented calorimeter we have in mind. SiPMs are multi-pixel photo-diodes
operating in the limited Geiger mode. They have high gain (≈10 6 ) but relatively modest
detection efficiencies (quantum efficiency*geometric efficiency ≈ 15%) and therefore deliver
performances similar to (or better than) a conventional PMT. They have a distinct advantage
over the conventional PMTs however, due to their small size (1mm x 1mm), low operating
voltages (≈ 50V) and insensitivity to magnetic fields. On the 1mm 2 sensor surface there are
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Figure 2: The different species of cells and grooves investigated.
typically 1000-1500 pixels (see Fig. 3), each one of which produces a Geiger discharge when a
photon impinges upon it. The energy is therefore proportional to the number of pixels fired.
Typically a minimum ionizing particle (MIP) fires 15-20 pixels (or photoelectrons).
The mounting of the SiPMs on the scintillator tile (see Fig. 4) has a number of beneficial
effects:
(1) Light Output: The light suffers little or no attenuation as it does not have to travel large
distances in the fiber.
(2) Cost: The amount of fiber required (WLS or clear) is drastically reduced.
(3) Simplified Architecture: Since photo-conversion occurs right at the tile one can come
out of the detector directly with electrical signals thus largely eliminating the problems
associated with handling and routing of a large number of fibers.
During the course of our investigations into these photodetectors the following characteristics
were studied in detail:
(a) Working point
(b) Dark rate
(c) Linearity of response
(d) Temperature dependence
(e) Fiber alignment
(f) Medium-term stability
(g) Radiation damage
(h) Immunity to strong B-fields
The results of our studies, showing that SiPMs/MRS are suitable for a scintillator hadron
calorimeter, are documented in [9] and [10].
Test Beam Prototype: The prototyping studies summarized above have pinned down the
configuration of the active layers of the scintillator HCal for us. In collaboration with our
European colleagues we are now moving towards the construction of a 38 layer scintillatorsteel prototype for the testbeam. The proposed prototype, the result of extensive hardware
R&D and simulation studies, will address the following overall goals of our program:
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Figure 3: Pixellated surface of the SiPM sensor (left) and single photoelectron separation observed
with a SiPM (right).

Figure 4: The SiPM sensor mated with a 1mm WLS fiber and embedded in a 3cm x 3cm tile.
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Figure 5: Prototype geometry.
(a) Technology demonstration
(b) Exploration of the full range of readout from purely digital to fully analog
(c) Validation of hadron shower models in MC
(d) PFA development
The active layers of the prototype consist of 5mm thick scintillator tiles sandwiched between
2cm thick steel absorber plates mounted on a movable table. In reality the absorber is split
into three parts: 1.6cm absorber plate and two 0.2cm thick top and bottom skins of the
“cassette” which houses the tiles. Each tile comes with its own 1mm diameter WLS fiber
mated to a SiPM embedded in it. The tiles come in three granularities: 3cm x 3cm, 6cm x
6cm and 12cm x 12cm (see Fig. 5). The 3cm x 3cm cells form the inner core for thirty of
the 38 layers while for the last eight layers only the coarser granularity cells are used. The
granularity of the prototype has been optimized to achieve the goals listed above within a
reasonable budget. As the initial proponents of the finer granularity we are responsible for
the instrumentation of two-thirds (i.e. 20 layers) of the inner core. A 1mm thick co-axial
cable runs from each photodetector to a charge integrating amplifier channel. This single
co-axial cable carries both the bias (on its shield) and signal (on its core). The cables are
supported on a G-10 plate which also has the reflective VM2000 glued to its tile-facing side.
Planned R&D
Prototype Operation: The scintillator hcal prototype will be exposed to a hadron test beam
at Fermilab during the 2005-2007 period [11]. Hadrons in the momentum range 1-50 GeV are
of interest. We propose to collect O(10 6 ) events per setting (energy, angle and particle type)
for a total of ≈ 108 events. With ≈ 10K channels, the prototype is comparable in channel
count to the full calorimetric systems of some of the current collider experiments. Thus a
large investment in manpower and resources will be required. Our expertise and location
implies that we will be playing a major role in the assembly, commissioning and operation
of the prototype. Already one of us (VZ) has been named as one of the two ’Experimental
Contacts’ for the full ILC calorimeter test beam program. Substantial amount of our resources
will also be required to calibrate and analyze the data being collected.
The operation of the scintillator-based hadron calorimeter prototype will deliver a wealth of
information. It is however clear that R&D will need to continue in parallel to carry the design
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forward and optimize it for its realization in an ILC detector. The 2-3 year LC test beam
program will permit us to make incremental changes to the initial design which can then be
tested in the beam without having to assemble an entirely new device. In this regard the two
major areas of concentration will be:
Electronics Development: A detector consisting of a few million channels requires a high
degree of integration. The small size, low bias and magnetic field immunity of the SiPMs has
already allowed us to take the first step towards this goal. The photo-conversion occurs right
at the tile thus integrating the light transport and conversion functions on the tile itself. The
next logical step is to bring an equivalent level of integration to the electrical signal path.
While individual cables per tile are feasible for the prototype containing a few thousand
channels, they are not a viable option for a device with a few million channels. Our objective
is the design and fabrication of a readout system with the required mechanical and electronics
integration such that data from many tiles could be sent off the detector on a few conductors.
The strategy is to have a PC board inside the detector which will connect directly to the
SiPMs and carry the necessary electronics and signal/bias traces. The goal is to have robust
and cheap electronics with the following functionality:
(a)
(b)
(c)
(d)
(e)

Preamplification (gain of 10-20) .
Multiple thresholds (cascading discriminators or time over base are possible options).
Good time resolution.
Electronic charge injection.
Temperature monitoring.

For the full detector the most economical solution will be a custom ASIC which encompasses
all of the above mentioned functionalities. For our R&D studies however we will be interested
in fabricating a prototype system of 500-1000 channels (10% of the channel count for the test
beam hadron calorimeter prototype) with discrete elements. This will help us identify and
solve electrical and mechanical issues associated with such a design at a fraction of the cost
required to develop an ASIC. It will be fairly straightforward to test a prototype of this
system with the current hadron calorimeter prototype under construction. This task will be
carried out in collaboration with Fermilab electrical engineering department.
Calibration: The current calibration system relies on transport of LED light through clear
fibers to the individual tiles. The LED’s in turn are themselves monitored with a PIN-diode
system. For a system with a few million channels this solution can easily get out of hand. Our
objective will be the design and prototyping of a robust calibration system which is scalable.
We propose to do this by separating the relative and absolute calibration functions. For the
absolute calibration we would aim to develop a scheme based on a radioactive source. This
may take the shape of a movable wire source or the deposition of radioactive material near the
tiles themselves. For a quick monitoring of the gain a LED system may still be useful. The
gain of a SiPM can be tracked by monitoring the distance between the photo peaks. Since
only the difference between the peaks is relevant the instabilities in the absolute amount of
light emitted by the LED’s is not a critical issue. This obviates the need for a PIN-diode
monitoring system. Further simplification may be obtained by shining the LED directly on
the tiles. The R&D will focus on the mechanical and electrical aspects of this arrangement.
Of special interest on the mechanical side would be the challenge to keep the layer thickness
to a minimum while on the electrical side the cross talk induced on the signal traces due to
the proximity of the LED will need to be addressed.
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FY2005 activities and deliverables
(1) Assembly of the Scintillator HCal prototype,
(2) Commissioning of the prototype,
(3) Design of integrated semi-digital electronics.
The first year deliverable, in collaboration with our European colleagues, is a commissioned
scintillator hadron calorimeter prototype.
FY2006 activities and deliverables
(1) Operation of the HCal in hadron test beam,
(2) Fabrication and testing of the electronics,
(3) Installation of the electronics in a few layers,
(4) Design of source and LED based calibration system.
The second year deliverable is a prototype accumulating data in a hadron test beam followed
by test runs with the new semi-digital electronics.
FY2007 activities and deliverables
(1) Fabrication and testing of new calibration system,
(2) Installation of new calibration system in a few layers,
(3) Continued calibration, monitoring and data analysis.
The third year deliverable will be a Conceptual Design Report on a scintillator hadron
calorimeter, for the ILCD, based on our test-beam experience.
Existing Infrastructure/Resources
The funds requested in this proposal will be augmented by the following support, from other
sources:
(a) NICADD personnel,
(b) NICADD scintillator extruder line,
(c) NIU machine shops,
(d) Collaboration with Fermilab on electrical and mechanical engineering.
Budget justification
FY2005: Our participation in the assembly and commissioning of the HCal prototype will
involve NICADD staff members (not included in the budget presented here) and a graduate
student (1.0 FTE). Undergraduate students will participate in the task during the summer
months. The equipment and M&S costs relate to photodetectors (SiPMs for two-thirds of
the inner core) and integrated semi-digital electronics design and development (layout, test
boards, power supplies, test fixtures etc.).
FY2006: Operation of the test beam, calibration and analysis of the data, fabrication, testing
and installation of the semi-digital electronics will be done with the additional support of a
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post-doctoral associate (1.0 FTE). Support for 1.0 FTE graduate students will be maintained.
Summer support for undergraduates will be continued. The equipment costs relate primarily
to the fabrication of the semi-digital electronics board for installation into the prototype.
FY2007: Fabrication, testing and installation of the new calibration system constitute the
equipment and M&S costs. This and the continued analysis of the collected data would
require continued support of the post-doctoral associate and graduate student.
The travel funds (2005-2007) will cover costs of travel by group members to collaborating
institutions and for attending conferences/meetings for the purposes of this project only.
The budget takes into account the NIU mandated fringe: 52% and indirect cost: 45% rates.
Three-year budget, in then-year K$ (NIU)
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Total direct costs
Indirect costs (45% of non-equipment)
Total direct and indirect costs

FY2005
0
21.0
4.0
25.0
0.3
25.3
30.0
5.0
10.0
70.3
18.1
88.4

FY2006
43.0
21.5
4.5
69.0
23.1
92.1
25.0
5.0
7.5
129.6
47.1
176.7

FY2007
44.0
22.0
5.0
71.0
23.7
94.7
20.0
5.0
7.5
127.2
48.2
175.4

Total
87.0
64.5
13.5
165.0
47.1
212.1
75.0
15.0
25.0
327.1
113.4
440.5

Broader Impact
Student involvement in research is a critical aspect of the proposed research program. Students can make significant contributions in detector R&D, construction, testing, software
development, data collection and analysis. They are, in the process, exposed to cutting-edge
research techniques and technology which they can utilize in industry or related fields.
The scintillator R&D involves collaborative work with chemists and mechanical engineers.
As an example, faculty and students from NIU engineering department have been involved in
extruder die design and operation. Improvements in this technology are applicable to many
fields which need to detect particles including other sciences and medicine.
NIU runs a vigorous outreach program which visits schools and civic organizations in the
northern Illinois region with the purpose of increasing enthusiasm and public awareness
for science. The presentations emphasize energy and light but also address how scientists
make and interpret observations. Over 10,000 students per year attend these presentations.
NIU/NICADD faculty and staff also volunteer for the Fermilab ’Ask-a-Scientist’ program and
a similar one offered through the NIU outreach website.
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Overview
The colorado group is actively engaged in the design of a scintillator based electromagnetic/hadronic calorimeter
where alternate layers of scintillator tiles are displaced relative to one another by half a tile width in order to improve
the spatial resolution while maintaining the excellent energy resolution. Funding wise we receive a yearly DOE grant.
This year the grant is $291K. In addition I received last year an LCR&D grant of $60K. We discuss here the eﬀort that
has been carried out in our group during 2004 and the work we propose to carry out in the next three years, 2005-2007.
All the results discussed in the progress aspects of this report can be found at http://hep-www.colorado.edu/SUSY.
The resolution of the calorimeter we are proposing is such that it is tailored to be used with the large gaseous
trackers like the US Large Detector, the Tesla Detector proposed by Europe or the GLD detector proposed by Japan.
The design we are proposing here can easily we incorporated into a hadronic calorimeter for any of the detectors
being proposed including the Silicon version. We itemize the topics in which we have been active and discuss them
in more detail later on:
•

SUSY Signal SimulationThis work, being carried out mainly by undergraduates students supported
by University funds through the Undergraduate Research Opportunities Program (UROP), and including high
school students was started about eight years ago and is continuiing. About ﬁfty undergraduate and ten high
school students have worked in this activity during this period of time. This has provided an avenue for the
students to become very well educated in various research techniques like software simulation, least square ﬁts,
error propagation, development of cuts to remove background, etc. They have learned how to use various event
generation packages like ISAJET, PHYTHIA, etc. Some have learned GEANT. You can see their work over
the years in the web address stated above. We have developed a more general method to determine the masses
of the Supersymmetric particles which does not depend entirely on the energy end point method introduced
by our Japanese colleagues [1]. We will not discuss any of this activity in great detail since it is not directly
related to the calorimeter design.

•

Detector Simulation. We have simulated γs and π 0 s in our electromagnetic calorimeter design with
various tungsten and scintillator thicknesses and number of layers to determine their various resolutions. We
propose, using the resolutions we obtained together with the charged particle tracker resolutions and possible
hadronic calorimeter resolutions, to determine how these various resolutions aﬀects the Z and W mass measurement widths in order to optimize the design. This work is being carried out by the undergraduates in our
group under the guidance of Jason Gray with the help of Steven Wagner and should be ﬁnished in 2006. Steven
Wagner was a senior staﬀ member at SLAC who is now an Adjoint Associate Professor at Colorado.

•

Pattern Recognition. We are beginning a computer eﬀort to do pattern recognition on electromagnetic
showers to determine how we can separate single from double photon showers where the photons come from
π 0 s and determine how our pattern recognition limitations aﬀect the resolution. This work will be a multi-year
eﬀort involving the more senior members of our group, including one undergraduate. It will probably carry us
through 2006.

•

Electronics. Paul Beckingham, the electronics engineer in the Joint Institute for Laboratory Astrophysics,
is working with us. He is designing the electronics associated with the Silicon Photo Sensor that we are
planning to use with each scintillator tile in our Electromagnetic Calorimeter Design. We discuss this program
in reasonable detail and will require a multi-year eﬀort probably ending in 2007.

•

Study of Scintillator Elements. We have studied the light output from scintillator tiles with reﬂecting
Tyvek paper and with Radiant Mirror paper to compare the light output. This work is completed.

•

Study of Light Transmission in Scintillating Fibers We studied the light transmission of
scintillating ﬁbers as a function of bending radius. This work is completed. We are making a long term
measurement of ﬁbers to determine whether their transmission properties change with time when bent into
small radii. This work will probably take us through 2006 or longer.
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•

Production of Extruded Scintillator. We have received some samples of extruded scintillator from
Fermilab. We are working with the Fermilab-Northern Illinois University (NIU) extruded scintillator group, in
particular Victor Rykalin and Anna Pla-Dalmau, that produce the extruded scintillator to attempt to produce
materials of more uniform thickness than achieved so far. This work will continue in 2005 and last through
2006.

•

Mechanical Structural Design. We have initiated a collaborating eﬀort with the Mechanical Engineering Department in the University of Colorado at Boulder, in particular with Assist. Prof. Hang Jerry Qi,
in order to understand how to construct the modules. This will be carried out through a ﬁnite element analysis
(FEA) technique. This work will be carried out in 2005.

•

Construction of a Module for Test Beams We propose to build a 50cm x 50 cm by 40/45 layer
module in 2006-2007 to insert in a test beam and determine its properties under real conditions. This can not
be carried out until we solve the design details in 2005.

0.1

SUSY simulation

We are continuing our studies, started eight years ago, to determine how best to measure the properties of Supersymmetric particles if they are produced in the collisions. We have determined already, because of beamstrahlung
and bremmstrahlung degradation of the center of mass energy, that the energy end point method does not provide
a correct value of the masses. We have developed a new Chi-Square minimization of the full energy spectrum that
takes into accounts these center of mass energy eﬀects and gives the correct results.
All this work is being carried out by a group of undergraduates working in our group and supported mainly by
University supported programs. Their work is shown in our web page http://hep-www.colorado.edu/SUSY.
We do not describe this work here any further although this work will continue where we now plan to use GEANT
to generate the events in the detector and then proceed with the reconstruction and analysis. This will be a more
realistic representation of the ﬁnal supersymmetric particle mass measurement.

0.2

Detector Simulation

We have started a program to understand the resolution of the detectors being proposed. This requires us to
understand the resolution of every element of the detector and to separate the activities of every part of the detector.
We have developed the code to propagate the charged tracks into the electromagnetic calorimeter following the
magnetic ﬁeld lines. In this manner we can remove the energy deposition in the tiles due to charged tracks. This
is necessary to do a proper reconstruction of the γs from π 0 decays using their electromagnetic showers. In Fig 1
we show how well we can correlate the number of tiles hit by the tracks with the tiles where Geant says energy has
been deposited by muons, electrons, hadrons. This work will be improved and will be used to reduce the confusion
when we carry out the pattern recognition of electromagnetic showers to reconstruct π 0 s. This code was developed
by Jason Gray, who started working in our group as an undergraduate and is now a graduate student with us.
We have started a program to understand the needed resolution of our scintillator based electromagnetic calorimeter design with oﬀset layers. Our design consists of 5cm x 5 cm tiles where alternate layers are oﬀset to make the
eﬀective areas 2.5cm x 2.5 cm. Using GEANT and reconstructing the associated electromagnetic showers from photons, we have determined the resolution of three widely diﬀerent versions of this electromagnetic calorimeter design.
The variations consist of diﬀerent radiator and scintillator thicknesses. These are then associated with the resolution
of the various tracking chambers and hadronic calorimeters being proposed in order to study the W and Z signals
when they decay into hadronic modes. The three electromagnetic calorimeter versions being simulated are:
• 60 layers made up of 1.75mm of Tungsten(1/2 X0 ),2.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 2.
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Figure 1: The number of correct tiles hit by muons (left), electrons (center), hadrons(right) propagated into the
electromagnetic calorimeter using the track generated in the tracking chamber. As can be seen our track following
algorithm is quite eﬃcient except in the case of electrons. In the case of hadrons, the tail observed is due to hadrons
interacting in the lectromagnetic calorimeter and the tracking algorithm failing to take this into account.

• 40 layers made up of 2.62mm of Tungsten(3/4 X0 ),3.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 3.
• 40 layers made up of 3.50mm of Tungsten(1 X0 ), 3.00mm of Scintillator surrounded by 100µ of Radiant mirror
paper, and 1 mm of empty space. The eﬀective energy and spatial resolutions are shown in Figure 4.
Using a parametric function describing the various resolutions we will study, during the next year, how well we
can separate the W and Z signals using the TPC tracker of the US and European Large detector, of the GLC detector
designed by our Asian colleagues and using the silicon tracker of the American Silicon based detector. This work
is being spearheaded by Jason Gray with three undergraduates under his direction. Steven Wagner will work with
our group to help understand how to use the tracking Fast MC smearing routines.He will work with Jason Gray and
Joseph Proulx. This work will be a main eﬀort in 2005 but may well continue into 2006.

0.3

Pattern Recognition

We have a program to determine the photons energy and direction when they come from π 0 decays. Our
preliminary results are shown in Figures 5,6,7,8. The student doing this work graduated last summer; hence we
have to continue this work with other students and this has stopped our progress. We have now reinitiated this eﬀort
and it will continue through 2006. We will reconstruct these photons in the middle of a Z or W hadronic decay to
determine how well we can reconstruct the π 0 s and ultimately the W and Z.
This result needs to be viewed in the context that in a 500 GeV Z or W hadronic decay only a few % of the π 0 s
have energies above 50 GeV. Most of them are 20 GeV or less.
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Figure 2: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 1/2 X0
Tungsten and 2 mm Scintillator.
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Figure 3: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 3/4 X0
Tungsten and 3 mm Scintillator.

0.4

Electronics

We have received a few Silicon Photo Sensors from Russia and an electronic readout schematic with the help from
Felix Sefkow from DESY. We have developed the electronic readout further in collaboration with Paul Beckingham,
the electronics engineer in the Joint Institute for Laboratory Astrophysics (JILA) at the University of Colorado,
Boulder.
We have received as a loan a device just produced by Multi Channel Systems (MCS) [2] that replicates very closely
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Figure 4: The energy(left) and angular resolutions (right) for the electromagnetic calorimeter made up of 1 X0
Tungsten and 3 mm Scintillator.
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Figure 5: These ﬁgures show how the energy distribution of a single 10 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 10 GeV π 0 . In almost all cases our calorimeter array can detect the 2 γs.

the desired electronics circuit that provides the integral of the pulse which represents the energy being deposited in
the scintillator tile. See Fig 9. These devices have a 2-gain range depending on the magnitude of the input pulse.
We are starting a collaboration with this company to determine whether this circuit can readout accurately the
pulse height from the Silicon Photo Sensors over our desired dynamic range. We have already determined that the
device gives outputs with two diﬀerent gain ranges depending on the integral of the input pulse in the voltage range
associated with our calorimeter and that the height of the output pulse is correlated with the integral of the input
pulse. Our preliminary measurements carried out over the last month shows that the module has a dynamic range
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Figure 6: These ﬁgures show how the energy distribution of a single 15 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 15 GeV π 0 . In almost all cases our calorimeter array can detect the 2 γs.
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Figure 7: These ﬁgures show how the energy distribution of a single 25 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 25 GeV π 0 . In about 75% of the cases our calorimeter array can detect the 2 γs.

of 5000 which is quite encouraging. We propose to continue this work. Starting in January, 2005 we will begin
to read out these devices using a light emitting photo diode as a light source. Our eﬀort will be to determine the
linearity and the timing characteristics associated with these devices. The module developers are improving their
2-gain range quality to meet our requirements. They are also actively designing a modiﬁcation to their module to
provide a fast timing output. If such a 2-gain plus fast timing pulse module can be developed by MCS, then we will
have the needed electronics to read out a single channel Silicon Photo Sensor in a 1in x 2in module.
At the same time we have begun the design integrating the module provided by MCS but presently without the
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Figure 8: These ﬁgures show how the energy distribution of a single 50 GeV γ is diﬀerent from the energy distribution
of the 2 γs from a 50 GeV π 0 . For this particular example we can not observe the 2nd γ. In about 40% of the cases
our calorimeter array can detector the 2 γs.

fast timing signal. This is shown in Figure 10.
If we are successful during our early 2005 measurements to determine that these modules can be used then we
will be able to specify more exactly the various gains and time constants desired for our exact application. If MCS
can provide a prototype that meets our requirements to our satisfaction then we propose to integrate 100 of these
modules into a prototype assembly. This would accept pulses from 100 Silicon Photo Detectors, create low and high
gain range pulse integral outputs as well as a fast timing pulse for every channel. We will then design the additional
hardware to send the data to a computer for analysis. The prototype instrument will also provide the 50v bias for
the Silicon Photo Sensors and the ± 5v adequate for the 100 modules.
We expect, if successfull by the middle of 2005, to be in a position to work with MCS to provide us a large number
of these modules at a competitive price. They are only a relatively small ﬁrm and are interested in collaborating
with us to provide a large number of modules, either by producing them directly or by allowing us to organize the
production through a licensing agreement. We can then begin to organize the production and testing of a large
number of modules. We can expect this work to cover the period of 2005. If successful we propose to order 2,300 of
these in 2006 and 2,300 in 2007 to install into our 50cm x 50cm test calorimeter, 100 tiles per layer and 45 layers, to
place in a test beam.

0.5

Study of Scintillator Elements

We studied the relative light observed from scintillator tiles when covered with Tyvek paper [3] and with Radiant
Mirror paper [4]. This was done using cosmic rays. The results, as shown in Figure 11, indicate that Radiant Mirror
gives us 20% more signal than Tyvek covering the same scintillator tile. This work is now completed and we will
use Radiant Mirror paper to provide the cover to our scintillator tiles. The work is discussed in http://hep-www.
colorado.edu/SUSY/grp_meas.html; it was carried out by graduate student Martin Nagel in collaboration with
undergraduates Jesse Smock and Keith Drake.
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Figure 9: Schematic of electronics to readout the Silicon Photo Sensors as designed by Paul Beckingham.

0.6

Study of Light Transmission in Scintillating Fibers

We measured the relative light tranmission in green shifting scintillating ﬁbers when the ﬁber was bent in a
circle of radius 8, 6, 4 ,2 cm. We used a light emitting diode as the ligth source. The results for 2 and 8 cm
are shown in Figure 12. The same signal amplitude was seen for the case of 4 and 6 cm. This work is discussed
in http://hep-www.colorado.edu/SUSY/grp_meas.html and is completed. This work was carried out by Martin
Nagel and collaborators.
We have begun a long time scale measurement of the light transmission of these ﬁbers over the period of a year
to determine whether the ﬁber bent in the 2 cm radius structure deteriorates on this time scale. We do this by
comparing the light transmission of the ﬁbers in the 8 cm radius and the 2 cm radius as a function of time and
determine whether any diﬀerences appear. This work is being carried out by Martin Nagel and collaborators.

0.7

Production of Extruded Scintillator

We have measured the thickness uniformity of extruded scintillator produced by the Fermilab- NIU group. We
have observed variations of .07 mm in 5 mm thick pieces, mainly near the edges. We have begun a program, in
collaboration with the NIU-Fermilab group, to produce 2 or 3 mm thick pieces with variations in thickness no larger
than .03 mm. and variations in width no larger than 1 mm in 15 cm wide pieces. The measurements we have carried
out so far are recorded in http://hep-www.colorado.edu/SUSY/grp_meas.html. To carry out this work we likely
will need to build a new molding unit; this would be built by the NIU-Fermilab group. This eﬀort will be carried
out during the year 2005. Eric Erdos is working on this with Keith Drake.
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Figure 10: Schematic of integrated electronics readout with the MCS module.

0.8

Mechanical Structural Design

This work, to be carried out in 2005, consists of two eﬀorts. First, Tungsten plates as produced presently in
industry are not larger than 100cm x 25 cm with a thickness as we request between 1.75 and 2.62 mm. The width of
the large detector electromagnetic modules vary from about 160 cm to 200 cm. This implies that we need to learn
how join 2 pieces while maintaining the required ﬂatness. It is typical in industry to use a braising process to join
two pieces. At present, it is not clear whether this process will maintain the required ﬂatness of the joined pieces. We
are proposing to carry out this test with the aid of industry. If this does not work we propose to investigate a process
of laminating two such pieces with thin stainless steel plates and using rivets to provide the stiﬀness necessary to
maintain the ﬂatness required by our electromagnetic calorimeter. Eric Erdos is carrying out this work.
Second, Prof. H. Jerry Qi, from the University of Colorado Mechanical Engineering Department, has joined our
eﬀort to help with the Structural Study of the Electromagnetic Calorimeter Modules. Initially he will help us, by
means of computer simulations using Finite Element Analysis (FEA), to determine whether our proposed method of
joining the Tungsten pieces using rivets will maintain the necessary ﬂatness over a width of 160 to 200 cm. Then he
will also help with the design of the construction of the modules. The proposed structure consisting of eight modules
forming an octogon with the beam line as an axis is shown in Figure 13. Each module is about 34cm thick, 160-200
cm wide and 320 cm long on each side of the interaction point ending up with a total of 16 such modules. Each
module consists of about 40 layers, each consisting of a mixture of 3mm extruded scintillator, .15 mm of Radian
Mirror reﬂecting paper on each side, 1 mm of free space and 2.62 mm of Tungsten as shown in Figure 14. The net
weight of each module is ≈ 12 metric tons. The extruded scintillator consists of 5cm x 5cm tiles with wave shifted
scintillating ﬁbers that go to a Silicon Photo Detector imbedded in the scintillator as shown in Fig 14. Wires leading
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Figure 11: The observed signal from 2mm thick scintillator tiles covered with Tyvek and with Radiant Mirror. The
signal from the tile when covered with Radiant Mirror (red) is 20%larger than when the tile is covered with Tyvek
(white).

from the Silicon Photo Detector through the 1 mm free space go to the electronics located on the edge of the detector.
Properly designing and integrating these elements into a detector with proper mechanical stiﬀness to ensure
overall ﬂatness of the detector is critical to the success of the proposed calorimeter. In addition, the procedures
for assembling the detectors into the ﬁnal structure and the mechanism to ensure integral accurate parallelism with
respect to the beam line is also crucial to the success of the detector. Neither the scintillator nor the wires from the
scintillator to the outside can feel any pressure from the Tungsten plates. Hence, during 2005, we propose to carry
out two ﬁnite element analysis:
• Analysis 1Design a module detector with proper loading carrying mechanism so that the ﬁrst few layers of the
electromagnetic calorimeter are protected given the self weight of the module and to ensure that the deﬂections
can meet the stiﬀness requirements. The major challenge in designing the detector comes from the distinct
dimensions between the basic elements such as the 5cm x 5cm scintillator tiles, the 1 mm free space, and the
length (3.2 m) of each module. Also we estimate each module to weigh 12 metric tons. Such a heavy weight
could create a signiﬁcant deﬂection of the detector and may crush the scintillator in the ﬁrst few layers. In
order to study how to overcome these challenges we will carry out a FEA. The iterative design methodology
of concept-design/FEA-analysis/modifying-design will be employed. In addition, in order to ensure that the
proposed design can meet the system requirements, a 50cm x 50cm detector with an initial Al backing followed
by four layers of /relector/scintillator/reﬂector/ space/tungsten will be machined and subjected to mechanical
tests. These tests will consist of compression, tension and three point bending. The test results will be compared
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Figure 12: The light transmission observed from a green scintillating bent in a 2 cm radius (left ﬁgure) and an 8 cm
radius (right ﬁgure). We use a light emitting diode as the source. We see little or no diﬀerence in the signal observed
in the two cases.

Figure 13: Structure of the octogonal arrangement of the electromagnetic calorimeter on which the FEA analysis
will be applied. Each element of the octogon weighs approximately 12 tons.

with the FEA predictions to justify the design and the FEA models, which can the move to the design eﬀort
in item 2.
• Analysis 2We need to design the connecting and supporting elements that connect the 3.2 meter long modules
to form the octogon shown in Figure 13. The proper design of the connecting and supporting elements will
ensure the accurate parallelism of the electromagnetic calorimeter relative to the beam line. Several connecting
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Figure 14: Spatial Structure of every layer and scintillator tile arrangement with silicon photo detector in place. The
FEA analysis will take this arrangement into account.

and supporting mechanisms will be designed and analyzed using FEA and the best design will be chosen.
All this computer analysis work we propose to carry out in 2005. We propose that the work in 2006 consists of
building a 40/45 layer calorimeter to place in a test beam to justify the resolution results we have determined with
our simulations and our electronics development. Hence we propose to be ordering the pieces to produce a 50cm
x 50cm by 40/45 layer electromagnetic calorimeter during the three year period 2005-2007. The thickness of the
scintillator and tungsten plates will depend on the results we obtain during the ﬁrst half of 2005.

0.9

The Budget

The main areas of work in the next three years are four:
• To continue with our simulation work to show the eﬀectiveness of our calorimeter design in separating W
and Z hadronic decays. This work will continue to be carried out by a graduate student and undergraduates
supported mainly by University funds. We are requesting funds for the one graduate student, Jason Gray.
• To carry out the development of the electronics for the electromagnetic calorimeter and to purchase 100 silicon
photo-detectors and 100 modules from MCS to develop a proof of principle. This R&D can be applied to any
calorimeter being designed that uses these silicon photo-detectors. The cost of the electronics engineer time
at $100/hour is $20K. The cost of the 100 Silicon Photo Sensors is estimated to be $4K and the cost of the
modules we estimate at $10K. The total is $34K. This cost is for the ﬁrst year only. The cost for the second
and third year is associated with the construction of the test calorimeter to go into a test beam.
• To develop the extruded scintillator program requires the construction of appropriate tooling and die and the
purchase of 60 bars 150 mm wide by 1000 mm long by 2 mm thick. The estimated cost as provided by Fermilab
with labor and indirect charges (16.1% M&S, 30.35% Labor) is $49.83K. This total cost is distributed between
2 years with the tooling, die, some materials and some labor in the ﬁrst year.
• The cost estimate to carry out the FEA to construct the tungsten panels and simulate a module is as follows:
0.5 month of Prof. Qi’s salary which amounts to $4,208, the salary of a student doing a master’s thesis on this
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work which amounts to $23K, and the cost of the Tungsten material, etc. which costs $6K. The cost of the
Tungsten for the test beam module is estimated at $85K
The total cost for 2005 is $154,528 and the added overhead of 48.7% is $37,237.

3 Year Budget Table
Duration: 1-1-2005 to 12-31-2007
Principal Investigator: Uriel Nauenberg
ITEM
A. SALARIES AND WAGES
(on Campus)
Faculty:
Prof. Jerry Qi
100% time 0.5 mos. summer
Staﬀ:
Graduate Student:
Jason Gray
50% 9 mos. AY
100% 2 mos. Summer
Mech. Eng. Student(To be named)
50% 9 mos. AY
100% 2 mos. Summer
To be named
50% 9 mos. AY
100% 2 mos. Summer
Total Salaries and Wages
B. FRINGE BENEFITS
Faculty:21.2%
GRAs:3.2%
Total Fringe Beneﬁts

2005

2006

2007

4,208

16,516
7,491

17,135
7,772

15,006
6,806
17,778
8,063
50,026

24,907

25,841

892
1,466

797

827

2,358

797

827
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ITEM
C. PERMANENT EQUIPMENT
100 Silicon Photo Sensors
4,600 Silicon Photo Sensors
100 MCS Electronic Modules
2,300 MCS Electronic Modules
2,300 MCS Electronic Modules
Tungsten Plates for Testing
Lamination Material+Labor
50 50cm x 50 cm Tungsten Plates
Extruded Scintillator Tooling
Extruded Scint. Die Develop.
Extruded Scintillator Panels Prod.
Extruded Scintillator Panels Prod.
500 Scintillator Fibers
2,300 Analog to Digital Con.
2,300 Analog to Digital Con.
Total Permanent Equipment

2005

2006

2007

4,000
46,000
10,000
69,000
69,000
6,000
2,000
85,000
10,000
2,000
18,915
18,915
5,000
23,000
23,000
52,915

246,915

92,000

20,000
1,000
2,794
22,434

10,000
5,000
3,144

5,000
5,000
3,537

Total Other Direct Costs

46,229

18,144

13,537

E. Travel
Travel to Meetings to Present Results
Travel to Test Beams

3,000

3,000

3,000
6,000

3,000

3,000

9,000

154,528

293,762

141,204

37,237

21,415

22,377

191,766

315,177

163,581

D. Other Direct Costs
Electronics Support
Materials and Supplies
Tuition Remission:1 GRA (res)
Tuition Remission:1 GRA (non-res.)

Total Travel
F. TOTAL DIRECT COSTS
G. INDIRECT COSTS(48.7%)
H. TOTAL COST
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1

Introduction

In 2004, The University of Iowa group has concentrated their Linear Collider R&D
activities on the simulation of the electromagnetic calorimeter (EMCal) for the Silicon Detector (SiD) at the International Linear Collider (ILC).
An excellent jet energy resolution is essential in order to achieve maximum sensitivity to the physics anticipated from the ILC. It is an important benchmark for
the detector design in general and for the design of the calorimeter in particular,
e.g. optimization of the granularity. A finely segmented detector should be matched
by powerful reconstruction software for which a Particle Flow Algorithm (PFA 1 ) is
a promising approach.
The group, led by Usha Mallik, has been an integral part of simulation efforts at
SLAC, working mainly on reconstruction software necessary for the proof of principle
of a PFA. The milestones achieved in the year 2004 are discussed, focusing on the
contributions from the Iowa group. The future plans for simulation efforts are laid
out.

1

also referred to as ‘Energy Flow Algorithm’
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2

The Importance of the EMCal in a PFA

Calorimetry plays an essential role in a PFA in the SiD design. The current goal
of the Iowa group is the development of an algorithm to detect and trace minimum
ionizing particles (MIPs) in the EMCal, and to reconstruct associated showers without assistance from the central tracking system. There are several benefits from this
approach, three of which are discussed below.
1. Electromagnetic and hadronic showers can be separated by analyzing their
shower shapes. However, having a longitudinally segmented calorimeter, the
actual starting point of the shower and the presence or lack of a MIP-track
associated with it can be used as an additional distinctive feature to increase
the separation power.
2. For charged particles in the forward angular region, the number of hits in the
central tracking system is limited by the detector geometry. The extrapolation of identified MIP-tracks to the last tracking layers can be used to assign
unassociated tracker hits and thus improve the tracking efficiency.
3. Charged tracks produced in decays of long-lived particles like K 0S , Λ, or possible
SUSY particles only leave a limited number of hits in the central tracking
system. The identification of MIP-tracks can help to improve the detection
efficiency in the same way as described above.
Efficient and precise reconstruction of MIP-tracks in the EMCal are important steps
towards identification of showers from neutral hadrons and reconstruction of longlived particles.

3

Personnel Involved

The SiD effort at the ILC is lead by Marty Breidenbach (SLAC). The University of
Iowa group has been working closely with his group in the simulation effort for this
detector design since 2003 and has made essential contributions towards the proof
of principle of a PFA.
At present, Wolfgang Mader, a postdoc from The University of Iowa, is working full-time on this project together with the simulation software group at SLAC:
Norman Graf, Ron Cassel and Tony Johnson.
Niels Meyer, a new postdoc who has just joined the Iowa group having completed his Ph.D. at the University of Hamburg, will work full-time on the ILC effort.
Matthew Charles, a postdoc previously working on this project, is also rejoining the
effort.
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4

Simulation Overview

4.1

SiD Configuration

The simulation efforts are based on the SiD design which is described in detail
elsewhere [1]. The EMCal, which is the main focus of the present effort of the
Iowa group, consists (in the barrel region) of 30 layers of (0.5 × 0.5) cm 2 silicon
cells alternating with 0.25 cm thick tungsten layers. It extends from a radius of
rmin ≈ 127 cm to rmax ≈ 142 cm, representing a total of 20 radiation lengths (X 0 )
or 0.8 hadron interaction lengths (λ I ). In combination with an effective PFA, the
high granularity will help provide an excellent jet energy resolution.

4.2

Technical Details

In 2004, the detector simulation used at SLAC has been migrated from a GISMO [2]
based simulation to a simulation based on GEANT4 [3]. The configuration of the
detector is described using the XML language. The GEANT4 package is widely
used in high energy physics and provides realistic description of the response of the
individual detector components. The simulation packages previously developed by
the Iowa group had to be migrated to work with the updated detector simulation.
The reconstruction and analysis software is written in JAVA, using the hep.lcd
framework [4]. Simulated events used are stored in the SIO format [5]. The analysis
is presently carried out using JAVA Analysis Studio version 3 [6] (migrating from
version 2) and ROOT [7].

4.3

Event Samples

The SLAC group provided event samples to develop the necessary reconstruction
tools and to test the overall performance of the SiD design. The University of
Iowa group was involved in the testing of event samples and the debugging of the
digitization process.
The event samples used in the simulation effort comprise two categories:
• Single particle samples:
The detector response is simulated for (a) charged pions in a momentum range
of 1 GeV < pπ < 10 GeV and an angular range of 4◦ < Θ < 176◦ , and (b)
events containing decays K0S → π + π − of momentum 10 GeV. These samples
are used to develop and test the algorithms described later in the document.
• Z0 and tt̄ events:
These physics events were used in order to test the algorithms under realistic
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conditions, an important step towards developing an effective PFA. These tests
will be extended to other event topologies.

4.4

Future Developments

The SLAC group is working towards implementing a simulation package which will
produce output in LCIO format [8]. LCIO is a general format agreed on by the
ILC community in the US, Europe and Asia. It allows a direct comparison of the
different detector designs and the various simulation efforts. A common format
makes it possible to share reconstruction and analysis algorithms. These tools for
the new framework are currently developed by the SLAC software group (their effort
will be joined by The University of Iowa group).

5

Simulation Effort at The University of Iowa

In this section, the simulation effort of The University of Iowa group is explained
in detail. The group has focused on the development of reconstruction software for
the EMCal, an important ingredient of a PFA.
In the first step, the identification of MIP-tracks in the EMCal within the busy
environment of multi-hadron final states was developed. This part has been finished
in 2004 and was presented to the ILC community on several occasions [9, 10].
The next steps for the PFA are measurement and identification of electromagnetic and hadronic showers. The separation of contributions from charged and neutral hadrons is an important step. This is under development and the current status
is presented.

5.1

Identification and Reconstruction of MIP-Tracks

MIP-tracks leave a very characteristic signature of isolated energy deposits (occasionally accompanied by a close-by second energy deposit due to δ-rays) in the
EMCal. Starting from a seed point which is obtained from the track information
in the central tracking system, they can be tracked with high efficiency as shown in
previous studies by Matthew Charles in 2003.
In 2004, this algorithm has been verified using GEANT4 simulated events. Criteria for identifying MIP seeds independent of the central tracking system have been
developed and tested. The algorithm has been further extended using pion samples
and events containing Z0 -decays and tt̄ physics processes.
The efficiency of the algorithm exceeds 99% for pions that only leave a MIPtrack in the EMCal. In the current detector design, however, about half of the
charged hadrons start showering within the EMCal. For particles with transverse
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Figure 1: Resolution of the radial position of the showering point using single pion samples.
Superimposed is a fit with a double Gaussian, where the two individual contributions are shown separately. The resolution of the radial position as obtained
from the core Gaussian is ±0.6 cm corresponding to a reconstruction uncertainty
of ± 1 layer in the EMCal. Physics processes contributing to the tails on the
left and the right side of the distribution have been identified as π → µνµ decays
and scattering processes, respectively.

momentum in excess of 1 GeV (i.e. sufficient to reach the barrel EMCal) an overall
reconstruction efficiency of about 90% was achieved.
The analysis has been further extended to the reconstruction of the showering
point. A precision of ±0.6 cm in the radial position has been achieved as illustrated
in Figure 1, corresponding to ±1 layer in the EMCal. The tails of the distribution
extending to the left and the right side of the peak have been studied and identified
as events containing π → µνµ decays and scattering processes, respectively.

5.2
5.2.1

MIP-Track Fitting
Reconstruction of MIP-Segments

The seed for a MIP-candidate is initially defined as three isolated hits in four consecutive EMCal layers. In very busy events e.g. from t t̄ production, this approach leads
to too many reconstructed MIP-track segments. This is partly due to the overlap of
MIP-tracks with hadronic or electromagnetic showers from other particles.
Therefore, a two-pass algorithm has been developed. The algorithm is applied
once, starting from the inner part of the detector, following the MIP-track as far as
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isolated hits are found in successive outer layers. In a second pass, the algorithm
starts from the outer part of the detector, following the MIP-track as long as isolated
hits are found in successive inner layers of the EMCal 2 . These MIP-segments are
then matched using χ2 criteria described below.
5.2.2

Association of MIP-Segments

A five parameter helix fit is performed to the EMCal hits of each MIP-segment
found. For every pair of MIP-segments, a two-step χ 2 criterion is calculated using
the fit parameters and the corresponding error matrices.
In the first step, only the track parameters (κ, φ 0 , d0 , tan λ) are used and the
efficiency (upper curve) for matching MIP-segments and the background rate from
random combinations (lower curve) is displayed in Figure 2(a). By retaining all
combinations with χ2 < 40, an efficiency of ≈ 100% is achieved with a background
fraction below 5%. The z component is not included in the first step, since its contribution exhibits artifacts due to the projective geometry of the EMCal configuration
used in the simulation (for example, when a MIP passing through the EMCal in one
tower of cells is scattered into a neighboring tower).
Instead, in a second step, a cut of χ2z < 80 is used, where χ2z is calculated from
the z component of the helix parameters only, on those MIP-combinations that pass
2

In order to account for detection inefficiencies, gaps of one layer are allowed.
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Figure 2: Integrated χ2 distributions as calculated using the helix parameters
(κ, φ0 , d0 , tan λ) (a) and z (b). The upper curves indicate the efficiency for
associating matching MIP-segments, while the lower curves indicate the background rate from random MIP segment combinations. The background fraction
in (b) is relative to that remaining after requiring χ2 (κ, φ0 , d0 , tan λ) < 40.
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the first selection step just described. This rejects 2/3 of the remaining background
while maintaining high efficiency as shown in Figure 2(b). Pairs of MIP-segments
satisfying these criteria are then combined to a single MIP.
5.2.3

The Use of Tracking System Layers in Calorimeter Tracking

The reconstruction of particles like K 0S , Λ, or possible other long lived particles
predicted from theories beyond the Standard Model is challenging in the current
SiD design. In a typical Z0 event, a K0S with an average energy of 5 GeV has a mean
decay length of about 25 cm. Therefore, the charged pions from K 0S decays would
not leave any hits in the vertex detector, and would therefore not be reconstructed
by the current tracking algorithm.
The tracking of MIP particles in the EMCal, established by The University
of Iowa group (see Section 5.1), can help increase the reconstruction efficiency of
long-lived particles. The helix fit to the EMCal hits generated by MIP particles is
extrapolated into the central tracking system. Using the extrapolated track, unassociated hits (i.e. hits which have not yet been used for track reconstruction by the
standard tracking algorithm) are picked up with high efficiency. The extrapolation
algorithm has a resolution of better than 1 cm for the last tracking layer, whereas
the average distance between unassociated hits in Z 0 events is of the order of 5 cm.
Therefore, they can be associated to MIP-tracks with very high efficiency.
After picking up the hit from the last tracking layer, the track is refitted and the
new track is then extrapolated to the second-to-last tracking layer. In case another
0
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Figure 3: Invariant K0S mass distribution using MIP assisted tracking as described in the
text. Plot (a) shows the invariant mass distribution as obtained from single K0S
events, plot (b) shows the corresponding distribution as obtained from Z0 events.
In (b) the K0S is sitting on top of combinatorial background.
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unassociated hit is found, it is added to the MIP hits and the track is refitted again.
In order to demonstrate the benefits from calorimeter tracking, pion tracks from
neutral kaon decays were reconstructed as described above and fitted in pairs to a
common vertex to form the K0S candidates. The results of the fits are illustrated in
Figures 3 (a) and (b). Figure 3 (a) shows the K 0S invariant mass for events from
dedicated K0S event samples; a clear signal is obvious at the nominal K 0S mass. The
same algorithm is applied to Z0 events and the result is shown in Figure 3(b). While
the K0S peak is reconstructed at the nominal mass, it has a broader mass distribution
on top of a large combinatorial background.

5.3

Reconstruction of Showers in the EMCal

Currently, the primary focus is on the reconstruction of showers from charged and
neutral hadrons in the EMCal. To be able to study the hadronic showers in a
clean environment, energy deposits from the electromagnetic showers are removed,
presently using truth information. This procedure will be replaced by a more realistic algorithm and the Iowa group will participate with the SLAC group in this
development.
The clustering algorithm currently being developed by the Iowa group is based
on the Minimum Spanning Tree (MST) approach. In this approach, energy deposits
are assigned to a particular cluster on an individual hit-by-hit basis as illustrated
in Figure 4, where 12 consecutive steps of the clustering algorithm are displayed.
To identify clusters from charged hadrons, the reconstructed shower points from the
MIP-tracking algorithm and unassociated hits in the last tracking layer are used
as cluster seeds. Starting from these seeds, the geometrical distance to all EMCal
hits not yet associated to any cluster are calculated and the closest hit is added to

Figure 4: Illustration of the Minimum Spanning Tree algorithm. Hits assigned to the
cluster are shown as solid circles and unassigned hits as hollow circles. At each
step the unassigned hits are scanned and the one which is closest to an assigned
hit is added to the cluster. If the distance to the nearest hit is large, (# 11),
then the hit is assigned to a new cluster.
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Figure 5: Plot(a) shows the signature of a typical K0S → π + π − decay from a single K0S
event. Plot (b) displays the distance to the closest hit not yet assigned to the
cluster as explained in the text.

the cluster. This procedure is repeated until all EMCal hits have been assigned to
clusters. Currently, the hit assignment is based on the geometric distance between
hits. In future, various weighting algorithms will be studied.
An example of the performance of the algorithm for a typical K 0S event is shown in
Figures 5 (a) and (b). The section of the detector where the pions from a K 0S → π + π −
decay interact with the EMCal is shown in Figure 5(a). Figure 5(b) shows the
distance to the closest hit not yet assigned to the cluster. The spike around hit
number 70, corresponding to a large geometrical distance, is used as a separation
criterion between the two pions showers.
The current implementation of this algorithm uses the hit coordinates directly
and is therefore largely independent of the detector geometry (e.g. the number of
EMCal layers and cell sizes). Hence, with minimal changes it can also be used with
other calorimeter configurations.
These studies have very recently been shown to the SiD simulation community [10]. The Iowa group was encouraged to pursue these studies and take a leading
role in the MST-based clustering approach; we therefore expect to continue these
studies.

6

Future Plans

Substantial progress has been made during the year 2004 towards the proof of principal of a PFA with important contributions from The University of Iowa group.
However, essential ingredients of such an algorithm are still under development or
missing. The Iowa group is playing a central role and is working in close collaboration with other simulation groups that are covering different aspects of a PFA.
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Our group is an integral part of the simulation effort at SLAC, working closely
with the group of Marty Breidenbach, who is leading the SiD effort. The simulation
tools developed by the Iowa group are aimed at the SiD design. We plan to intensify
our efforts in this area. The achievements of our group are summarized in this
section and the prospects for a future involvement, in both the development of a
PFA and its evaluation studying benchmark physics cases, are laid out.

6.1

Software Development and SiD Design Studies

The Iowa group has made considerable progress in the development of reconstruction
software for the EMCal. A very efficient MIP-tracking algorithm has been developed.
A track fitting algorithm using only calorimeter hits has been developed; its benefits
for particle tracking in general have been demonstrated by reconstructing long-lived
particles with the use of the last layers of the central tracking system. We intend
to carry out studies with other EMCal geometries and investigate their influence on
the algorithms developed.
Reconstruction of hadronic showers in the EMCal has started and the first results
are encouraging. We now intend to intensify these studies with the participation of
Matthew Charles and Niels Meyer.

6.2

Study of Physics Processes

A study of the sensitivity of particular detector designs and reconstruction algorithms to physics observables as well as their impact on the accuracy of specific
physics analyses is essential. We propose to participate in this effort, concentrating
in particular on processes where the reconstruction software developed by the Iowa
group can be applied, i.e. on processes leaving distinct signatures in the EMCal.
The Iowa group proposes to investigate the following benchmark processes where
an excellent understanding of the calorimetry section is essential and which are of
major physical interest at the ILC.
1. Higgs decays to photons, H → γγ
The distinct signature of two isolated photons allows studies of the energy
resolution of single high energetic particles from reconstruction of EMCal hits
only. This decay is of special interest to exploit the Higgs-photon coupling,
which is highly sensitive to heavy charged particles beyond the SM particle
spectrum.
2. Higgs production in WW-fusion with decays H → b b̄
The signature of two final state jets allows resolution studies of jet energy and
jet-pair mass measurements. WW-fusion is the dominant Higgs production
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mechanism at high energies and probes the Higgs-W coupling. The latter is
of special interest when deducing the total decay width in case of light Higgs
bosons.
3. Double Higgs production ZHH
Events from this process may contain up to six jets, allowing to study the impact of calorimeter measurements on combination efficiencies. This process is
essential to study the Higgs self coupling and to establish the Higgs mechanism
as the origin of electroweak symmetry breaking.

6.3

Plans towards a Particle Flow Algorithm

The long-term goal of the Iowa group is to play a key role in the integration of the
various components of a PFA, which takes full advantage of the natural interplay
between all sub-detectors. Such an algorithm is best suited for optimization studies
of the SiD design, e.g. detector geometry or calorimeter segmentation.
The University of Iowa group has been an integral part of the studies so far
by providing an efficient MIP-tracking algorithm and working on general EMCal
reconstruction. These efforts will be intensified by Niels Meyer joining the group.

7

Resources and Budget

Wolfgang Mader has worked almost full time on simulations and algorithms for developing Particle Flow for SiD since he joined the group in March 2004. Niels Meyer,
who graduated from University of Hamburg under the supervision of Professor RolfDieter Heuer (at present Research Director of DESY, Germany), has just joined the
group to start working full time on this project. Matthew Charles has completed
an analysis on BABAR, and expects to rejoin the Particle Flow effort shortly. Two
(equivalent) full time postdocs will be involved in the SiD Particle Flow project from
The University of Iowa. A new graduate student will likely join the effort from late
summer, after moving to the bay area.
The budget is listed below, primarily based on the support for one postdoc. The
postdoc’s salary is taken at $46,000 with fringe benefits at 18% at The University of
Iowa. The second postdoc’s support is obtained by reallocating resources from the
base grant support of the group for BABAR. Travel to the various ILC workshops
for the two postdocs and for Usha Mallik is included for the year at $12,000. The
indirect costs at Iowa are charged at a rate of 26.6% for off-campus activities (the
postdocs all stay at SLAC where interaction is easier). A total of $83,910 is thus
requested to cover the FY05 cost.
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The second year’s budget is anticipated to be similar, with a $2,000 increase in
salary for the postdoc and partial support of $8,000 for a graduate student. Tables 1
and 2 list the breakdown of the budgets.
Table 1: Budget for the First Year R&D. The total costs quoted include 26.6% for offcampus activities.
Item
Salary and Fringe Benefits of Research Associate
Travel to ILC Meetings (2 RAs and PI)
Total First Year R&D

Direct Cost ($)
46,000 × 1.18
12,000

Total Cost ($)
68,718
15,192
83,910

Table 2: Budget for the Second Year R&D. The total costs quoted include 26.6% for offcampus activities.
Item
Salary and Fringe Benefits of Research Associate
Partial Support for a Graduate Student
Travel to ILC Meetings (2 RAs and PI)
Total Second Year R&D

Direct Cost ($)
48,000 × 1.18
8,000 × 1.18
12,000

Total Cost ($)
71,706
11,951
15,192
98,849
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Project name
Development of a silicon-tungsten test module for an electromagnetic calorimeter
Classification
Detector:calorimetry
Institutions and personnel
University of Oregon, Department of Physics and Oregon Center for HEP:
Raymond Frey (faculty), David Strom (faculty), physics undergraduates
Stanford Linear Accelerator Center:
M. Breidenbach (faculty), D. Freytag, N. Graf, G. Haller
Contact person
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
I. Project Overview
The current LD and SiD detector designs call for a silicon-tungsten (Si-W)
electromagnetic calorimeter (ECal) as the best option for providing the necessary density
and segmentation to implement the particle flow method (PF, formerly called energy
flow) for reconstruction of jets (and taus) at the LC, capable of achieving jet energy
resolution of §0.3/¥Ejet, as recommended by LC physics studies. One of the outstanding
technical questions is how to integrate a silicon detector wafer with its readout
electronics. Since the number of detector pixels for these ECal designs is on order 50
million, a solution to the integration issue, along with the cost of the silicon detectors
themselves, is likely to determine the overall viability of the Si-W approach. A few years
ago, we proposed1,2 a possible solution to the integration problem and have received
LCRD support for two years to pursue this. Our work gives us confidence that we are on
the right path and we propose for the next year to complete the initial phase of the R&D –
to demonstrate the detector concept with prototypes in an electron test beam – and to
move on to the next phase: The development of a full-depth ECal module which
incorporates the features required for a realistic LC detector. This module would be part
of an international test beam study. The full-depth module requires more funding than is
realistically available with the present LCRD program. Hence, its funding is being
pursued separately. Here, we focus on completing the development and initial testing of
the detector components, the goal being to test a few layers of our prototype detectors and
electronics in the lab at Oregon and in an electron beam, hopefully at SLAC.
While we focus on an implementation of our Si-W approach for the SiD design, the basic
ideas and R&D are certainly applicable to other Si-W ECal designs, notably LD.
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Figure 1. Left: Cartoon of 15 cm Si detector segmented into 5mm pixels. The central
rectangle indicates the position and approximate size of the bump-bond array. Right:
Schematic of bump bond pad array and bundles of signal traces entering the array from
the pixels.
The thrust of our project is to integrate detector pixels on a large, commercially feasible
silicon wafer, with the complete readout electronics, including digitization, contained in a
single chip which is bump bonded to the wafer. This is shown in Fig.1. The starting point
for our design uses a pixel size 5 mm across, based on initial PF requirements for photonhadron separation. This gives N~103 pixels per 6-inch wafer. We take advantage of the
low beam-crossing duty cycle (~10-3) to reduce the heat load using power cycling. This
scheme has several important properties:
1. The channel count is effectively reduced by a factor N.
2. The cost, to first order, will be independent of the ECal transverse segmentation.
3. Readout gaps can be small (~1 mm), thus maintaining the small Moliere radius
intrinsic to tungsten.
The first property, we feel, is necessary for any realistic highly-segmented ECal. In this
case, the electronics is likely to be relatively small fraction of the ECal cost. The second
point makes the design flexible, so that one can optimize to meet the physics goals. The
third is an optimization of the physics capability of the ECal at a given (barrel) radius.
For example, the angle subtended by the Moliere radius for an ECal at radius 1.25m with
our design is smaller than one with 3mm readout gaps at 1.7m. Hence, this has a
significant impact on both performance and overall detector cost.
We note that for a Si-W ECal, the features above remain unique to this R&D.
Collaborations. First, within this R&D, the collaboration consists of the Oregon and
SLAC personnel listed above, in addition to V. Radeka of BNL who has collaborated
with us extensively on the electronics design. Our R&D collaboration has been holding
weekly meetings by telephone for over two years. Between Oregon and SLAC the
activities roughly break down as follows:
583
263

Ray Frey

Page 3

University of Oregon

1. Silicon detector design, procurement, characterization, and testing (Oregon)
2. Readout chip design, procurement, and testing (SLAC)
Recently, we have begun discussions with the HEP group at UC Davis in connection with
their bump-bonding facility. This appears to be a good possibility, and members of the
UC Davis group will presumably join our R&D effort. In addition to the hardware work,
Oregon plans to continue related simulation and software activities. These include, but
are not limited to, EGS4 and Geant4 studies, comparisons between the two, and
development of PF algorithms. Ultimately, we will use robust PF results to optimize the
calorimeter. The LC community is still a long way from this point, although the recent
focus on a few detector designs is helpful.
Within the ALCPG, Oregon has strong ties to the Calorimeter Working Group3, both in
management and involvement in studies. We report regularly to this group, as well as at
the ALCPG workshops.
We also have good interactions with the proponents of the Si-W ECal of the CALICE
R&D consortium. We note that the goals of the two efforts are considerably different.
While we are pursuing R&D to develop detectors and electronics which we feel will
closely resemble the final ECal, the CALICE effort has focused more on gaining
experience with detector fabrication and in developing a working test beam module.
Since both of these approaches are important, it is premature, and probably counterproductive to merge efforts at this stage. In the meantime, we share our thoughts and
concerns. The level of collaboration will increase as we approach full-module test beam
studies. In fact, both groups are part of a joint MOU for a potential test beam at FNAL.
This document follows with a short progress report of the recent R&D, a summary of the
proposed work, followed by the budget and budget explanation. Most of the details not
presented here are collected at http://www.slac.stanford.edu/xorg/lcd/SiW/ or in the cited
references.
II. Progress Report and Status
Electronics
Significant progress has been made on the readout chip (ROC) design. A block diagram
of the current design for a LC with cold technology is given in Fig. 2 and indicates the
main functional elements of the design. A reset is issued in 100ns if no signal above
threshold (|0.3 MIP) is detected. (The interval between beam crossings is 337 ns in the
TESLA cold design.) Signals above threshold are integrated for a longer time and the
signal charge is stored on capacitors until the end of the bunch train (2820 beam
crossings). The depth of the signal storage is currently set at four, which appears to be
easily sufficient for the expected background rates per pixel in the ECal barrel (although
this may not be sufficient in the low-angle endcap region). The area required per readout
channel is an important parameter in our design, with an important contributor being the
10 pf feedback (and calibration) capacitors on the input stage required to accommodate a
maximum expected signal of |2500 MIPs at shower maximum (at about 10 X0 depth) for
500 GeV electrons4. The dynamic range and MIP resolution are both accommodated
using two ranges, each of 12-bits. The range is selected dynamically by switching in the
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appropriate feedback capacitor on the first stage amplifier, a novel feature of this design.
In 0.25 micron technology, the current design uses about 0.03 mm2 per channel, which is
easily accommodated in our layout for a 1024 channel ROC. Another important design
constraint is power consumption (heat). Most of the ROC power goes to the analog front
end, for which the power can be turned off between bunch trains. The duty cycle is
roughly 1/200, which is sufficient to reduce the average power of the entire 1024-channel
ROC to about 20 mW. This is roughly a factor of two below our estimates for the heat
load which would require active cooling. Hence, we plan to carry the heat load to the
edges of the ECal modules passively, via the tungsten radiators.

Figure 2. Schematic of one channel of the ROC optimized for the cold LC.

Figure 3. Prototype silicon detector in the lab at Oregon.
Silicon Detectors
In Fall 2003 we ordered a set of 10 silicon detectors from Hamamatsu Corp. using a
combination of LCRD and SLAC funding. The order was based on a specification
document5 which we developed for potential vendors. A separate document6 discusses
the various tradeoffs necessary to minimize detector noise and inter-channel crosstalk,
retaining an excellent SNR for MIPs of |20. The order was received at Oregon in January
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2004. An image of one of the detectors is shown in Fig. 3. These detectors in principle
meet the requirements for a full Si-W ECal. The hexagonal pixels, 5mm across at
maximum, are clearly visible. The bump-bond array and signal traces, being below the
passivation layer, are not easily visible in this image.

Figure 4. Left: A typical depletion curve for a prototype pixel. Right: Measured signal
charge distribution for cosmic ray data.
We have performed a number of standard measurements of the detectors in our lab at
Oregon, such as capacitance, depletion voltage, and leakage current. A typical depletion
curve is shown in Fig. 4. Such characteristics are entirely as expected.7 The right-hand
panel of Fig. 4 shows a single-pixel signal charge distribution for cosmic ray data. The
pixel was connected to a channel of commercial electronics which has electrical
characteristics very similar to those of the prototype ROC design. The charge scale was
independently calibrated. The MIP peak near 2.0u104 electrons, consistent with
expectations for a fully-depleted 300 Pm thick detector, is clearly visible. Cosmic-ray
triggers for which the muon missed the target pixel enter the distribution as noise, and we
see that this is as expected, with a rms of |1000 electrons.
A significant effort this past year went into the understanding of issues associated with
timing measurement in a Si-W ECal. This became a significant issue in the run-up to the
LC technology decision by the ITRP. In the warm LC, pileup of 2-photon generated
backgrounds can pose a significant problem if the detector does not have timing
resolution comparable to the 1.4ns beam crossing interval. A good timing measurement
with a Si-W ECal could be crucial. Despite initial skepticism from some, we were able to
demonstrate7,8 both in calculation and in measurement in our lab that single-pixel
resolutions of |5 ns are feasible, providing |1 ns resolution for a 30-hit MIP track, and
thereby in principle limiting pileup to about 3 beam crossings.
Tungsten
As reported last year, we found an excellent vendor for tungsten. Using LCRD funds, we
purchased enough 2.5 mm and 5.0 mm thick plates of sufficient size for a full-depth test
beam module. These are at Oregon. Their measured characteristics are fine.
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Evaluation of Progress
We have made good progress during the last year. We have excellent prototype detectors,
and despite the need to move from electronics compatible with warm LC technology to
cold technology, the prototype ROC design is rapidly converging. The expectation is that
the design will be submitted for fabrication of prototype chips in late Spring 2005.

III. Proposed Research
As stated above, SLAC is developing the first readout chip prototypes for a cold LC. It
will be implemented in 0.25 Pm technology. These prototypes will have two rows (out of
32), each having 32 channels, or 64 total. This will save a considerable amount of money,
while allowing functional evaluation. We are currently reviewing various options for
configuring these chips with the Hamamatsu prototype detectors. One option is to bump
bond a few of these chips to the 32u32 bump pad array on the detectors, providing
readout of a contiguous swath of pixels. This will permit initial lab tests, but will also
make a “technical’’ test beam run with a few such detectors a feasible possibility.
To pursue the possibility of such a beam test, we have sent to SLAC a proposal to run in
the End Station A line. A broad range of electron energies can be delivered at very low,
to moderate rates. However, the SLAC beam schedule is highly uncertain at this time.
We have made progress with the design of the gap between layers of tungsten. As
discussed above, this directly affects performance, so we must minimize the gap, but at
the same time produce a robust structure. This design must also integrate the PC board
used to provide power to the readout chips, any external capacitors needed for the power,
and the traces used for control signals and readout of the chip. Our goal, which does not
appear to be impossible, is to achieve a 1mm gap.
As part of the technical test beam preparation, we will need to design and procure the PC
motherboard for the gaps. We will attempt to make these initial boards consistent with
the boards eventually required for the 1mm gaps. We are requesting LCRD funding for
this.
The technical beam test will require a back-end readout of the ROCs. A “data
concentrator” board (eventually an integrated in-detector chip) will be needed for the full
test module, followed by standard VME or equivalent. However, for the initial beam test
we believe we can use a commercial FPGA card which would plug in directly to the PCI
slot of a computer. We can also use this in our lab measurements of cosmic ray or IR
laser response. This card is relatively inexpensive (2k$) and is included in our request.
We intend to pursue a number of improvements which would be included in the design of
a second round of prototype detectors, presumably those which would be used for the
full-depth test beam module. These improvements fall into two general categories: small
modifications to detectors which otherwise closely resemble our current prototypes, and
more substantial departures from the prototypes. The former type includes further
optimization of the width and thickness of signal traces on the detector to optimize SNR.
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For example, the pixels which lie beneath the bump-bond array have an especially large
parasitic capacitance which could be reduced with layout optimizations. The dimension
of the bump array itself may likely need to be reduced to reflect the (new) smaller
electronics channel footprint. The next detectors will need small cutouts on one corner to
allow for a mechanical standoff. And there will need to be a good method for applying
the silicon bias voltage to the detector backsides.
The main example of where a bigger departure may be considered is with the desire to
increase the thickness of the insulation layer between pixels and the metallized signal
traces, thus reducing the capacitance and improving SNR. Our prototypes use SiO2
insulation, and this can not be easily thickened without increasing the entire detector
thickness. (Thicker detectors actually provide signals which are too large, since they then
require a larger front end feedback capacitor, hence a bigger footprint.) Alternatives to
SiO2 are possible commercially, and understanding these possibilities may be useful at
some stage. However, this more closely resembles a generic R&D project, and we don’t
intend to request funding from LCRD at this time.
Preparing a few prototype layers for the technical test beam discussed above will bring to
a close what we might call the first phase of our R&D. The next important goal is to
prepare the full-depth module for the international test beam effort. As mentioned above,
we would incorporate our findings from phase one into the detectors and ROCs for this
module. These would be full 1024 channel ROCs, so will require full secondary readout,
attention to the cooling, a real mechanical structure, and so forth. The goal of the full
beam test is important to the overall LC detector R&D: We need to be able to describe
hadronic showers at the level of detail which the LC calorimeters, with their fine
segmentation, will provide. Once we have validated a simulation code in the test beam,
we can confidently design and optimize our detectors for jet physics at the LC. The ECal
is essential for this, since approximately half of hadrons begin to shower in the ECal. And
we feel that the fine segmentation of our design will provide a very detailed view of the
showers. Since the full-depth module will require funding beyond the current scope of
LCRD, we are seeking funding from the NSF MRI program for the bulk of the required
support.
IV. Budget Explanation
We note that within our R&D collaboration, only Oregon requests LCRD funding.
We include any applicable overhead in our budget numbers given below. At UO, this
applies to equipment only if the cost is less than 5k$.
For the “technical” beam test we request 5k$ for the design and fabrication of mechanical
fixtures.
The lab test equipment request includes the following: Low and high voltage power
supplies (4k$), a probe card and associated fixtures (8k$), test amplifiers (2k$), and clean
room supplies (2k$). The FPGA card (2k$) mentioned above for the back-end readout is
included here.
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For the development of our printed circuit motherboard for the beam test we request 4k$
for its design, 4k$ for its fabrication, and 2k$ for the required wire bonding to the ROC.
We currently employ an equivalent of two undergraduate physics students in our R&D at
the level of 10 hours per week. We request support for 50 weeks per year of support for
each of two students, making about 10k$.
The budgets beyond the first year are completely uncertain at this time, since the
direction of the R&D depends crucially on the outcome of other funding requests to
support the development of the full-depth prototype, and the SLAC budget and beams
schedule.
V. Budget
Institution
Oregon
Oregon
Oregon
Oregon
Oregon
Oregon
SLAC

Year 1
Item
Mechanical design and fixtures for test beam
Probe and custom test equipment for lab
Design and fab. of PC board
Two undergraduate students, at 500 hours each
Travel and shipping (for test beam)
Oregon total
SLAC total

Cost
$ 5,000
$18,000
$10,000
$10,000
$ 2,000
$45,000
$0
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Relevant experience of proponents
The SLAC group has vast experience in design of e+e detectors, including design and
implementation of the readout electronics for most major detector systems for the SLD
detector and several BaBar sub-systems. Of specific relevance, the group led the design
and fabrication of the electronics for the silicon strip detectors for the GLAST
experiment. Graf is co-leader of the American Linear Collider Physics Group (ALCPG)
simulations group and is the leader of the SLAC LC simulation group.
Strom and Frey have each worked on silicon-tungsten luminosity calorimeters for
OPAL (Strom) and SLD (Frey). Strom in particular was a key person in the OPAL
silicon-tungsten development. Frey is co-leader of the ALCPG and SiD calorimeter
working groups. Strom is co-leader of the test beam coordination sub-group of the
ALCPG working group. They have extensive experience using simulation codes such as
EGS4 and GEANT to analyze and characterize detectors.
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Digital Hadron Calorimetry for the Linear Collider using GEM based Technology
1. University of Texas at Arlington, 2. University of Washington, 3. Changwon
National University, Changwon, Korea, and 4. Tsinghua University, China.
Andrew Brandt1, Kaushik De1, Venkat Kaushik1, Jia Li1, Mark Sosebee1, Andy
White1,a, Jae Yu1,b, Tianchi Zhao2, Changhie Han3, Li Jin4, Yulan Li4, Yongfang
Lai4, Yue Qian4
a
GEM detector contact: awhite@uta.edu, (817) 272-2812, (817) 272-2824 (FAX)
b
Simulation & Software contact: jaehoonyu@uta.edu, (817) 272-2814, (817) 2722824 (FAX)
1. Introduction. GEM-based Digital Hadron Calorimetry.
We have been developing the implementation of digital hadron calorimetry for future
Linear Collider detectors using Gas Electron Multiplier technology [1]. This is a critical
and essential development for future experiments that will rely on the Energy Flow
Algorithm [2] approach to achieve the required jet energy and jet-jet mass resolution. The
ionization signal from charged tracks passing through the drift section of the active layer
is amplified using multiple GEM foils (double or triple). The amplified charge is
collected at the anode, or readout pad, layer, which is at ground potential. This layer is
subdivided into the small (~1cm x 1cm) pads needed to implement the digital approach.
The potential differences, required to guide the ionization, are produced by a resistor
network, with successive connections to the cathode, both sides of each GEM foil, and
the anode layer. The pad signals are amplified, discriminated, and a digital output
produced. The GEM design allows a high degree of flexibility with, for instance,
possibilities for microstrips for precision tracking layer(s), variable pad sizes, and
optional ganging of pads for finer granularity future readout if required by cost
considerations. Fig.1 shows how the GEM approach is incorporated into a digital
calorimeter scheme.
2. Progress report on GEM/Digital Hadron Calorimetry Development
2.1 Results from GEM prototypes
We have benefited from LCRD and DoE/ADR support for the past two years. Previously
we reported initial results on signal characteristics and gain from a small prototype GEM
detector. Here we give an update of results from the past year. These have been collected
using the detector shown in Fig.2, using the anode pad layout shown in Fig.3.

Figure 1. GEM-based digital
calorimeter stack.

Figure 2. Prototype GEM
detector.
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Figure 3. Nine pad anode layer.

Using multi-pad readout we have studied the crosstalk between neighboring cells. A
typical (but rarely occurring) situation is shown in Fig.4. The large peak is the signal on
the central pad of the 3x3 arrangement. The up-down peaks of the second trace are the
crosstalk signal on an adjacent pad. We have reproduced these peaks using direct signal
generator pulse injection. The results are shown in Fig.5. We have also used collimated
gamma rays from a Cs137 source to study signal sharing between adjacent pads. A typical
sharing of signals between pads is shown in Fig.6. Note the absence of a “down” peak as
seen for a crosstalk signal.

Figure 4. Crosstalk signal.

Figure 5. Generation of crosstalk.

Figure 6. Signal sharing.

We have also looked into the effects of changing the proportion of Argon in our
Argon-CO2 gas mixture. We find that we obtain a factor of three increase in signal size
changing from a 70/30 mixture to an 80/20 mixture. The latter mixture has given very
stable detector performance over weeks of operation with no discharges. We therefore
expect minimum signal sizes for MIPs in the range 15-20fC using the 80/20 mixture;
minimum signals in this range ease the design of the front-end ASIC described below.
2.2 Development of large-area GEM detectors
For the full-size testbeam module, and final elements of a GEM-based DHCAL system,
we are targeting ~1m x 30cm detector panels. We have been working in two main areas:
the mechanical aspects of large GEM-layer assembly, and the fabrication of large area
GEM foils. The layer assembly has required development of tools to hand large area
foils, and present them flat for integration into a detector. We have also developed initial
components for the detector walls (1mm and 3mm heights are required), gas in/outlets,
and spacers to maintain the separation of the foils. Further valuable information will be
learned in the assembly of 30cm x 30cm detectors, for which 3M foils will soon be tested
at UTA and Tsinghua University, China. Figure 7 shows a large test GEM mechanical
assembly which is close to its completion.

Figure 7. Large Area mechanical prototype.
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Figure 8. 3M Gem foil roll.

The second principal development involves production of large area GEM foils ~1m x
30cm. We have been working with the Microinterconnect Systems Division of 3M
Corporation, Austin, Texas to extend their production capability to large area foils. At
present their etching window is approximately 30cm x 30cm – to be used for our next
prototype. A modification will allow sections of 1m x 30cm to be produced. Verification
is needed of the required GEM hole alignment between the two sides of a foil to meet
tolerance. The processing system shown in Fig. 8 can produce up to 500 feet of foils on a
single roll.
3.0 Progress Report on Simulation and Detector Performance Results
3.1 Implementation of GEM Geometry
The UTA group has successfully implemented a double GEM layer geometry into the
existing Mokka [3], a GEANT 4 [4] based simulation package, replacing the scintillation
counter sensitive layers in the TESLA TDR hadronic geometry (stainless steel/
scintillation counter) with the double GEM layer structure shown in Fig.9.a. We
retained all other detector structure the same as in TESLA TDR detector design [5]. In
order to optimize computer CPU resources, we have implemented a simplified version of
the GEM instead of detailed geometry as shown in Fig.9.b. A comparison using single
75 GeV pion events shows virtually identical energy deposit in half the CPU time for the
simplified mixture version compared to a detailed geometry of a double GEM structure.
Based on this study, we have decided to use the simplified geometry for further studies.

Figure 9. (a) Detailed double GEM geometry. (b) Simplified GEM geometry.

3.2 Double GEM Digital Calorimeter Performance
Using the established simulation and analysis software, we have completed the study of
double GEM based calorimeter performances in analog and digital readout modes with a
realistic threshold value at 98% of a MIP, using single pion samples whose energies
range from 5 GeV to 100 GeV. The intrinsic gain of the double GEM sensitive layers
was chosen to be 3000, the value measured from our prototype, which is within 15% of
other measurements. The results from these studies have been compared to TESLA TDR
detector performance studies based on Mokka. The resolution obtained from our studies
of TESLA TDR detector is consistent with results from other studies, if an energyindependent EM and Hadronic relative normalization factor of 0.65 is used.
We used the same data set generated for the analog studies of GEM calorimeter to
perform digital studies. Fig.10.a shows a profile plot of E vs N for hit-to-energy-deposit
conversion. Fig.10.b shows the scatter plot of energy vs number of hits, which
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demonstrates the linearity of the detector in its digital readout mode. As expected
saturation in the number of cells hit begins to appear at the higher energy deposits due to
larger energy densities in a cell. It has been observed in our study that 85% of the cells
are hit once for 5 GeV single pion showers while this fraction decreases to 74% for 100
GeV single pion showers. A study of number of hit cell vs layer number for 50 GeV pion
shows that it directly mimics the energy deposit distribution along the layer, providing
direct evidence and confidence that a GEM based calorimeter can be used as a digital
calorimeter properly representing energy deposit of showers. We used the number of hit
cells versus energy deposit to extract the hit-to-energy-deposit conversion factor for
digital readout mode analysis.

Figure 10. (a) A profile plot of energy deposit vs number of cells hit used for hit-to-energy-deposit
conversion. (b) A scatter plot of energy deposit . A saturation at the higher energy deposit is seen.

More sophisticated procedure for fitting the responses from EM and Hadronic
components had to be developed to accommodate the changes in energy deposit
distributions for analog and digital modes. The energy deposit measured in analog mode
shows a remaining large tail due to Landau fluctuations. These large fluctuations are
suppressed in digital mode since the tail on higher energy deposit within a cell is still
counted as one hit forcing the distribution Gaussian. Fig. 11.a and b show distributions of
energy deposit by 50 GeV pions for analog and digital modes, respectively.
Figure 12 shows the energy deposit of a 50 GeV muon in the GEM calorimeter (red

Figure 12. Energy deposition of a 50GeV muon
Figure 11. Energy deposit of 50 GeV pions (red circles)
(red histogram) and the cut efficiencies as a
in GEM DHCAL (a) in analog and (b) in digital modes.
function of discriminator threshold (dark red).
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histogram) and the MIP efficiency as a function of discriminator threshold (dark red).
The arrows indicate the threshold and the corresponding efficiency. From this study we
find that 0.23 MeV for muon energy deposit gives 95% MIP efficiency. The performance
of GEM DHCAL with thresholds has been completed without incorporating realistic
noise measurements. The above studies of GEM DHCAL performance were carried out
by two Master's students. The results from the data analysis have been documented in S.
Habib's [6] and V. Kaushik’s Master's theses [7].
Performance studies show that GEM calorimeter responses for analog and digital are
very closed to each other as we expected. The resolution curves of TESLA TDR detector
(red) in analog readout mode and GEM calorimeter in analog (blue) and digital (green)
modes with 98% threshold are shown in Fig. 13.a. The single pion energy resolution of
the GEM digital calorimeter is comparable to that of TESLA TDR and other detector
studies (triangles) for most the energy ranges except at low energies. This is reflected in
the resolution function as the digital mode showing larger sampling terms (~70%) with
relatively smaller constant term. On the other hand, the GEM analog mode resolution is
significantly worse than other detectors or than the digital modes. This behavior is caused
by the large remaining Landau fluctuation in energy deposit as discussed above.
3.3 Test of Jet Energy Improvements Using EFA and GEM DHCAL
Once the final single particle energy resolution is known, it is straightforward to apply
these functions to smear particles in a jet to test the performance of EFA and the given
calorimeter technology. We used Pythia to generate tt to 6 jet events to test the
performance. In order to carry out the study, we had to define a “jet'” in simulated events.
In the absence of an official applicable jet algorithm, we took a simple cone algorithm of
size ∆R=0.5 around the direction of the final state parton to define a particle jet. We then
took each particle and smeared its energy using the parameters of single particle
resolution functions, and add all smeared particle energies inside the cone for measured
jet energies. This procedure is slightly changed for EFA jet energy resolution. We
smeared the energies of all charged particles by an expected tracker momentum
resolution, ∆p/p = 10-5, and all electromagnetic particles, including hardons whose final
states are EM particles, such as π 0 and η 0 , with an EM calorimeter resolution, 15% / E .

Figure 13. (a) Energy resolution for TESLA TDR (blue), GEM analog (red), GEM digital (green)
modes and other detectors (triangles). (b) Jet energy resolutions using various detector
techniques. Blue line represents GEM digital with EFA.
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As shown in Fig. 13.b, EFA based jet energy resolution using GEM DHCAL (blue line)
demonstrates the best resolution with the sampling term at around 30% which is
consistent with the expectation.
3.4 Energy Flow Algorithm Development
Improvement in jet energy resolution can be obtained using the energy flow algorithm.
For EFA to work, one of the most important procedures is the subtraction of calorimeter
energies that correspond to charged tracks whose momenta are measured in the tracking
system. Since any algorithm of such subtraction must work very efficiently in simple
cases, we have carried out a preliminary EFA studies in two step process. First we
determine the best algorithm to identify the centroid of a hadronic shower using single
pion events. We explored three distinct methods for centroid determination. The three
methods are: (a) Energy weighted method, (b) Simple averaging and (c) Density
weighted method. A study shows that while all three methods seem to perform well,
density weighted method seems to perform the best for digital methods. We then proceed
to two pion shower cases in a GEM based detector in its digital mode using full detector
simulation in Mokka through multiple iterations of matching calorimeter and tracker
positions to draw the cone of size ∆R=0.1 (half the distance between any two particles).
4. Proposed Plan of work
4.1 30cm x 30cm multi-channel prototype
As the first step toward large scale GEM detector development, we will construct a stack
of five double-GEM 30cm x 30cm detectors. We plan on using three of the 32-channel
Fermilab preamp cards, already used for our earlier prototype, as the front-end readout.
We will read out a central area of 96 channels per detector, as shown in Fig.14.

Figure 14. Schematic of anode
layer and front end electronics for
the multi-channel prototype.

4.2 Discriminator and DAQ system for five double-GEM stack
As reported above, we have been using 32 channel Fermilab QPA02 ASIC card to test
prototype double GEM detectors at UTA for some time. Total of 15 cards are needed to
readout the 500 channels of the cosmic ray stack and will be mounted directly on to each
layer of the stack. Fermilab has agreed to assemble enough cards for us using the existing
QPA02 chips. We expect the cost of making such cards will be small. The output signals
from the amplifier cards will be sent to discriminator boards which contain discriminator
chips, multiplexer stages and data output interface. The output from the discriminator
boards will be readout by a DAQ card in a PC controlled by LabView. The discriminator
boards and DAQ system will be developed at the University of Washington.
4.3 Studies with five layer double-GEM stack
The stack will be used to examine the following items: single cosmic tracks hit patterns,
hit multiplicity (vs. simulation), signal sharing between pads (e.g. vs. angle), efficiencies
of single DGEM counters, effects of layer separators, operational experience with ~500
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channel system, as a possible test-bed for ASIC when available (rebuilding one or more
DGEM chambers).
4.4 Test beam module development, construction, and testing
The principal task for the next three years will be the construction and testing of a full
size (1m3 ) GEM-based digital hadron calorimeter stack with a total of 40 longitudinal
layers. This is an essential step in the development of linear collider detector technology,
in order to (a) demonstrate the viability of this technique (in parallel with the scintillator
and RPC-based approaches), and (b) make critical, energy density measurements with
fine granularity (~1cm x 1cm), to tune GEANT4 as a reliable tool for EFA development.
The testbeam stack will be built at UTA using the 1m x 30cm GEM foils. There will thus
be 3 double-GEM panels for each of the forty 1m x 1m layers.
The 1m3 beam test module, if fully instrumented, requires approximately 400,000
readout channels assuming 1cm ×1cm readout pads. The Fermilab-PPD electronics group
is developing a 64 channel ASIC, Fig.15, that has an adjustable amplifier gain and can be
used to readout both RPCs and GEM detector planes. This ASIC will receive signals
from readout pads, discriminate signals, and tag hits in time to facilitate shower
reconstruction. It also has a serial I/O control, serial data output line and a trigger output
as shown in the block diagram below. Each ASIC can readout a 8 x 8 detector pad array.
We currently envisage that we will have 6 large multilayer printed circuit boards to
readout a 1m2 detector plane as shown in Fig.16. Each board will host 24 ASIC chips.

Figure 16. ASIC locations on
1m x 1m plane.

Figure 15. ASIC layout.

We will start evaluating the ASIC design once the prototype chips become available
(expected in late 2005). We will develop a front-end readout board design for the 30 cm x
30 cm double GEM cosmic ray chambers that we will construct in FY2005. This board
requires 16 ASICs. When the GEM foil of final size (32 cm x 96 cm) becomes available
in FY2006, we will extend the board size to 48 cm x 32 cm and design a readout system
for the 1 m x 1 m plane of the 1 m3 beam test module. It will require 6 boards to readout a
detector plane as shown in bottom of figure 16. We expect that the design of these frontend readout boards will be somewhat different for GEM and RPC in some mechanical
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aspects. The work for prototype ASIC chip testing and the front-end readout board
development will be shared between UTA and UW. We will coordinate our effort for
developing front-end boards for GEM with the RPC group at Argonne.
For the beam test module, the output signals from the front-end boards will first be
processed by the data concentrator boards and then sent to VME cards. These stages of
the readout system will be identical for GEM and RPC. The funding for the test beam
stack and associated electronics is currently the subject of a NSF-MRI proposal.
4.5 Determination of Detector Parameters.
A study in detector granularity for GEM detector will be conducted to determine cell
sizes that can be accommodated without compromising EFA performance of the detector.
This will also be the same for other parameters, such as absorber thickness, sensitive gap
size, on-board readout electronics sizes, and mechanical support structures. This will be
carried out as part of the recently initiated LC detector initiatives in both the silicon
detector (Si-Detector) and the Large Detector concepts.
4.6 Continuation of Energy Flow Algorithm Development
The current level of EFA development is very rudimentary since the clustering
algorithms for associating the track with the corresponding shower is simply a cone
drawn around the centroid of the shower [7]. Given the erratic behavior of hadron
showers, the algorithm should be more flexible in its areas of subtraction of shower
energies. We will work closely with Argonne National Laboratory and other groups in
EFA development. Once a reasonably performing algorithm has been developed, we will
move on to a multi-jet environment to test performance of the algorithm.
4.7 Implementation of Cosmic Ray Stack Geometry
Since the hardware development effort will move onto constructing a 30cm x 30cm five
layer cosmic-ray stack and taking data, it is necessary to have software and simulation
evolve to support this activity. In order to compare the performance of the cosmic-ray
stack with expectations from simulation, the new geometry needs to be implemented in
the simulation package. In addition, cosmic-ray data analysis software must also be
developed. The data from the cosmic-ray stack and the simulation can then be used for
development of tracking algorithms through the calorimeter. These studies will need to
be done in both analog and digital modes to compare performances.
4.8 Implementation of Testbeam Stack Geometry and Software Development
We expect to participate in a testbeam experiment [8] on the 2006 – 2007 time scale,
contingent upon availability of funds. The geometry for testbeam experiment must be
implemented and the corresponding software for reconstruction and analysis must be
developed ahead of the actual data taking. Currently, Northern Illinois University has
developed a testbeam simulation package. We plan to exploit the existing package and
implement our GEM geometry into the system for the initial studies in the testbeam
stack. Studies will also have to be conducted to determine particle types, energy range
and statistics for adequate precision for the testbeam needs.
4.9 Discharge Study
One of the fundamental properties of the GEM detector we need to understand is the
discharge probability in a given GEM gap, which might damage the GEM foil, thereby
disabling the affected area. In addition, the possibility of low energy ionization electrons
spiraling through the gas gap due to the configuration of electric and magnetic fields,
causing large signals needs to be looked into to determine the method to prevent or
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minimize this effect, if present. For this study, a new simulation program Garfield [9] is
being implemented for this study since the current GEANT based simulation program we
use, Mokka, does not allow this level of detailed studies.
4.10 World-wide Linear Collider Test Beam Coordination
Yu has been asked to lead the American Linear Collider Test Beam working group. He
has taken initiatives in putting together a report [10] on current World-wide LC testbeam
effort and a planning document [8]. This report has been completed recently and been
released to the World-wide LC community. This testbeam effort should continue in the
next 2 – 4 years to help determine technological choices and the conceptual and technical
design reports on both the LC detector initiatives.
5.0 Timeline for proposed work
FY05 - 30cm x 30cm detector stack
- Develop test 1m x 30cm foils
- Prototype run of ASIC and its testing
- NSF- MRI Æ start of 1m3 test beam GEM module development and construction
- GEM, SPICE, Garfield and Test Beam simulations
FY06 - Completion of 1m3 test beam GEM module
- Begin program of GEM/RPC beam tests
- Further EFA development
FY07 - Further beam tests, data analysis, GEM-DHCAL calorimeter system design
6.0 Facilities, Equipment, and Computing Resources
The UTA HEP group has a 10,000 ft2 detector construction facility, an excellent
mechanical workshop, and a very high performance parallel computing farm. In late 2005
these facilities will be integrated as part of a new $40M Physics and Chemistry Research
building.
7.0 Budget and Discussion The budget request is given in the table below.
Personnel We request support for a post-doctoral associate for six months, for each of
the three years. The UTA postdoctoral fellow supported will be Dr. Jia Li who has been
working on our GEM prototypes, drawer assembly techniques, and calorimeter module
design. We also request support for two months of engineering support in FY05 at UW
for electronics design and development for the cosmic stack. We request support for a
graduate student in FY06-07 to work on the testbeam stack, and analysis of data from the
testbeam.
ITEM
0.5 Postdoc
Fringe
Engineer (2 months)
Fringe
Graduate student
Fringe
Cosmic Ray Teststand
Discriminator Boards
Travel
Materials and Supplies
Direct costs
Indirect costs
TOTAL

FY05
21000
6300
11500
3450

FY06

FY07

22050
6615

23152.5
6945.75

21600
9720

22680
10206

10,000
6,000
8000
8000
8000
10000
5000
5000
76250
72985 75984.25
28920 35032.8 36472.44
105170 108017.8 112456.7
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Equipment We request support to construct the cosmic ray test stand to be used with the
stack of five 30cm x 30cm double-GEM chambers. We also request support for the
discriminator boards for the same setup to be developed at UW.
Travel For each year we request a limited amount of travel support to attend Linear
Collider Workshops and meetings, during this development phase for the Linear Collider
Detector. We also request support for one foreign trip each year to attend the LCWS
conference or meeting(s) of the CALICE collaboration [11], of which UTA is a member.
We have specific responsibilities that involve travel as follows: (1) Andrew White is the
U.S. CALICE Steering Board representative, and (2) Jae Yu is the chairperson of the
CALICE Technical Board, and the ALCPG testbeam coordinator.
9.0 Broader Impact
This project has already had an impact in a number of areas. Two graduate students have
obtained MS degrees with the studies on GEM detector performances and EFA
development using simulated data. Currently, four undergraduate students are working on
prototype development and simulations.
Andrew White and a UTA condensed matter colleague have developed a high
resolution Positron Emission Tomography system using GEM foils that is the subject of a
patent application. We are also discussing the possible applications of GEM foils in very
large area radiation detectors for homeland security applications.
UTA has an active Quarknet educational program that has evolved into an expanding
program of installing cosmic ray detectors in local high schools. We are currently using
scintillation counters, but anticipate having students work with GEM foils once they are
made for our project in larger quantities. The students we are working with are drawn
from the Hispanic population of Fort Worth, Texas in an effort to increase the number of
such students pursuing careers in science.
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5. F. Richard, et al., TeV Energy Superconducting Linear Accelerator (TESLA)
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6. S. Habib, “Simulation Studies of a New Digital Hadron Calorimeter, Using Gas
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7. V. Kaushik, “Performance of Novel Digital Hadron Calorimeter Using Gas Electron
Multiplier (GEM) and the Energy Flow Algorithm Development,” MS Thesis,
University of Texas at Arlington, UTA-HEP/LC-004, Unpublished (2004).
8. J. C. Brient, J. Yu et al., World-wide Linear Collider Test Beam Working Group,
“International Linear Collider Calorimeter Test Beam Program (A Planning
Document for Use of Test Beam Facility at Fermilab,” FNAL-TM-2291, In
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9. R. Veenhof, Simulation of gaseous detectors, http://consult.cern.ch/writeup/garfield/
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6.9

Calorimetry

6.9: Development of Particle-Flow
Algorithms and Simulation Software for the
ILC Detector(s)
(renewal)
Calorimetry
Contact person
Dhiman Chakraborty
dhiman@fnal.gov
(630) 840-8569
Institution(s)
Argonne
Fermilab
Iowa
NIU
Oregon
SLAC
U.T. Arlington
Funds awarded (DOE)
FY04 award: 35,000

New funds requested
FY05 request: 94,200
FY06 request: 154,900
FY07 request: 156,800

6.9
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Proposal Name
Development of Particle-Flow Algorithms and Simulation Software for the ILC Detector(s)
Classification (Detector)
Calorimeter: simulation software and algorithm development.
Note: Much of the proposed work, especially those on simulation software, span across all detector
subsystems, and should really be considered in the broader premise of “Full Detector”. In the absence
of such a category, we have chosen to put this proposal under “calorimeter”, since our involvement in
simulation and other software tasks stem from our interest in developing new algorithms for calorimetry.
Personnel and Institution(s) requesting funding
G. Blazey, D. Chakraborty, J. G. Lima, J. McCormick, R. McIntosh, V. Zutshi.
Northern Illinois Center for Accelerator and Detector Development, Northern Illinois University [1]
Collaborators
S. Magill et al., Argonne National Laboratory,
N. Graf et al., Stanford Linear Accelerator Center,
C. Milstene et al., Fermi National Accelerator Laboratory,
R. Frey et al., University of Oregon,
J. Yu et al., University of Texas at Arlington,
G. Wilson et al., University of Kansas,
U. Mallik et al., University of Iowa,
The CALICE collaboration.[2]
Project Leader
Dhiman Chakraborty
dhiman@fnal.gov
(815)753-8804, (630)840-8569, (630)452-6368
Project Overview
The Northern Illinois University(NIU)/Northern Illinois Center for Accelerator and Detector Development (NICADD) group is interested in calorimeter R&D for the proposed ILC.[1] We propose to
develop, in simulation and in prototype, designs for a hadron calorimeter (HCal) optimized for jet
reconstruction using particle-flow algorithms (a.k.a. “energy-flow algorithms”). Simulation/algorithm
development and hardware prototyping are envisaged as the two main components of our efforts. This
proposal addresses the first component while the second is the subject of a separate proposal.
An e+ e− linear collider is a precision instrument that can elucidate Standard Model (SM) physics near
the electroweak energy scale as well as discover new physics processes in that regime, should they exist.
In order to fully realize the potential anticipated from a machine of this type, the collection of standard
high energy physics detector components comprising an experiment must be optimized, sometimes in
ways not yet realized at current experiments. One such example is the hadron calorimeter which will
play a key role in measuring jets from decays of vector bosons and other heavy particles such as the top
quark, the Higgs boson(s), etc. In particular, it will be important to be able to distinguish, in the final
state of an e+ e− interaction, the presence of a Z or a W boson by its hadronic decay into 2 jets. This
means that√the dijet mass must be measured within ∼ 3 GeV, or, in terms of jet energy resolution,
σ(E) ≈ 0.3 E (E in GeV). Such high precision in jet energy measurement cannot be achieved by any
existing calorimeter in the absence of a kinematically overconstrained event topology. Similar precision
in measurements of jet and missing momentum will be crucial for discovery and characterization of
several other new physics processes as well as for precision tests of the Standard Model. Such ambitious
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objectives place strong demands on the performance of the calorimeters working in conjunction with
the tracking system at the ILC, and requires development of new algorithms and technology.
The most promising means to achieving such unprecedented jet energy resolutions is through particleflow algorithms (PFA). A PFA attempts to separately identify in a jet its charged, electromagnetic,
and neutral hadron components, in order to use the best means to measure each. On average, neutral
hadrons carry only ∼11% of a jet’s total energy, which can only be measured with the relatively
poor resolution of the HCal. The tracker is used to measure with much better precision the charged
components (∼64%
√ of jet energy), and the electromagnetic calorimeter (ECal) to measure the photons
with σ(E) ≈ 0.15 E (∼24% of jet energy). The left panel of Fig. 1 shows the momentum distribution
of particles in a representative multijet physics process of interest. On average, only a small fraction of
a jet’s energy is carried by particles with momenta greater than 20 GeV. The right panel of Fig. 1 shows
the precisions of energy measurement by a calorimeter, and momentum measurement by a tracker, of
single charged hadrons, as functions of their momenta in one nominal detector design. Measurements
from the tracker are at least two orders (one order) of magnitude more precise than those from
√ the
calorimeter for particles below 20 GeV (100 GeV). A net jet energy resolution of σ(E) ≈ 0.3 √
E is
thus deemed achievable by using the HCal only to measure the neutral hadrons with σ(E) ≈ 0.6 E.
However, this will certainly require extensive and simultaneous optimization of detector design and
tuning of algorithm parameters.

√
Figure 1: Left: the momentum distribution of particles in e+ e− → ZZ → 4 jets events at s = 500 GeV.
Right: the fractional energy (momentum) resolution of an excellent calorimeter and that of a good tracker
as functions of particle momentum.
A calorimeter designed for PFAs must be finely segmented both transversely and longitudinally for
3-d shower reconstruction, separation of neutral and charged clusters, and association of the charged
clusters to corresponding tracks. This requires realistic simulation of parton shower evolution and
of the detector’s response to the particles passing through it. Accurate simulation relies heavily on
analysis of data from beam test of prototype modules. The detector optimization requires the simulation, visualization, and analysis packages to be highly flexible, which calls for careful design and
implementation of the software itself.
Very large numbers of events will have to be simulated to evaluate competing detector designs vis-a-vis
ILC physics goals. Characterization of signatures arising from processes predicted by some extensions
of the SM will require simultaneous coverage of broad ranges of undetermined parameters. Parametrized fast simulation programs will thus have to be developed once the algorithms have stablized.
Parametrization of PFAs will require much work, and is one of our key objectives.
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Broader Impact
The impact of the proposed research is not limited to calorimetry at the ILC. Lessons learnt from this
experience are likely to prove valuable at other future Experimental High Energy experiments as well.
We have had good success so far in involving young students from different disciplines in our R&D
activities, which we consider an important aspect of our research program. Indeed, much of the
initial coding for the full-detector simulation program and most of that for the test-beam module
simulation program described in the next section were done by MS students, Mr. McIntosh and Mr.
McCormick, respectively. While Mr. McIntosh has subsequently decided to continue with our group,
Mr. McCormick, a Computer Science major, has taken up a joint appointment co-funded by NICADD
and SLAC to work full-time as a staff programmer on ILC detector simulation software development.
Our group represents an excellent mix of individuals from different national origins, and we seek
participation from the widest possible spectra of gender, ethnicity, geographic origin, and levels of
physical ability.
Inter-institutional collaboration, within the US as well as across national boundaries, is a fundamental
requirement for a project of this nature and magnitude to succeed. We have come to appreciate
early the value of sharing not only the results, but all source code, usage instructions, and data files
freely. All of the results described in the next section are carefully documented on our web page, with
complete instructions for installing and running the simulation software, examples, and sample data
files.[1] Furthermore, we are committed to entertaining requests for simulation jobs from any potential
user.[3] Indeed, our group is responsible for maintaining the production version of the current ALCPG
standard detector simulation program, and the primary provider of benchmark samples, as well as
special requests for the entire American LC community. This reflects our strong commitment to
fostering the spirit of collaborative networking and inter-institutional partnership among all users.
Some of the funds requested in the 2nd and 3rd years will be used to enhance our capability to produce
large volumes of simulated data in response to the anticipated increase in demands from the users.
NIU has an active outreach program with a dedicated coordinator. Activities include visits to schools
and civic organizations in the region and hosting open house events to promote public awareness and
interest in science. The presentations, which usually include demonstrations, highlight the importance
of fundamental scientific research and give the audience a glimpse of techniques used in experimentation
and interpretation of data. Attendance at these presentations exceeds 10,000 per year. Members of
our team also volunteer in Fermilab’s “Ask-a-Scientist” program and similar events offered through
NIU’s outreach web site.
Results of Prior Research
Members of NIU, ANL, SLAC, and UTA began collaborating on PFAs, simulations, and software
development efforts in January, 2002. Several other groups have since joined the effort, and links have
been established with European colleagues who had been active in this area already. The results that
emerged through discussions at our regularly scheduled meetings have been presented at the Calor
conferences, ECFA and ACFA meetings, the American LC workshops, and at the International LC
Physics and Detector Workshops.
Toward the optimization of the HCal design, the NIU and ANL teams have started investigating both
analog (cell energy measurements) and digital (hit density measurements) methods as functions of the
cell size. Our preliminary findings suggest that with sufficiently small cells, the digital method yields
a more precise measurement of the hadron energy, i.e., fluctuations in hit density are smaller than
those in the sampled energy of a hadronic shower. Use of local hit density in lieu of the deposited
energy to weigh the calorimeter hits results in superior energy resolution and lateral containment of
single hadron showers. Two independent approaches to the implementation of a PFA have helped
improve our understanding of the optimal cell sizes and geometry for best charged/neutral hadron
shower separation in jets within the context of some specific overall detector parameters.
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We will now briefly summarize our HCal optimization and algorithm development efforts. The HCal
must be optimized to achieve, with due consideration of costs, benefits, and risks, the best balance
between the reconstruction and energy resolution of neutral-hadron-initiated clusters in a jet, and the
ability to separate them from the charged components. This is intimately related to the first step in
the development of a particle-flow algorithm as described below. The elements are highly inter-related,
and must be optimized simultaneously. All figures in this section were generated using GEANT4based full-detector and test-beam simulation programs and reconstruction algorithms developed by
our group.
HCal absorber/active media properties: The detector simulation and analysis of physics events
within the Java Analysis Studio (JAS)-based software environment developed at SLAC, is flexible
in the choice of absorber and active media type and thickness within the limits of the HCal
volume. Our group has put together a GEANT4-based detector simulation package called LCDG4
to work within this environment, and produced many data sets spanning a range of cell shapes
and sizes, and event types (single particles as well as benchmark physics processes). Teams from
NIU, ANL, SLAC, Kansas, and Iowa, are studying a wide variety of events simulated with this
package. We will optimize the HCal by comparing dense materials (e.g. W) to less dense ones
(e.g. Stainless Steel) as absorbers, and scintillator- vs. gas-based devices (e.g. RPC, GEM) as
active media. Containment of hadronic showers, density of hits, single-particle and jet energy
resolutions will be used as performance measures. Substantial progress has been made in this
direction already. The left panel of Fig. 2 shows the energy resolution as a function of single
π ± energy, estimated using hit density weighting, for two different lateral segmentations of the
scintillator option, and the proposed segmentation for a realistic RPC design. The right panel of
Fig. 2 shows the density-weighted angular widths of single-hadron showers as functions of their
momenta in reasonably realistic scintillator- and gas-based designs. The more realistic gas-based
geometry and the scintillator design under consideration give comparable results.

Figure 2: Comparisons of scintillator vs. gas as the HCal active medium. Left: the fractional energy
resolution of single π ± using density-weighting clustering in scintillator and gas-based geometry. Scintillator
tiles of 1 cm2 (stars) is not a practical proposition, but it is studied to understand the dependence of energy
resolution on lateral segmentation of the active layer for a given choice of technology. Even the realistic 9
cm2 scintillator option (circles) offers a somewhat better resolution than a 1 cm2 gas configuration (squares)
under this particular weighting scheme. The two are comparable at higher energies. Right: the densityweighted angular width of single π ± showers as function of their momenta, in HCals with 9 cm2 square
scintillator tiles (circles) and those with 1 cm2 square gas-based cells (triangles for “Geom1” and squares
for “Geom2”). The “Geom2” configuration is fairly close to the RPC design currently under consideration.
Other density-weighting schemes remain to be investigated.
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HCal transverse granularity/Longitudinal segmentation: We plan to optimize the 3-d granularity of cells for the most promising PFAs vis-a-vis the active medium technology (see the left
panel of Fig. 2) The methods developed here are generalizable to different total detector geometries, i.e., SiD (which uses silicon wafers for tracking), LD (which uses TPCs for tracking), etc. The
basic performance measure here is the ability to separate showers initiated by charged and neutral
hadrons - the key to any PFA. Indeed, if all the cell energies in a jet could be fully separated
and
√
correctly assigned to the parent particle, then a jet energy resolution of σ(E) ≈ 0.15 E (E in
GeV) could be achieved. It turns out that the limiting factor in the overall jet energy resolution is
the confusion term arising from imperfect association due to finite granularity and misassignment.
From the reconstruction algorithm’s point of view, it is this term that poses the biggest challenge.
Analog vs. digital readout for the HCal: The question of optimal 3-d granularity is intimately
related to that of the readout method, which needs to be evaluated by comparing jet resolutions
with both analog and digital readout. At the extreme, “digital” readout means a single-bit
“yes/no” decision on whether or not a minimum ionizing particle (MIP) has passed through a given
cell. Since such digital measurements are less susceptible to Landau and path-length fluctuations
than full (12-15 bit) analog measurements, hit counting has smaller spread than energies samples
in the active medium. We have shown that for small cell sizes (< 10 cm2 ), the number of cells
hit is a superior estimator of energy of single hadrons below 20 GeV (where more than 95% of
the particles in typical jets in multijet events of interest are concentrated) to traditional analog
sampling. Since the spatial spread of a shower increases in a less-than-linear proportion to its
energy, the advantage gradually disappears at higher energies. We find that a semi-digital readout
allowing multiple thresholds to classify the hit status of a cell can be effectively used counter this
non-linearity. This supports the contention that the dynamic range sacrificed in order to achieve
finer segmentation is not likely to hurt us at all.

Figure 3: The fractional resolution of single π ± energy using full analog (circles), 1-bit digital (squares), and
2-bit digital (triangles) read-outs. We find that 3 thresholds (i.e. 2-bits) is optimal.
It may be prudent to consider both the best analog and the best digital version of the HCal
for eventual evaluation with test beams provided both prove potentially capable of meeting the
energy resolution requirement. Such testing could spur future advances in readout technology.
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Particle-flow algorithms: For the first time in calorimeter development, it is necessary to take into
account the reconstruction algorithms in designing the detector(s). How good the jet energy
resolution will be depends ultimately on how well the PFA is formulated and tuned. We have
implemented, as the first step of a PFA, an algorithm that produces “pre-clusters” of calorimeter
cells using energy and local density as weights. The user can choose the parameters such as thresholds, neighborhood definitions etc. These preclusters serve as a quasi-geometry-independent set of
objects for the subsequent steps. The second step is to extrapolate the tracks and match them to
preclusters whenever appropriate, so that the energies of all charged-hadron-induced preclusters
can be replaced with the corresponding track momenta. The third step is to identify the photons
by shower-shape analysis in the ECal. The final step involves combining the track momenta with
photon and neutral hadron energies to produce high-precision jet energy measurements. Our goal
is to minimize the dependence of implementations of the high-level algorithms on detector geometry details. This will greatly facilitate portability of the algorithms across regional boundaries
and detector design choices. In addition to the preclustering algorithm from NIU, we already
have separate preliminary codes for identification of track segments minimum-ionizing-particles
(Iowa), propagating the tracks through the calorimeter taking energy loss into account (FNAL,
NIU), photon reconstruction (SLAC, Kansas), and reconstruction from these of PFA jets (ANL,
NIU). We are now working to combine these pieces into a fully functional jet-finding algorithm.
The PFA developed at NIU, performs full jet reconstruction using Monte Carlo “truth” for track
matching. The result of this is shown in Fig. 4. We see that this PFA affords a 40% improvement
in jet energy resolution compared to a traditional purely calorimetric measurement.

Figure
4: The estimated jet energy normalized to the true energy in e+ e− → ZZ → 4 jets events at
√
s = 500 GeV events using purely calorimetric measurement (left) and the PFA developed at NIU (right).
The calorimetric estimation uses traditional analog energy measurement, while the PFA uses semi-digital
(2-bit) measurement in this case. The PFA can be used in analog mode as well. No kinematic fitting based
on event topology is used in either measurement.
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The NIU group has also made significant contributions to LC detector simulation software during the
past 3 years. We ported and have been maintaining all of the current American software on the Linux
platform. Since mid-2002, we have been processing simulation requests from several groups engaged in
LC R&D, on Linux farms at NIU and FNAL. We organized a workshop at NIU/NICADD in November,
2002 (http://nicadd.niu.edu/ws/), to bring the groups together, chart a plan, and set out in an
organized manner. This was followed by similar workshops at SLAC in 2003 and at ANL in 2004.
Following are the simulation software projects where we have made substantial progress and hope to
remain commited:
Simulation of full detector concepts: We have developed, in close collaboration with our colleagues at SLAC, a stand-alone GEANT4-based simulation package. This package, named “LCDG4”,
fully complies with the model put forth by the ALCPG simulation group, and adds several useful
functionalities to it.[4] It produces “raw” hit output in the globally accepted LCIO format and
supports projective geometries in θ, φ, as well as non-projective ones with cells of constant linear
dimensions. After extensive testing, this package has been adopted as the standard for ALCPG.
Figure 5 shows an example event display from LCDG4.

Figure 5: Side view (left) and end view (right) of an e+ e− → tt̄ → e + ν+ 4 jets event at
the SD detector simulated using the LCDG4 program developed at NIU.

√

s = 500 GeV in

Simulation of test-beam prototype modules: Further, as members of the CALICE collaboration
(CAlorimeter for the LInear Collider with Electrons,[2]), and in active cooperation with our
European colleagues, we have produced a GEANT4-based simulator for the detector prototype
module that is expected to be exposed to test beams at Fermilab over a period of 3 years starting
in mid-2005. This program, called “TBMokka” is built on an alternative simulation framework
called “Mokka”, developed independently by our European colleagues. Figure 6 shows an example
event display from a stand-alone GEANT4-based program to simulate a test-beam module (this
program is used as a cross-check for TBMokka).[5]
We are well on our way to combining the best features of LCDG4 and Mokka. The new “next
generation” simulation program incorporates a more advanced XML-based geometry description
system. Like its predecessors, it supports run-time geometry specification, but offers a wider
range of options and easier changes to geometries using GDML (Geometry Description Mark-up
Language), a Geant4-specific extension of XML (eXtensible Mark-up Language).
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Figure 6: Side view of a 2 GeV π + passing through a near-final test-beam prototype module simulated using
the GEANT4-based simulation program developed at NIU.
Simulation of the signal extraction process following energy deposition: In another endeavor,
we have designed and coded the first version of a package, called “DigiSim”, to simulate the conversion of energy deposits produced by GEANT4 to electronic read-outs.[6] This package offers
the user a simple, flexible, and standard way to simulate the effects of thresholds, noise, crosstalk, inefficiencies, attenuation, and timing, that are involved in signal collection, propagation,
and conversion (digitization). In essence, it allows the user to model an arbitrary transfer function from the energy deposited at the cell to the corresponding “raw data”. DigiSim can be used
either in a stand-alone mode to produce a persistent output, or as an on-the-fly preprocessor
to the reconstruction program. In stand-alone mode, it produces output in the same format as
that envisaged from the real detector (except, of course, the simulation output also contains the
“Monte Carlo truth”, which the real data does not). No high claim to the performance of an
algorithm can be substantiated without a realistic accounting of the above-mentioned detector
effects. Thus, DigiSim plays a vital role, and has been warmly welcomed by the user community
worldwide. We expect it to be used for the simulation of both the various test-beam prototypes
and full-detector designs.
A summary of recent results from the above activities can be found in the 3 presentations made by the
project leader, on behalf of the NIU/NICADD group, at the ILCD05 meeting at Paris.[7]
Among the members of our group we have adequate experience in calorimeter hardware, electronics,
reconstruction software, and algorithm development. We anticipate close collaboration with other
groups with similar interests. Active links have been established with ANL, SLAC, FNAL, DESY, and
several university groups including the CALICE member institutions. We have produced, with groups
across the world as signatories, a preliminary “requirements document” for the simulation software
suite for the ILC detector(s).[8]
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The steady progress that we have achieved so far has been made possible by funding received received
for this purpose during the past 3 fiscal years from DOE and NSF, in addition to generous, but less
specific, funding from the Department of Education. In FY 2002 we received $45K from the DOE
under its Advanced Detector Research program. An exploratory grant of $8.5K was awarded by the
NSF in following year. Finally, last year (FY2004) we were awarded $35K for our simulation software
and algorithm development activities.
Activities outlined in this proposal are synergistic with the proposals for hardware prototyping of
different technology choices. We will continue to remain in close contact with the groups involved in
hardware development for the ECal and the HCal.
Facilities, Equipment and Other Resources
The funding requested here will be augmented by the following support, totaling approximately $500K,
from other sources:
(a) NIU/NICADD personnel,
(b) ANL/SLAC personnel,
(c) Computing hardware and support provided by NICADD,
(d) 40-CPU Fermilab Linux farm (run by NIU personnel). These machines are relatively old, with
per-CPU-capacity roughly a fifth of those requested in this proposal.
FY2005 activities and deliverables
During the first year we will concentrate on two things. First, design and development of well-structured
PFAs that can be easily ported across detector design details, as described before. Both analog and
digital versions (for the hadronic section) of the algorithms, which give encouraging preliminary results,
will be further investigated and optimized. Second, completion of the DigiSim package so the algorithms
can be tuned on input that closely resembles real data. Beam test will provide an opportunity to
understand not only the detector hardware, but the simulation and reconstruction software as well.
The first year deliverable will be a first version of a class of particle-flow algorithms based on full
simulation and reconstruction of the calorimeter and the tracking system. In addition, the standard
GEANT4-based simulation facility (farm+server) will be available for to the entire ILC community
through a web-based request form.[3] Also, the TBMokka simulator will be finalized during this period.
FY2006 activities and deliverables
Apart from extensive tuning of the algorithms, comprehensive studies of critical physics processes will
have to be carried out in order to understand the impact of the calorimeter performance on the physics
program of the Linear Collider. These studies will employ both the analog and digital versions of our
PFAs. The second year deliverables will be further development of PFA-based jet-reconstruction and
a detailed assessment of physics reach vs calorimeter performance for the ILC with a clear statement
on the desirability of a digital or analog option for the hadronic calorimeter.
FY2007 activities and deliverables
In the third year we will embark on the development of parameterized simulations of the particle-flow
algorithms. The technology and geometry are expected to have been narrowed down by that time
setting the stage for such parametrized fast simulation for extensive physics studies. By the end of
the third year we expect to produce, in collaboration with other groups, a fast simulation program
based on PFAs. In addition, extensive benchmarking of critical physics processes, as well as evolution
of pattern-recognition and reconstruction algorithms will continue.
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Budget justification
The first year’s activities revolve around the development of particle-flow algorithms and simulation.
This will involve NICADD staff members (not included in the budget shown here), and 1.0 FTE postdoctoral associate. Optimization and detailed performance studies of the algorithm will be carried out
in the second year by 1.0 FTE graduate student and 1.0 FTE post-doc with additional support from
NICADD staff. During the third year, the development of parameterized simulations will be supported
by 1.0 FTE post-doc, together with 1.0 FTE graduate students. Communication of progress and
exchange of ideas through international workshops and conferences will be crucial for our endeavor to
have a global impact. We estimate four domestic trips at $1.5K each and two international trips at
$2.0K each during the first year, and 1.5 times as many in the second and third years. The equipment
cost accounts for a 20-CPU Linux mini-farm + file server which will be needed in early FY06 to
augment the allocation from Fermilab, as the simulation service enters a serious production phase.
This additional capacity will have to be doubled toward the end of FY 2007.
Fringe benefits to personnel at NIU’s mandated rate of 52% of salary, and indirect costs at the off-site
rate of 26% (instead of the usual 45%, since the requested personnel will work in offices at Fermilab
allocated specifically for ILC R& D) are included in the requested amount.
Three-year budget, in then-year K$
Item
Post-doctoral Associates
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Other direct costs
Total direct costs
Indirect costs (26% of non-equipment)
Total direct and indirect costs

FY2005
41.0
0
0
41.0
23.8
62.7
0
10.0
0
74.8
19.4
94.2

FY2006
42.2
21.0
0
63.2
24.5
85.5
25.0
15.4
0
128.1
26.8
154.9

FY2007
43.5
21.8
0
65.1
25.2
90.3
23.0
15.9
0
129.2
27.6
156.8

Total
126.7
42.8
0
169.3
73.5
238.5
48.0
41.3
0
332.1
73.8
405.9
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Simulations” → “Simulation Requirements Document”.
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Calorimetry

6.10: Investigation of ECAL Concepts
Designed for Particle Flow
(new proposal)
Calorimetry
Contact person
Graham Wilson
gwwilson@ku.edu
(785) 864-5231
Institution(s)
Kansas

New funds requested
FY05 request: 30,000
FY06 request: 0
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Investigation of ECAL Concepts Designed for Particle Flow
Classification (subsystem)
Detector: electromagnetic calorimeter (barrel, endcap, low-angle)
Personnel and Institution(s) requesting funding
Eric Benavidez, Darius Gallagher, Carsten Hensel, Jonathan van Eenwyk and Graham W.
Wilson, Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045
Collaborators
We have listed the names of various people with whom we have been in discussion with
regarding participation in this and related projects.
Project Leader
Graham W. Wilson
gwwilson@ku.edu; graham@heplx2.phsx.ku.edu
(785)-864-5231
Project Overview
The project goal is to investigate electromagnetic calorimeter (ECAL) design concepts suited
to the linear collider physics program. The principal physics design criteria for the ECAL
are i) hermeticity ii) the precise measurement of jet energies using particle flow and iii) a
design suited to a general purpose experiment. All these criteria are closely tied to the overall
detector design concept, and therefore this project is being coordinated with the detector
design studies. In the following sections we outline some of the reasons for highlighting these
criteria and discuss their impact on the ECAL concept.
[Hermeticity] For e+ e− center-of-mass energies beyond mZ , physics processes with W’s
or Z’s decaying in channels with 1 or 2 neutrinos occur frequently. Potential new physics such
as supersymmetry leads to final states with characteristic missing transverse momentum. A
principal detector goal is that events with significant missing transverse momentum should
not be faked by Standard Model processes without neutrinos. It is of paramount concern that
high transverse momentum particles, particularly photons, are detected with zero inefficiency.
In the very forward region, (nearer the beam than the forward tracking), extremely efficient
detection of electrons from two-photon processes is mandatory. It can also be necessary to
detect muons and mips in such regions depending on the event topology.
The hermeticity requirements influence the ECAL design as follows: (i) need to avoid pointing
cracks (ii) requirement to detect minimum ionizing particles (iii) elimination of “intruders”
such as cosmics and halo muons (iv) reasonably uniform performance over the complete solid
angle
[Particle Flow] In the particle flow method of jet energy measurement [1], the ECAL is
used to measure the energy, polar angle and azimuth of photons in hadronic jets. A major
requirement is to avoid double-counting of charged particles and photons in the visible energy
measurement. This is most easily achieved by placing the ECAL at large radius.
The essential issue for the ECAL is measuring the 3-momenta of the photons over a dynamic
range of between about 100 MeV and 500 GeV.
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We have studied the intrinsic contribution to jet energy resolution arising from electromag√
E is
netic energy resolution [2] and we confirm that fractional energy resolution of ≈ 10%/ √
necessary in order to not appreciably degrade the potential jet energy resolution of 18%/ E.
For a realistic√particle flow algorithm in a detector where the overall jet energy resolution
attains 30%/ E, we expect this resolution would be dominated by confusion issues, and
one could consider relaxing the electromagnetic energy resolution requirement substantially
(perhaps by a factor of two) if jet energy resolution was the only physics concern (it isn’t !).

The measurement of τ -lepton decays places severe constraints on the separation of charged
hadrons from photons from π 0 decay. Kinematic reconstruction of events containing τ -leptons
places rather stringent demands on the ECAL. (HCAL is relatively unimportant since neutrons are absent and KL0 are rare).
Another aspect of the calorimeter design which should not be overlooked is the detection
and measurement of hadronic jets in the forward region where the charged particle tracking
is likely to be compromised, specialized functions need to be accommodated (eg. Bhabha
acolinearity measurement, luminosity measurement), and in general the environment is less
conducive to full reconstruction (pile-up from γγ events).
[Design suited to general purpose e+ e− experiment] Detection and precision measurements of electrons and photons is an essential element of an e+ e− experiment. The measurement of Bhabha’s and the e+ e− → γγ process are part of the basic program and are expected
to play an important role in the measurement of absolute luminosity and the differential luminosity spectrum. Photons from initial and final-state radiation are often crucial aspects to
doing some of the physics. With the prevalence of “radiative-return” events and events from
two-photon interactions, the tagging of the initial-state photon or a scattered electron can
be essential to physics analyses. ``γ events will be a useful cross-check of the center-of-mass
energy determination.
Given that we don’t know what new physics will be explored at the linear collider, there is little
strong guidance on the required energy resolution for the ECAL. One scenario which deserves
more investigation, as it is one of the more compelling constraints on the ECAL resolution, is
the measurement of the Higgs branching ratio to γγ presuming a Higgs mass of around 120
GeV. This was studied in [3]. The best measurement will come from the WW fusion channel
(e+ e− → νe νe γγ) at the highest center-of-mass energy which has to compete against a large
non-Higgs Standard Model background. This measurement would be complementary to LHC
because together with other channels the BR could be measured directly. For similar reasons
to LHC, the ECAL mass resolution directly influences the measurement precision. For this
kind of application, the constant term in the energy resolution can be just as important as
the stochastic term, and so an ECAL design which minimizes non-uniformities and can be
easily calibrated is important.

Detector Design Considerations relevant to ECAL
The final detector designs will be heavily influenced by the choices made for the calorimetry.
Some of the main design parameters which need to be considered are: the chosen B-field, the
inner radius of the ECAL, the radius of the coil, and the aspect ratio (ie. the polar angle at
which to change from a barrel to an endcap geometry).
Much of the current ECAL effort has been directed to applying the principles used very
successfully in the limited solid angle LEP/SLC Silicon-Tungsten ECALs used for luminosity
measurements to a full solid angle detector [4]. This approach is very attractive. Existing
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studies have characterized reasonably well the potential performance of the design studied for
the TESLA TDR [5]. The main potential drawback is the cost, which may force the detector
design to small radius, large field and fewer sampling layers, as in the SiD approach.
To date, there has been relatively little work focussed on ECAL concepts which are well
matched to the goals of particle flow at large radius. Given that there are good reasons to
believe that a larger detector has a better physics potential, [11], this should be seen as an
area of critical need.
The University of Kansas group has been working on developing ECAL concepts which have
the potential to be competitive with Si-W in properties where Si-W excels while substantially
more cost effective and offering complementary capabilities in terms of energy resolution and
timing resolution. A more cost effective solution would naturally lead to the possibility of
building a much larger detector which would be the most effective way of ensuring particle
separation for particle flow measurements. This would naturally fit well into the large and
huge detector design studies.
We have been studying compact hybrid sampling ECAL structures with Tungsten absorber,
with both silicon sampling gaps and scintillator sampling gaps. This approach promises
the cost-effective use of silicon for shower pattern recognition and position measurement,
while using cheaper scintillator layers as the main sampling medium. With this approach
we have studied the simpler configurations of only Silicon sampling and only Scintillator
sampling too. The current favored approach for the scintillator sampling is using scintillatortiles with wavelength shifting (WLS) fiber readout to “on-tile” Silicon-Photomultiplier photodetectors as employed in the CALICE MiniCAL [13]. The Silicon-PM has obvious advantages
in terms of hermeticity, operation in B-field, and calibration (individual photo-electron peaks
can be resolved). Features which need to be taken into account/mitigated are the noise and
saturation characteristics.
We have been very encouraged by superb position resolution estimates for photons with SiW sampling structures (300 µm for 1 GeV photons) assuming probably unrealistically small
1mm2 pads [7] in a Si-W structure with a Moliere radius of 15 mm (see Figure 1). We are
starting to envisage a new kind of particle-flow ECAL.
The essential issue about granularity is the separation of photons from charged tracks. This is
best achieved by doing this separation at the longitudinal coordinate near which the photon
converts. Our current ideas are to have a calorimeter which might consist of the following
sections in depth :
• PAIRCAL: About 5 radiation lengths with Tungsten absorber and fine transverse granularity Silicon sampling layers (sampling at least every 0.5 radiation lengths). This device
would pin-point the initial photon-conversion both in terms of transverse coordinate and
longitudinal coordinate with very high efficiency. It may also be used to add some precise
outer space points on high momentum tracks.
• SHOWERCAL: About 10 radiation lengths with Tungsten absorber and coarser transverse granularity Silicon sampling layers. The sampling would be at least every radiation
length. More frequent sampling with some scintillator layers could be considered, but
would need to be rather compact longitudinally. This device would do the bulk of the
energy measuring while retaining excellent pattern recognition abilities before and after
the EM shower maximum.

616
296

3000

ID
Entries
Mean
RMS

2500
2000

400
10000
-0.1674E-01
1.724
265.9 / 89
512.9
-0.6561E-02
1.514

Constant
Mean
Sigma

1500

7.164
0.1535E-01
0.1435E-01

1000
500
0

-4

-2

0

2

4

Position residual from ybar (mm)
3000

ID
Entries
Mean
RMS

2500
2000

807
10000
-0.1620E-02
0.6155
508.0 / 56
2492.
0.3309E-02
0.3039

Constant
Mean
Sigma

1500

34.30
0.3123E-02
0.2733E-02

1000
500
0

-4

-2

0

2

4

Position residual from yfit (mm)

Figure 1: Measured position resolution in one dimension for 1 GeV photons in a Si-W calorimeter
with 42 sampling layers with 1mm2 pads. Upper graph shows the results from the longitudinally
integrated center-of-gravity of the shower with a resolution of 1.5 mm. The lower graph shows the
results of a weighted ”track-fit” to the first 12 layers. A position resolution of 300 µm is achieved
with 100% efficiency.
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• EM-TAILCAL: About 15 radiation lengths of cheaper technology ECAL still with sampling frequency of at least every radiation length. The absorber could be Tungsten or
Lead. Lead would have the advantage of a better radiation length to interaction length
ratio, and being cheaper. Longitudinal compactness requirements would be less severe.
This portion should also provide functionality at least as good as the chosen HCAL
technology, but needs to be analog.
This kind of arrangement is probably better suited to detector integration than the hybrid
designs we have been exploring. Each potentially different technology has its own radial space.
However, the radial subdivision may also entail new difficulties with calibration and pattern
recognition which would need to be investigated/minimized.
Broader Impact
The project will support participation of undergraduates in research.
Our on-going work with setting up cosmic-ray test facilities will be done in such a way that
we can use the apparatus as part of an open-day type demonstration in conjunction with a
diffusion cloud-chamber we recently acquired. This apparatus will allow the general public to
see and hear cosmic-ray muons.
We are interested in making movies which depict what happens in an e+ e− interaction as the
reaction products propagate through the detector and interact. The idea will be to capture
images of a simulated event at appropriate time intervals after the interaction. Particularly
relevant to this project, is to depict well the electromagnetic shower development.
Results of Prior Research
[Progress to Date]
We have made progress on a number of issues related to this proposed project.
• We have studied the dependence of jet energy resolution on the intrinsic resolution of
the tracker, the ECAL and the HCAL for all jet flavors. This study was carried out
by Darius Gallagher (graduate student) under the supervision of Wilson. Results were
reported at the Cornell, Summer 2003 meeting.
• Studies related to the importance of hermeticity in the detector design were described
in the TESLA TDR by Wilson [6], and related results were reported in a plenary talk at
the SLAC January 2004 ALCPG meeting [8]. Gallagher has been exploring the ability
to detect smuons in low visible energy scenarios where hermetic forward coverage is
essential and the beam-hole caused by a large crossing-angle may be a hard limitation.
• Undergraduate student, Eric Benavidez, has been instrumental in developing our GEANT4
capabilities under the supervision of Wilson. We have developed simulations related to
the following:
optical tracking of photons in scintillator tiles
simple sampling calorimeter test-beam geometries with arbitrary sampling media
pixelised sampling calorimeters
• We have used these simulation tools to study several issues relevant to the ECAL design concept. These have been reported at the regular meetings both nationally and
internationally [9]. Some of the main results are the following:
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Characterization of the energy resolution dependence on absorber and active material thicknesses. Studies have been done for Si-W, Scint-W and hybrids with W absorber
and both Si and scintillator active layers. In particular we demonstrated that thicker
Silicon layers which lead to a higher sampling fraction benefit the energy resolution.
Examples are shown in Figure 2 and Figure 3.
We have investigated the position resolution for photons as a function of the cell
size. We have found, (as we expected), that cell sizes much smaller than the Moliere
radius, do indeed lead to much √
better position resolution. Even with 1mm pads, we still
found a resolution of pad-size/ 12.
Study of the correlation between the Silicon and scintillator response in hybrid structures. An anti-correlation of as much as 20% was observed which goes in the direction
of improving the energy resolution compared to that which would be obtained with pure
Si-W or pure Scint.-W. This observation offers the possibility that novel media may lead
to larger (and more beneficial) anti-correlations.
Study of some of the dynamic range issues associated with measuring beam energy
electrons and photons at the highest center-of-mass energies.
Observation that studies reported by other groups were using cutoffs in the electromagnetic simulation which were affecting quantitatively their conclusions.

• We have developed a VME data acquisition system with multi-channel QDC’s and TDC’s
for measurements with scintillator-based detectors. Undergraduates Eric Benavidez and
Jonathan van Eenwyk have worked together with Wilson on the commissioning of this
system. We have been using this with a cosmic-ray trigger, as a set-up designed for
testing scintillator-tile assemblies. We are currently getting this running with scintillator
tiles from OPAL described in [12]. We also have some sources which will be used in this
study.
• We have been in communication with a number of potential collaborators, whom we are
interested in collaborating with on this or related projects.
M. Ronan, (LBL) : large detector concept
R. Frey, D. Strom (Oregon) : Si-W
J.C. Brient, (Ecole Polytechnique) : Si-W ECAL
M. Thomson, D.R. Ward, (Cambridge), calorimeter reconstruction
K. Kawagoe (Kobe), T. Takeshita (Shinshu), scintillating-tile ECAL
B. Dolgoshein (MePHI), M. Danilov (ITEP), Silicon-PM
V. Korbel, F. Sefkow (DESY), tile-HCAL applied to ECAL
V. Zutshi (NIU)
S. Kuhlmann, S Magill (Argonne)
P. Checchia (Padova)
D. Onoprienko, E. von Toerne, T. Bolton (Kansas State)
P. Baringer, A. Bean, D. Besson (Kansas)
N. Graf, A. Johnson (SLAC)
[Results of Grant most closely related to our LC research]
The grant most closely related to our LC research was the $7500 (including overhead) contribution we received from the UCLC planning grant in FY2003. The award period was July
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Energy resolution at 1 GeV (per cent)
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Figure 2: Dependence of energy resolution for 1 GeV photons on sampling layer thickness for 3
different ECAL configurations. Each ECAL has 30 radiation lengths of Tungsten absorber (ie. 105
mm of W).
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Photo-electron statistics ..
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Figure 3: Energy resolution for 1 GeV photons vs scintillator sampling thickness for 75 sampling
layer W calorimeters with 30 radiation lengths of W. The lowest curve shows the contribution from
only sampling fluctuations. The four upper curves include the effect of photo-electron statistics with
assumptions of 2.5 photo-electrons/mip/mm (upper curve), 5.0 pe/mip/mm, 10.0 pe/mip/mm and
20.0 pe/mip/mm. Note the suppressed zero.
2003 to September 2004. This was targeted at our proposal entitled “Investigation and Design Optimization of a Compact Sampling Electro-magnetic Calorimeter with High Spatial,
Timing and Energy Resolution”.
The funds were used to partially fund our undergraduate researchers, Benavidez and van
Eenwyk. They were also used substantially for travel to workshops at which results were
presented and opportunities to discuss with colleagues and future collaborators presented
themselves.
Results related to this grant are described above, and in more detail on the following web
page and related links [10].
This proposal is not for renewed support, but it does differ a little in scope compared to
the previous proposal to UCLC, in that now that the accelerator technology choice has been
made, and a short bunch crossing time has been excluded, we have de-emphasized timing
resolution.
Facilities, Equipment and Other Resources
Machine shop with two experienced machinists. CAD technician. Electronics engineer and
electronics technician. Instrumentation Design Lab. Linux cluster with 7 high-end dual-CPU
machines. Clean rooms with facilities designed for Silicon detectors. Cosmic-ray test-stand
with VME data acquisition. Variety of check sources particularly ones with internal conversion
electrons.
FY2005 Project Activities and Deliverables
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We will investigate the performance characteristics of various ECAL concepts.
We will work on the photon reconstruction package for the particle flow algorithm. Carsten
Hensel (post-doc) will take the lead on this in collaboration with Norman Graf (SLAC). This
activity should be beneficial to all ECAL concepts and detector design concepts. Deliverables
will include characterization of the photon reconstruction performance. We are very keen
to also investigate the quality of reconstruction of photons inside hadronic jets (ie. near
interacting charged particles). A useful figure of merit, which factorizes out neutral hadron
effects, may be the reconstructed visible energy in hadronic Z decays where there are no
neutral hadronically interacting particles, nor neutrinos.
Depending on the realism achieved in the detector design simulation, we would also plan
on characterizing the expected photon response over the full solid angle paying particular
attention to the regions where hermeticity might be compromised.
We are very interested in getting involved in test-beam tests of particularly photon/chargedhadron separation, and anticipate getting involved in current Si-W projects.
Investigation of Silicon-photomultipliers.
FY2006 and FY 2007 Project Activities and Deliverables
This proposal is targeted at the development of an electromagnetic calorimeter design concept
in calendar year 2005. We foresee future funding requests for the validation of design choices
and construction and testing of a prototype once we have converged on an electromagnetic
calorimeter design concept.
Budget justification: University of Kansas
The budget and scope we have outlined for this project is primarily for the design of a
concept. In this respect a majority of the costs are associated with personnel (in the form of
undergraduate research support), and the support for travel. The travel will be associated
both with software development, particularly in collaboration with SLAC, and also work
related to the detector design concept which will involve travel to discuss with collaborators
both in Europe and Asia, and participation at the Snowmass workshop.
The materials and supplies items are associated with fabrication of scintillating-tile assemblies
and associated photo-detectors.
Three-year budget, in then-year K$
Institution: University of Kansas

622
302

Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs(1)
Total direct and indirect costs

FY2005
0
0
6
6
0
6
0
10
5
0
0
21
9
30

FY2006
0
0
0
0
0
0
0
0
0
0
0
0
0
0

FY2007
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Total
0
0
6
6
0
6
0
10
5
0
0
21
9
30
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6.14

Calorimetry

6.14: Construction of a Prototype Hadronic
Calorimeter with Digital Readout
(new proposal)
Calorimetry
Contact person
José Repond
repond@hep.anl.gov
(630) 252-7554
Institution(s)
ANL
Boston University
Chicago
Fermilab
Iowa

New funds requested
FY05 request: 105,000
FY06 request: 130,000
FY07 request: 55,000
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Construction of a Prototype Hadronic
Calorimeter with Digital Readout
(LCRD)

Calorimetry

Contact person: José Repond
e-mail: repond@hep.anl.gov
phone: (630)-252-7554

Argonne National Laboratory
Boston University
University of Chicago
Fermi National Accelerator Laboratory
University of Iowa

FY 2005: $105,000
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Project name
Construction of a Prototype Section of a Digital Hadron Calorimeter
Classification (accelerator/detector:subsystem)
Detector
Institution(s) and personnel
Argonne National Laboratory: Gary Drake (electronics engineer), Steve
Kuhlmann (staff scientist), Steve Magill (staff scientist), Brian Musgrave
(scientist emeritus), José Repond (staff scientist), Dave Underwood (staff
scientist), Barry Wicklund (staff scientist), Lei Xia (postdoctoral research
associate)
Boston University: John Butler (professor), Meenakshi Narain (professor)
University of Chicago: Mark Oreglia (professor)
Fermilab: James Hoff (electronics engineer), Abderrezak Mekkaoui
(electronics engineer), Ray Yarema (electronics engineer)
University of Iowa: Edwin Norbeck (professor), Yasar Onel (professor)
Contact person
José Repond
repond@hep.anl.gov
(630)-252-7554

Project overview
We propose to construct a 1 m3 prototype section of a digital hadron calorimeter. The
section will consist of 40 steel plates, each 20 mm thick, interleaved with Resistive Plate
Chambers (RPCs) as the active medium. The segmentation of the readout will be
extremely fine, 1 cm2 laterally and layer-by-layer longitudinally. The electronic readout
will be reduced to a single bit per readout channel. This novel idea of a so-called digital
hadron calorimeter (DHCAL) will be tested thoroughly in test beams at Fermilab. The
tests will be either in stand-alone mode or together with a prototype of the
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electromagnetic calorimeter placed in front of the DHCAL. The proposed technology of a
digital hadron calorimeter with RPCs is equally applicable to all three International
Linear Collider detector design efforts, namely the SiD, the Large, and the Huge
detectors.
The purpose of constructing a prototype section and subsequent tests in particle beams
are:
-

-

-

-

-

-

Test of a calorimeter with RPCs: even though RPCs have been employed in a
large number of HEP experiments, to date no calorimeter with RPCs as active
medium has been built and tested. Our tests will validate the use of RPCs in
calorimetry.
Tests of the novel idea of a DHCAL: in simulation studies of a DHCAL the
resolution obtained for hadrons is comparable to the results obtained with analog
readout. Experimental verification of this and validation of the concept of a
DHCAL is needed.
Study of design parameters: measurements with different configurations of the
prototype section will provide a better understanding of the dependence of the
response to the various design parameters, such as the choice of absorber, the size
of the active gap, the segmentation of the readout, etc.
Measurement of hadronic showers: traditional calorimeters measure energy
with a coarse segmentation, thus integrating over large volumes. Our DHCAL
prototype section will measure hadronic showers with unprecedented spatial
resolution, thus providing very detailed information on hadronic showers.
Validation of Monte Carlo simulation of hadronic showers: the measurements
obtained in a particle beam will be essential to validate the Monte Carlo
simulation of hadronic showers. To date differences of up to 60% are observed
when comparing the results on shower shapes based on different MC models of
the hadronic shower. The design of a detector for the International Linear Collider
is driven by the application of Particle Flow Algorithms for the measurement of
hadronic jets. A realistic simulation of hadronic showers is a prerequisite for the
development of a reliable design of such a detector.
Comparison with an Analog Hadron Calorimeter: Currently the CALICE
collaboration is assembling a prototype section of a hadron calorimeter using
scintillator tiles and analog readout. The lateral size of the tiles is about a factor of
10 larger than the readout pads of the DHCAL.

The present proposal is a follow-up on last year’s proposal. The current overall status of
the project is briefly summarized here:
-

R&D concerning the RPCs is essentially complete. A design to be used for the
prototype section has been developed.
A concept for the electronic readout system has been proposed. The cost of the
readout is approximately $1.4/readout channel.
The front-end of the electronic readout is based on a custom ASIC. The design of
the ASIC, contributed by Fermilab, is nearly complete.
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-

The mechanical structure, consisting of a movable table and the absorber plates,
has been designed and is currently being assembled at DESY.
A detailed document outlining the special needs for test beams has been submitted
to the Fermilab directorate.

Achievements in previous years
Our project was initiated in 2002. In the following we shall briefly highlight the major
achievements since then:
1)

2)

3)
4)

5)

6)

7)

8)
9)

10)

We have constructed ten chambers using as resistive plates glass of 0.85 and 1.10
mm thickness. The chambers feature either one or two gas gaps and have
resistive paint layers with surface resistivity varying between ~100 kΩ and ~50
MΩ. The designs of the chambers vary significantly, with some chambers
featuring only one glass plate, others having only one or no resistive layers. The
active area of the chambers is approximately 20x20 cm2. A larger chamber with
an area of 30 x 90 cm2 has also been built.
The electronic signal induced on the pick-up pad(s) has been characterized with
respect to its timing characteristics and charge using a high resolution digital
oscilloscope.
A cosmic ray test stand was built.
The chambers were tested extensively with a single readout pad of 17 x 17 cm2.
The signals were measured with an ADC and also shaped, amplified,
discriminated and counted. The chambers were found to be very quiet (the noise
rate is about 50 Hz) and highly efficient (>95%) in both avalanche and streamer
mode.
The chambers were tested using different gas mixtures. For each mixture the
overall efficiency and the fraction of streamers was determined as a function of
applied high voltage. A default mixture for running in avalanche mode was
established.
The efficiency as a function of position on the chamber was measured at the
University of Chicago. As expected, the efficiency showed a dip at the location of
the spacers holding the glass plates apart. The loss of efficiency is consistent with
being limited to the area of the spacers.
A high voltage system based on the Cockcroft-Walton technology has been
developed. First prototypes of the HV system have been tested with our prototype
chambers and they performed satisfactorily.
The mechanical properties of the glass were measured to establish the bending
due to gas pressure and the electric force.
A VME based multi-channel readout system has been designed, fabricated and
assembled. The software for the data acquisition has been written and the system
has been commissioned to take either triggered cosmic ray data or untriggered
events for noise measurements.
The chambers were read out with 64 pads, each of 1 cm2. The signals were
analyzed with an ADC system. The lateral distribution of the induced charge
around the pad hit was measured.
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11)

12)

13)

14)

15)

16)

17)
18)

The hit multiplicity as a function of particle detection efficiency (adjustment of
the discriminator threshold) was measured for several chambers based on
different designs and as a function of applied HV.
Lower limits on the rate capability of the chambers were measured as a function
of applied high voltage using a radioactive source, providing the rate, together
with cosmic rays for the efficiency measurement.
A conceptual design of the readout system for a 1 m3 prototype section has been
developed. The system is based on a front-end ASIC and contains a data
concentrator, a data collector, and a timing and trigger system. Preliminary costs
for the various subsystems of the electronic readout have been estimated. The
design accommodates both RPCs and Gas Electronic Multipliers (or GEMs) as
active detectors. The latter are currently being investigated by the University of
Texas at Arlington.
The design of the front-end ASIC has been specified in a detailed document. The
engineering of the chip has been started and is being provided by Fermilab. The
digital part of the chip is complete.
The response of the 1 m3 prototype to single particles of various energies has been
simulated using the GEANT4 package. Comparison of the response to electrons
and pions using scintillator or RPCs as active medium showed that both
electromagnetic and hadronic showers appear narrower when using RPCs. The
reasons for this different behavior have been established. The narrower showers
constitute a clear advantage for the application of Particle Flow Algorithms.
In collaboration with other institutions developing calorimeter prototypes for the
ILC, a technical note detailing the needs for test beams has been drafted and
submitted to Fermilab.
Progress with our R&D activities has been presented at meetings of the Linear
Collider community and also at conferences dedicated to detector developments.
A digital hadron calorimeter with RPCs as active medium has been chosen as the
default option for the SiD detector design effort.

Description of project activities in the following years
For FY2005 we plan the following activities:
1) We will construct additional large chambers with dimensions matched to the
planned prototype section.
2) We will test the performance of these chambers, in particular the uniformity of the
response.
3) We will develop a design for the 1 m3 prototype section and start constructing the
first chambers.
4) We will design and prototype the front-end boards containing the readout pad and
the front-end ASIC.
5) We will complete the design of the ASIC and submit the design for a prototype
run.
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6) We will measure the performance of the prototype ASIC in great detail using
specially designed test fixtures.
7) We will design and prototype the data concentrator boards.
8) We will design and prototype the VME based data collector system.
9) We will design and prototype the timing and trigger system.
10) We will design and prototype the high voltage distribution system
11) We will develop a gas distribution system.
For FY2006 we plan the following activities. These activities will in part be supported by
a separate MRI proposal submitted to the NSF. The dollar amounts are quoted excluding
contingencies:
1) We will build the RPCs for the prototype section. We foresee building 120
chambers plus of the order of 10 spares.
2) We will build the electronic readout system for the prototype section including the
front-end ASICs ($225k), the front-end readout boards ($50k), the data
concentrator boards containing FPGAs($85k), and 40 VME cards ($60k) for data
collection.
3) We will purchase low voltage power supplies ($50k), optical fibers and other
transmission cables ($5k) and 2 VME crates with power supplies ($15k
4) We will build or purchase the High Voltage and gas distribution systems.
The following activities are planned for FY2007:
1)
2)
3)
4)

Transportation of the chambers to the Fermilab test beam.
Assembly of the prototype section.
Testing with particle beams.
Detailed Monte Carlo simulation of the response of the prototype section to single
particles.
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Responsibilities as currently assigned
Argonne National Laboratory

Construction of chambers
Overall electronic system design
Test fixtures for front-end ASIC
VME based data collector system
Transportation of RPCs to test beam
VME based data collector system
Data concentrator boards
Front-end ASICs
Front-end readout boards
High voltage distribution system
Gas distribution system
Timing and triggering system
Data acquisition and VME programming

Boston
Chicago
FNAL
Iowa
UTA*
Washington*
*

not part of this proposal

Engineering and technical effort during FY2005
Engineering and technical support will be needed for the following tasks:
1. The design and construction of chambers for the prototype section.
2. The design and prototyping of the readout system for the prototype section,
including the development of the front-end ASIC (provided by Fermilab), the
design of the front-end board (located on the RPCs), the data concentrators and
the data collector systems.
3. The design and fabrication of test fixtures for the prototype ASICs.

Current and Pending Support
The following concerns the Argonne Linear Collider Detector R&D group only. The
funds are being used to support one postdoctoral research assistant, the design efforts
(engineers) and the prototyping of parts of the electronic readout system.
Current
Project:
Funding agency:
Program:
Status:
Duration:
Amount:

Precision Measurements of Hadronic Showers
Argonne National Laboratory
Laboratory Directed Research and Development (LDRD)
Awarded
One year
$181,500
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The following concerns the Argonne Linear Collider Detector R&D group only. The
funds are being requested for the front-end electronics of the prototype section. The
proposal is being submitted jointly with the University of Oregon and the University of
Texas at Arlington.
Pending
Project:
Funding agency:
Program:
Status:
Duration:
Amount:

Development of Calorimeter Prototype Modules for
International Linear Collider Test Beam Program
NSF
MRI
to be submitted
3 years
$950,000

Broader Impact
The challenges raised by the linear collider physics program promote the development of
new detector technologies. The necessary fine granularity of the hadron calorimeter
requires a novel technical approach. The proposed digital hadron calorimeter with
Resistive Plate Chambers as active medium fulfills the physics criteria, but has never
been built and tested before.
These technological challenges require close collaboration between industries,
universities and national laboratories. The project involves a number of graduate and
undergraduate students associated with the universities participating in this proposal. At
Argonne the project will attract participation from high school teachers and summer
students.
The detailed measurements of the response to single particles will further the
understanding of hadronic showers and provide a unique data base for comparison with
simulation. The results from this program will be disseminated through national and
international conferences and workshops and published in peer-reviewed journals.

Facilities, Equipment and other Resources
All institutions included in this proposal have outstanding electronic engineering
capabilities and electronic design facilities. Mechanical work will be mostly done at
Argonne. The latter has a mechanical shop with many years of experience in designing
and constructing calorimeters for high energy physics experiments.
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Budget and budget justification
Institution
Argonne

Boston

Chicago

FNAL
Iowa

All
Total

Item
Summer students,
other professionals
Engineering
M&S for (prototype)
electronics
Transportation of
RPCs to testbeam
Students, other
professionals
Engineering
M&S for (prototype)
electronics
Engineering
M&S for (prototype)
electronics
Engineering
Students, other
professionals
Engineering
M&S for HV and gas
system
Travel

FY2005

30,000

FY2006
Supported
from
base funds
40,000

FY2007

20,000
5,000

5,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000

Funded elsewhere
5,000

5,000

5,000
15,000

5,000
20,000

5,000

5,000
105,000

5,000
130,000

10,000
55,000
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6.16

Calorimetry

6.16: Dual-Readout Calorimetry for the ILC
(new proposal)
Calorimetry
Contact person
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Institution(s)
U.C. San Diego
Iowa State
Texas Tech

New funds requested
FY05 request: 50,000
FY06 request: 120,000
FY07 request: 80,000
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Dual-Readout Calorimetry for the ILC
Classiﬁcation (subsystem)
Calorimeter
Personnel and Institution(s) requesting funding
Texas Tech University: N. Akchurin, H. Kim and R. Wigmans
University of California at San Diego: H.P. Paar
Iowa State University: J. Hauptman and J. Lamsa
Collaborators
A. Penzo (INFN Trieste, Italy)
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Dr. Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Project Overview
The DREAM (Dual-REAdout Module) calorimeter was developed as a device that would
make it possible to perform high-precision measurements of hadrons and hadron jets, while
not subject to the limitations imposed by the requirements for compensating calorimetry.
The detector is based on a copper absorber structure, equipped with two types of active
media which measure complementary characteristics of the shower development. Scintillating
ﬁbers measure the total energy deposited by the shower particles, while Čerenkov light is only
produced by the charged, relativistic shower particles. Since the latter are almost exclusively
found in the electromagnetic (em) shower component (dominated by π 0 s produced in hadronic
showers), a comparison of the two signals makes it possible to measure the energy fraction
carried by this component, fem , event by event. As a result, the eﬀects of ﬂuctuations in
this component, which are responsible for all the traditional problems in non-compensating
calorimeters (non-linearity, poor energy resolution, non-Gaussian response function), can be
eliminated, and an important improvement in the hadronic performance is achieved.
The results of our work so far, details of which are given in the section “Results of Prior
Research” demonstrate that the complementary information from dE/dx and from the production of Čerenkov light in the same showers provides a very powerful tool for improving
hadronic calorimeter performance. In the proposed project, we would like to study how this
principle could be optimally applied in a practical 4π detector for an experiment at the ILC.
We want to concentrate on two aspects:
1. The electromagnetic section
2. The readout
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The electromagnetic section
The beneﬁts of the dual-readout method are by no means limited to ﬁber calorimeters. Any
medium that generates both Čerenkov light and scintillation light can be used for this purpose.
And since the sampling fraction does not have to have a speciﬁc value (as in compensating
calorimeters), there is no reason why a calorimeter based on the dual-readout principle could
not have excellent electromagnetic energy resolution. An attractive and cost-eﬀective option
which we would like to investigate is an electromagnetic section consisting of trapezoidal
lead-glass blocks doped with an appropriate scintillating agent. The concentration of the
dopants and their properties (decay time, spectrum) should be chosen such as to optimize
the eﬃciency with which the scintillation and Čerenkov signals could be separated from each
other.
We foresee a three-year program for this part of the project, which will be concentrated at
Texas Tech University. In Year 1, we will investigate diﬀerent dopants and doping techniques.
A number of small doped lead glass blocks will be produced and tested, with the electron Van
de Graaﬀ accelerator at Texas Tech University. In Year 2, we will build and assemble a full
electromagnetic detector based on the chosen, optimized technique. In Year 3, this detector
will be combined with the existing DREAM hadron calorimeter, and tested in high-energy
particle beams at CERN or Fermilab.
The readout
The ﬁber-based DREAM calorimeter could in principle form an excellent and cost-eﬀective
solution for the hadronic section of a calorimeter system for a Linear Collider experiment.
However, the readout of its many ﬁbers would present a substantial challenge. The scintillating ﬁbers and the Čerenkov ﬁbers have to be grouped in separate bunches for readout by
their respective light detectors. The prototype that was extensively tested in particle beams
was read out with standard photomultipliers (PMTs), two per tower. The grouping of the
ﬁbers was labor intensive and required the ﬁbers to extend about 50 cm beyond the end of the
calorimeter. While this worked very well in the beam tests, it probably would not scale well
with the lateral size of the calorimeter. We propose R&D on a variety of readout techniques
to see if we can identify and develop a readout method that is practical and consistent with
the requirements of an actual ILC experiment.
To reduce the amount of work required for separating the ﬁbers into bunches, it is clearly
advantageous if the bunches can be made as small as possible and be directed to their respective readout elements without too much routing. At the present time, great advantages
in that respect seem to be oﬀered by the use of silicon photomultipliers (SiPM).
These devices were developed a few years ago by a group from the Moscow Engineering and
Physics Institute, in collaboration with the ”Pulsar Enterprise” and the Lebedev Physical
Institute. They consist of many (approximately 1000 per mm2 ) Si pixels operating in a
limited Geiger mode with a gain of 106 . Each pixel is operated in a binary mode, but because
of the high pixel density, each pixel sees on average less than one photon, so that the response
is linear. As the number of photons per mm2 increased, the pixels have to be made smaller to
keep the number of photons per pixel less than 1. The current state of the art is 2500 pixels per
mm2 , adequate for our purposes. The signals from the pixels are readout by aluminum strips
connected to the individual pixels to collect their summed signal. We want to investigate
if these strips could be tailored to form readout patches each consisting of many pixels but
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small enough to accept scintillating or Čerenkov ﬁbers on each patch. There is a trade-oﬀ
to be made between the number and size of the patches on the one hand and the number of
ﬁber bunches to be made and routed on the other hand.
Published tests (B. Dolgoshein et al., Int. Conf. on New Developments in Photodetection,
Beaune, France, June 2002) show that the SiPM have properties similar to the best PMTs
in terms of gain, noise, time resolution, and single-photon detection (good for calibration)
but they do not require high voltage (tens of Volts are suﬃcient), can operate in magnetic
ﬁelds, have better stability under temperature and voltage variations. Their dynamic range
(∼ 1000) is more limited than for PMTs but adequate for our purposes.
Also for this part of the project, we foresee a three-year program. UCSD will be the lead
institution for this part. In Year 1, we will investigate SiPM’s properties using light sources.
Especially spatial uniformity of response, linearity, spectral respsonse, and stability under
voltage and temperature variations are of interest. In parallel and as a possible alternative,
we will investigate standard multi-anode PMTs. In Year 2, we will build a small version of
the DREAM calorimeter, using existing spare material from the existing project, and equip
it with the readout chosen on the basis of the Year 1 R&D. In Year 3, this calorimeter will
be tested in high-energy particle beams at CERN or Fermilab.
Broader Impact
This proposal, if funded, will contribute to the knowledge base in our respective Physics Departments. The beneﬁciaries of that will be postdocs, graduate students, and undergraduate
students participating in the research funded in this proposal.
One of us (Hans P. Paar) is co-director of NSF’s REU (Research Experience for Undergraduates) program located in UCSD’s Physics Department. Through this program, we will recruit
undergraduates, generally from disadvantaged backgrounds, to participate in our research program. This includes taking them with us to an accelerator laboratory such as FermiLab or
CERN where they can experience ﬁrst hand the atmosphere of forefront research.
As in the case of the DREAM project, we will involve TTU Quarknet treachers and their
highschool students in construction, tests and analyses, where possible.
Faculty will recruit junior and senior undergraduates to participate in our laboratory based
research. There they will use the state-of-the-art equipment to which this Grant has contributed.
Undergraduates working in our labs will often present their research at an Undergraduate
Research Conference, attended by their peers and faculty supervisors. Here they learn what
it means to stand up and present your results and answer questions ”on your feet”.
Results of Prior Research
This project, known by its acronym DREAM (Dual-REAdout Module) was started in 2001,
with a grant ($150K) received by the project leader in the context of the Advanced Research
Program of the State of Texas. In 2002, this grant was supplemented by funds from DOE’s
Advanced Detector Research program. Since then, the proponents have received a total
amount of $340K from the latter source, in four installments.
We have used these funds to construct and test a generic prototype, which was intended to
test the dual-readout principles and measure the extent to which the performance of hadron
calorimeters could be improved by making use of these principles. The detector is based
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on a copper absorber structure, equipped with two types of active media which measure
complementary characteristics of the shower development. Scintillating ﬁbers measure the
total energy deposited by the shower particles, while Čerenkov light is only produced by the
charged, relativistic shower particles. The total instrumented mass is 1030 kg (depth 10 λint ),
and the 36,000 ﬁbers are read out by 38 PMT’s.
This detector was built in the Physics department of Texas Tech University and then shipped
to CERN, where it was tested with high-energy pions, electrons and muons in the H4 beam
of the Super Proton Synchrotron. CERN allocated three testbeam periods to this project,
during the summers of 2003 and 2004.
The results of these tests are described in a number of papers. Three papers have already
appeared in the scientiﬁc literature:
• N. Akchurin et al., Muon Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A533 (2004) 305–321.
• N. Akchurin et al., Electron Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A536 (2005) 29–51.
• N. Akchurin et al., Hadron and Jet Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A537 (2005) 537–561.
A fourth paper has been accepted for publication:
• N. Akchurin et al., Comparison of High-Energy Electromagnetic Shower Proﬁles Measured with Scintillation and Čerenkov Light,
Accepted for publication in Nucl. Instr. and Meth.
Two other papers are in an advanced state of preparation. The DREAM project was also
presented in two talks at the XIth International Conference on Calorimetry in High Energy
Physics (Perugia, Italy, 2004). In his summary talk, the speaker called DREAM the most
signiﬁcant new development in calorimetry in recent history. All papers can also be found at
the website of the DREAM project: http://www.phys.ttu.edu/dream/
The idea to combine the complementary information from dE/dx and from the production
of Čerenkov light has been proven to be a very powerful tool for improving the hadronic
calorimeter performance (Figure 1). The performance of our detector is considerably superior
to what is commonly achieved with hadron calorimeters used in particle physics experiments.
For example, high-energy (200 GeV) jets were measured with a resolution better than 4%
(Figure 1b). Because of the limited size (the total instrumented mass of the test module
was only 1030 kg), ﬂuctuations in (lateral) shower leakage contributed signiﬁcantly to the
measured resolution. We have shown that if we made use of the fact that the jet energy
was known (thus eﬀectively eliminating the contributions of shower leakage to the results),
the mentioned resolution could be further improved by a factor of two (Figure 1c). Similar
improvements may thus be expected for a detector with a larger instrumented mass than the
device tested in this study.
Perhaps even more important is the fact that the (simple) procedure we developed to correct
event by event for diﬀerences in the electromagnetic shower fraction automatically led to a
correct reconstruction of the shower energy, both for jets and for single hadrons, in an instrument calibrated with electrons, over the full energy range at which the detector was tested.
Anyone who has ever worked with a hadron calorimeter in an experiment will appreciate this
very important feature, which is illustrated in Figure 2.
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Figure 1: Scintillator signal distributions for 100 GeV π− in the DREAM calorimeter before any corrections
were made(a), after the corrections based on the observed Q/S signal ratio were applied (b) and after, in
addition, leakage ﬂuctuations were eliminated (c). See text for details.

In the second stage of this project (DREAM-2) , which was separately reviewed, approved
and funded by DOE (2003), we investigated if and to what extent the signals from a medium
that generates both scintillation and Čerenkov light can be split into these two components.
For these studies, part of the DREAM calorimeter was modiﬁed. The ﬁbers from a readout
cell were split into three bunches instead of the usual two. These bunches contained only
scintillating ﬁbers, only quartz ﬁbers, or a mixture of the two types of ﬁbers, respectively.
Diﬀerent techniques to separate the two types of light were being tried on this mixture, and
the quality of the separation could be veriﬁed event by event with the “pure” signals.
In order to distinguish between the two types of light, we investigated three diﬀerent characteristics:
1. The time structure of the signals. Čerenkov light is instantaneous, while scintillation is
a process with one or more typical time constants.
2. The directionality of the light. Scintillation light is emitted isotropically, while Čerenkov
light is emitted at a characteristic angle with the direction of the superluminous shower
particle that generates it.
3. The light polarization. Unlike scintillation light, Čerenkov light is polarized.
A fourth characteristic, the spectral distribution, was not investigated so far, because we did
not see an easily applicable method to exploit diﬀerences between the spectra of the two types
of light generated by this type of calorimeter.
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Figure 2: The calorimeter response (average signal per GeV) for single pions and high-multiplicity jets, as
a function of energy, before and after corrections made on the basis of the measured Q/S signal ratio. The
response is normalized to electrons.
The diﬀerence in directionality was exploited by reading the ﬁbers from both ends. The
preliminary results are very encouraging. The ratio between the signals measured at both
ends of the ﬁber was found to be more than a factor of 3 smaller for pure Čerenkov light
than for pure scintillation light. By measuring this ratio for mixed signals, the composition
of the light in that mixture could be determined, event by event. Also the diﬀerences in time
structure made this possible, as illustrated in Figure 3. Not surprisingly, the measurement of
the composition of a given signal was most precise when the relative numbers of scintillation
and Čerenkov photons were compatible. At the present time, we are analyzing these and
other data collected during the most recent beam tests and expect this to result in at least
one additional DREAM publication in the coming year.
Facilities, Equipment and Other Resources
The TTU HEP labs are equipped with generic NIM, CAMAC and VME electronics. Several
specialized tools were designed and manufactured for ﬁber cleaving, polishing and termination
during the DREAM project. Some funds for modiﬁcation and upgrade of this equipment are
requested.
Our computer facilities are well-equipped for Monte Carlo calculations and data analyses with
the newest versions of the common simulation packages. For bench test measurements, we
have adequate data acquisitions systems and electronics as well.
We anticipate using diﬀerent types of spectrometers for the analyses of light from a variety
of active media (scintillation and Čerenkov radiation). We may have to augment our existing spectrometers with diﬀerent gratings to gain enhanced sensitivity to various wavelength
regions.
The TTU HEP lab operates a 2-MeV electron Van de Graaﬀ that we used extensively in
the early stages of ﬁber selection for the DREAM project. We anticipate using this versatile
accelerator in the initial phases of these studies.
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Figure 3: The relationship between the measured ratio of the Čerenkov and scintillator signals from 100
GeV “jets”, and the percentage of the signal that was recorded in the tail, i.e. more than 12 ns after the start.
Preliminary results.

It is important to note that this proposal builds on a recent successful R&D program (DREAM).
This has several positive implications:
• The absorber, standard scintillating and Čerenkov (quartz and clear plastic) ﬁbers, and
photomultipliers already exist.
• The proponents of this proposal have invested many years developing new calorimeter
techniques and have been very eﬀectively working as a single team.
• The two proposals (Dual-Readout Calorimetry for ILC and Ultimate Hadron Calorimetry) we submit in this context for consideration are tightly coupled in all kinds of resources.
All of the above provide a unique and proven synergy.
FY2005 Project Activities and Deliverables
In 2005, we plan to investigate diﬀerent dopants and doping techniques. A small number
of doped lead glass blocks will be produced and tested, with the electron Van de Graaﬀ
accelerator at TTU. We will also investigate relevant SiPM’s properties using light sources.
Especially spatial uniformity of response, linearity, spectral respsonse, and stability under
voltage and temperature variations are of interest to this project. In parallel and as a possible
alternative, we will investigate standard multi-anode PMTs. Where possible, results from
these two readout systems will be compared.
FY2006 Project Activities and Deliverables
We anticipate building a full size electromagnetic calorimeter based on the chosen and optimized doping technique. If this module is ready in time, high-energy beam tests may also be
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carried out. We will build a small version of the DREAM calorimeter and equip it with the
readout chosen on the basis of the Year 1 R&D.
FY2007 Project Activities and Deliverables
We plan a combined electromagnetic and hadronic prototype test at a high-energy particle
accelerator. A new fully sampling em calorimeter followed by the existing DREAM hadron
calorimeter, possibly equipped with three diﬀerent types of ﬁbers, will be exposed to beams
of electrons, hadrons and “jets”. The new small DREAM-like module, equipped with the new
readout, will also be tested, in electron beams.
Budget justiﬁcation: Texas Tech University will be the lead institution in this project.
We plan to use professional expert assistance in scintillator dopants and doping techniques
(∼9K$). We plan to involve undergraduate students as the project develops. The fringe
beneﬁts rate is assumed to be 25% on salaries and the salary expenditure with fringe beneﬁts
is ∼16K$.
Equipment, materials and supplies will dominate the cost of this project.
We assumed no overhead charge on equipment and travel. A similar agreement was reached
with the TTU Oﬃce of Research Services for previous grants of this type. TTU will charge
overhead on salaries at the oﬀ-campus rate (26.5%).
TTU will subcontract the University of California at San Diego and Iowa State University.
Separate tables for these subcontracts are shown below.
Three-year budget, in then-year K$
Institution: Texas Tech University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
UC-San Diego subcontract
Iowa State U subcontract
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
3.0
0
0
3.0
0.8
3.8
0
5.0
10.3
0
20.0
10.0
49.1
1.0
50.0

FY2006
3.0
0
2.0
5.0
1.3
6.3
5.0
10.0
30.0
12.1
40.0
15.0
118.3
1.7
120.0

FY2007
3.0
0
2.0
5.0
1.3
6.3
8.0
10.0
11.1
8.0
20.0
15.0
78.3
1.7
80.0

Total
9.0
0
4.0
13.0
3.3
16.3
13.0
25.0
51.4
20.1
80.0
40.0
245.7
4.3
250.0

Budget justiﬁcation:
University of California at San Diego will concentrate on new readout techniques, particularly
SiPMs. In Year 2, investment in electronics design is expected. Throughout this project, a
modest expenditures are planned to purchase SiPMs and related hardware. Similarly, small
amount funds are forseen for travel for group meetings and beam tests.
Three-year budget, in then-year K$
Institution: University of California at San Diego
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
0
0
0
0
0
7.4
5.0
5.0
0
17.4
2.6
20.0

FY2006
18.5
0
0
18.5
3.1
21.7
3.0
5.0
2.7
0
32.4
7.6
40.0

FY2007
0
0
0
0
0
0
6.0
6.1
5.0
0
17.1
2.9
20.0

Total
18.5
0
0
18.5
3.1
21.7
16.4
16.1
12.7
0
66.9
13.1
80.0

Budget justiﬁcation:
Iowa State University has a long track record in detailed calorimeter simulations. John
Hauptman will partially fund a graduate student (3 months out of a year) for three years. A
modest amount of travel funds are required to travel to meetings and beam tests.
Three-year budget, in then-year K$
Institution: Iowa State University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
0
5.0
0
5.0
1.3
6.3
0
2.1
0
0
8.3
1.7
10.0

FY2006
0
5.0
0
5.0
1.3
6.3
0
7.1
0
0
13.3
1.7
15.0

FY2007
0
5.0
0
5.0
1.3
6.3
0
7.1
0
0
13.3
1.7
15.0

Total
0
15.0
0
15.0
3.8
18.8
0
16.3
0
0
35.0
5.0
40.0

6.17

Calorimetry

6.17: Ultimate Hadron Calorimetry
(new proposal)
Calorimetry
Contact person
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Institution(s)
U.C. San Diego
Iowa State
Texas Tech

New funds requested
FY05 request: 50,000
FY06 request: 50,000
FY07 request: 30,000

6.17
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Ultimate Hadron Calorimetry
Classiﬁcation (subsystem)
Calorimeter
Personnel and Institution(s) requesting funding
Texas Tech University: N. Akchurin, H. Kim and R. Wigmans
Collaborators
University of California at San Diego: H.P. Paar
Iowa State University: J. Hauptman and J. Lamsa
A. Penzo (INFN Trieste, Italy)
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Dr. Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Project Overview
High-precision measurement of the 4-vectors of hadrons and jets is an essential requirement
for experiments at the ILC, and one of the main goals in developing a detector for such an
experiment.
Thirty years of experience have taught us that hadron calorimetry is extremely non-trivial.
Unfortunately, Monte Carlo simulations of the type available in the GEANT package have
little predictive value for the performance of hadron calorimeters. Progress in our understanding of hadron calorimetry has been entirely due to generic detector R&D projects of the
type proposed here.
In most hadron calorimeters, the performance is dominated (and spoiled) by the fact that
the response to the electromagnetic (em) shower component is diﬀerent from that to the
non-em shower component: e/h = 1. Fluctuations in the energy fraction carried by the em
component (fem ), dominate the energy resolution and the (non-Gaussian) lineshape, while
the energy dependence of the average value of fem causes (a usually substantial) non-linearity.
There are two proven ways to eliminate these problems and improve the calorimeter performance.
1. Make the calorimeter compensating (e/h = 1)
2. Measure the value of fem event by event and correct for the response diﬀerences mentioned above.
The compensation mechanism is now well understood. It can be achieved by designing the
calorimeter in such a way that the signals from neutrons, abundantly produced in the non-em
shower component, are boosted to such an extent that they, on average, compensate for the
“invisible” energy resulting from nuclear breakup. In practice, this can be achieved with a
sampling calorimeter with a hydrogenous active medium. The sampling fraction has to be
small, e.g. 2.4% in lead/plastic-scintillator structures, ∼ 10% in uranium/plastic-scintillator.
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Such calorimeters work very well, and they hold all world records for hadronic performance.
However, they have a few disadvantages. Because of the crucial contribution of neutrons,
one has to integrate the signals over a large detector volume (1 m3 ) and a considerable
time (100 ns) to achieve this performance. Also, because of the small sampling fraction,
the resolution for em shower detection
√ is limited. The best em resolutions reported for
compensating calorimeters are ∼ 10%/ E.
The DREAM (Dual-REAdout Module) calorimeter was developed as a device that would
make it possible to perform high-precision measurements of hadrons and jets, while not subject
to these limitations. It is based on the second principle mentioned above, measuring fem event
by event. The detector is based on a copper absorber structure, equipped with two types
of active media which measure complementary characteristics of the shower development.
Scintillating ﬁbers measure the total energy deposited by the shower particles, while Čerenkov
light is only produced by the charged relativistic shower particles. Since the latter are almost
exclusively found in the electromagnetic shower component (dominated by π 0 s produced in
hadronic showers), a comparison of the two signals makes it possible to measure the energy
fraction carried by this component event by event.
The idea to combine the complementary information from dE/dx and from the production
of Čerenkov light has been proven to be a very powerful tool for improving the hadronic
calorimeter performance (see the section “Results of Prior Research” for details). Based on
the successes achieved so far, we believe that we can take this approach one step further, in
an attempt to obtain the ultimate hadron calorimeter.
The ultimate limitation on the resolution that can be achieved with a hadron calorimeter
is determined by ﬂuctuations in (in-)visible energy, i.e. ﬂuctuations in the energy fraction
that is used to break up atomic nuclei and thus does not contribute to the measured signals.
Fortunately, this fraction is correlated to the total kinetic energy of the neutrons liberated
in this process, especially in high-Z absorber materials such as lead. Therefore, eﬃcient
detection of these neutrons is key to obtaining the best possible energy resolution.
We propose to modify the existing DREAM calorimeter in such a way that a separate measurement of the kinetic energy carried by shower neutrons, E(n), becomes possible. We
believe that the combined information from dE/dx, Čerenkov light and E(n) will maximize
the relevant knowledge about the developing showers and, therefore, will provide the ultimate
hadron calorimetry. We propose two avenues to achieve this goal:
1. Replace every second plastic scintillating ﬁber by a non-hydrogenous scintillating ﬁber,
e.g. quartz doped with a scintillating agent. A comparison of the signals from these
two types of ﬁbers will provide E(n), since the only diﬀerence between these two signals
comes from the neutrons.
2. Replace one or several ﬁbers in each copper tube with ﬁbers that are made speciﬁcally
sensitive to MeV-type neutrons, e.g. using boron.
The ﬁrst method will almost certainly work, but since quartz ﬁbers are very expensive, the
second method has a better potential to provide a cost-eﬀective solution. That’s why we want
to investigate both options.
In Year 1, we want to dedicate ourselves to the purely generic part of this project, i.e. investigate the advantages and disadvantages of all diﬀerent options. In Year 2, we want to
implement the chosen solution in our DREAM calorimeter and perform high-energy beam
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tests at CERN or Fermilab. We realize that the existing prototype detector (1030 kg) is too
small to achieve the ultimate performance allowed by this triple-readout approach. However,
we expect that the improvement of the performance compared to the dual-readout version
will allow us to fully assess the possibilities of this new technique.
Broader Impact
This proposal, if funded, will contribute to the knowledge base in our respective Physics Departments. The beneﬁciaries of that will be postdocs, graduate students, and undergraduate
students participating in the research funded in this proposal.
One of our collaborators (Hans P. Paar) is co-director of NSF’s REU (Research Experience for
Undergraduates) program located in UCSD’s Physics Department. Through this program,
we will recruit undergraduates, generally from disadvantaged backgrounds, to participate in
our research program. This includes taking them with us to an accelerator laboratory such as
FermiLab or CERN where they can experience ﬁrst hand the atmosphere of forefront research.
As in the case of the DREAM project, we will involve TTU Quarknet treachers and their
highschool students in construction, tests and analyses, where possible.
Faculty will recruit junior and senior undergraduates to participate in our laboratory based
research. There they will use the state-of-the-art equipment to which this Grant has contributed.
Undergraduates working in our labs will often present their research at an Undergraduate
Research Conference, attended by their peers and faculty supervisors. Here they learn what
it means to stand up and present your results and answer questions ”on your feet”.
Results of Prior Research
The DREAM project was started in 2001, with a grant ($150K) received by the project
leader in the context of the Advanced Research Program of the State of Texas. In 2002, this
grant was supplemented by funds from DOE’s Advanced Detector Research program. Since
then, the proponents have received a total amount of $340K from the latter source, in four
installments.
We have used these funds to construct and test a generic prototype, which was intended to
test the dual-readout principles and measure the extent to which the performance of hadron
calorimeters could be improved by making use of these principles. The detector is based
on a copper absorber structure, equipped with two types of active media which measure
complementary characteristics of the shower development. Scintillating ﬁbers measure the
total energy deposited by the shower particles, while Čerenkov light is only produced by the
charged, relativistic shower particles. The total instrumented mass is 1030 kg (depth 10 λint ),
and the 36,000 ﬁbers are read out by 38 PMT’s.
This detector was built in the Physics department of Texas Tech University and then shipped
to CERN, where it was tested with high-energy pions, electrons and muons in the H4 beam
of the Super Proton Synchrotron. CERN allocated three testbeam periods to this project,
during the summers of 2003 and 2004.
The results of these tests are described in a number of papers. Three papers have already
appeared in the scientiﬁc literature:
• N. Akchurin et al., Muon Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A533 (2004) 305–321.
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• N. Akchurin et al., Electron Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A536 (2005) 29–51.
• N. Akchurin et al., Hadron and Jet Detection with a Dual-Readout Calorimeter,
Nucl. Instr. and Meth. A537 (2005) 537–561.
A fourth paper has been accepted for publication:
• N. Akchurin et al., Comparison of High-Energy Electromagnetic Shower Proﬁles Measured with Scintillation and Čerenkov Light,
Accepted for publication in Nucl. Instr. and Meth.
Two other papers are in an advanced state of preparation. The DREAM project was also
presented in two talks at the XIth International Conference on Calorimetry in High Energy
Physics (Perugia, Italy, 2004). In his summary talk, the speaker called DREAM the most
signiﬁcant new development in calorimetry in recent history. All papers can also be found at
the website of the DREAM project: http://www.phys.ttu.edu/dream/

Figure 1: Scintillator signal distributions for 100 GeV π− in the DREAM calorimeter before any corrections
were made(a), after the corrections based on the observed Q/S signal ratio were applied (b) and after, in
addition, leakage ﬂuctuations were eliminated (c). See text for details.

The idea to combine the complementary information from dE/dx and from the production
of Čerenkov light has been proven to be a very powerful tool for improving the hadronic
calorimeter performance (Figure 1). The performance of our detector is considerably superior
to what is commonly achieved with hadron calorimeters used in particle physics experiments.
For example, high-energy (200 GeV) jets were measured with a resolution better than 4%
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(Figure 1b). Because of the limited size (the total instrumented mass of the test module
was only 1030 kg), ﬂuctuations in (lateral) shower leakage contributed signiﬁcantly to the
measured resolution. We have shown that if we made use of the fact that the jet energy
was known (thus eﬀectively eliminating the contributions of shower leakage to the results),
the mentioned resolution could be further improved by a factor of two (Figure 1c). Similar
improvements may thus be expected for a detector with a larger instrumented mass than the
device tested in this study.

Figure 2: The calorimeter response (average signal per GeV) for single pions and high-multiplicity jets, as
a function of energy, before and after corrections made on the basis of the measured Q/S signal ratio. The
response is normalized to electrons.
Perhaps even more important is the fact that the (simple) procedure we developed to correct
event by event for diﬀerences in the electromagnetic shower fraction automatically led to a
correct reconstruction of the shower energy, both for jets and for single hadrons, in an instrument calibrated with electrons, over the full energy range at which the detector was tested.
Anyone who has ever worked with a hadron calorimeter in an experiment will appreciate this
very important feature, which is illustrated in Figure 2.
Facilities, Equipment and Other Resources
The TTU HEP labs are equipped with generic NIM, CAMAC and VME electronics. Several
specialized tools were designed and manufactured for ﬁber cleaving, polishing and termination
during the DREAM project. Some funds for modiﬁcation and upgrade of this equipment are
requested.
Our computer facilities are well-equipped for Monte Carlo calculations and data analyses with
the newest versions of the common simulation packages. For bench test measurements, we
have adequate data acquisitions systems and electronics as well.
We anticipate using diﬀerent types of spectrometers for the analyses of light from a variety
of active media (scintillation and Čerenkov radiation). We may have to augment our existing spectrometers with diﬀerent gratings to gain enhanced sensitivity to various wavelength
regions.
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The TTU HEP lab operates a 2-MeV electron Van de Graaﬀ that we used extensively in
the early stages of ﬁber selection for the DREAM project. We anticipate using this versatile
accelerator in the initial phases of these studies.
It is necessary to study the light generation mechanism of doped quartz (or glass) ﬁbers using
neutrons. There are a number of neutron sources available on campus (TTU Health Sciences
Center).
It is important to note that this proposal builds on a recent successful R&D program (DREAM).
This has several positive implications:
• The absorber, standard scintillating and Čerenkov (quartz and clear plastic) ﬁbers, and
photomultipliers already exist.
• The proponents of this proposal have invested many years developing new calorimeter
techniques and have been very eﬀectively working as a single team.
• The two proposals (Dual-Readout Calorimetry for ILC and Ultimate Hadron Calorimetry) we submit in this context for consideration are tightly coupled in all kinds of resources.
All of the above provide a unique and proven synergy.
FY2005 Project Activities and Deliverables
The proposed work calls for investigation of two types of ﬁbers: one is a non-hydrogenous
scintillating ﬁber, and the second one is a speciﬁcally designed ﬁber sensitive to a few MeV
neutrons.
In the ﬁrst year of this program, we anticipate researching doped quartz (or glass) and other
types of ﬁbers in collaboration with ﬁber industry. Over the years we have developed productive working relationships with several ﬁber producers. We plan to investigate prototype
ﬁbers in 2005 and engage a MS graduate student in this project. By the end of 2005, we will
have chosen the best possible ﬁber for neutron detection, and simulated the signals expected
from a calorimeter equipped with three diﬀerent types of ﬁbers.
FY2006 Project Activities and Deliverables
The second phase of the program calls for production of these optical ﬁbers and construction and/or modiﬁcation of a calorimeter prototype. We assume that a beam test of the
constructed prototype will be possible either at FNAL or CERN in 2006. We analyse the
test results for publication and prepare for improvements and needed modiﬁcations for the
following year.
FY2007 Project Activities and Deliverables
If the objectives outlined above are met by the beginning of 2007, we expect this year to be
more of an analyses and simulation period. If however, new ideas emerge and/or modiﬁcations
become necessary, we are prepared to carry through those activities and beam tests in 2007.
Budget justiﬁcation:
Texas Tech University will be the lead institution in this project. For the ﬁrst two years,
we plan to use professional expert assistance in scintillator doping and in specialty design of
optical ﬁbers (∼6K$). This research is well-suited for an MS thesis and we expect to pay
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part of a graduate student salary (two months out of a year, ∼10.5K$). The fringe beneﬁts
rate is assumed to be 25% on salaries.
The largest fraction of the project cost concerns the investigation and production of specialty optical ﬁbers (∼84K$ over three years). This estimate is based on our experience with
polymer-clad fused-silica (quartz) and clear plastic ﬁbers for the DREAM project. Note that
there is considerable savings in producing a prototype with these novel features: The copper absorber, standard scintillating ﬁbers, undoped quartz ﬁbers along with photodetectors
already exist at no cost to this project.
We assumed no overhead charge on equipment and travel. A similar agreement was reached
with TTU for previous grants of this type. TTU will charge overhead on salaries at the
oﬀ-campus rate (26.5%).
Three-year budget, in then-year K$
Institution: Texas Tech University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
3.0
3.5
0
6.5
1.6
8.1
3.0
5.0
31.7
0
47.8
2.2
50.0

FY2006
3.0
3.5
0
6.5
1.6
8.1
3.0
5.0
31.7
0
47.8
2.2
50.0

FY2007
0
3.5
0
3.5
0.9
4.4
0
4.0
20.5
0
28.8
1.2
30.0

Total
6.0
10.5
0
16.5
4.1
20.6
6.0
14.0
83.9
0
124.5
5.5
130.0

7. Muon
System
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Introduction to Muon System R&D
The identification and precise measurement of muons is critical to the physics program of
the linear collider. The muons produced from decays of W and Z bosons and from Bhadrons are key parts of the signatures for the Higgs and hypothesized new particles.
Muons may also be produced directly from decays of new particles such as
supersymmetric scalar muons.
The linear collider detector design includes a sub-system that will identify muons, as
distinct from hadrons, primarily by their penetration through the iron flux return. This
muon system should operate over the widest possible momentum range with high
efficiency for muons and low contamination from pions. In addition, it may be used to
measure the leakage of hadronic showers from the calorimeter and hence improve the
energy resolution of hadronic jets.
Because the muon system is the largest one in the LC detector, it is important that a
realizable design, verified by prototyping, is established early, so that an optimal detector
is delivered on time and within budget. The muon system must maintain stable operation
with high reliability since the detectors are largely inaccessible. These are challenging
requirements for operation over a span of perhaps 20 years.
The proposals here advocate a muon detector technology based on alternating layers of
solid scintillator and steel. Solid scintillator is a robust and well-established detector
medium that can be read out with wavelength shifting (WLS) optical fibers. However,
the performance of such a system in terms of efficiency and mis-identification probability
can only be established in beam tests of prototype detectors. Furthermore, the
improvement in hadronic jet resolution by measuring the shower leakage into the muon
detector can only be established by such beam tests.
These proposals also address the optimization of the detailed design of the scintillator
geometry and fiber readout. Issues considered are the reflective coating of the
scintillator, mechanical scheme for embedding the WLS fiber and the fusion of WLS to
clear fiber. Three different technologies for light detection are explored in these
proposals. The baseline light detector is the well established multi-anode photomultiplier
tube. Emerging alternative technologies are the silicon photomultiplier and the Geigermode avalanche photodiode. A coordinated approach is proposed for front-end
electronics and data acquisition systems. Readout is appropriate for each light detector
technology, but with, as much as possible, a common architecture that takes advantage of
designs for existing experiments as well as other linear collider R&D projects.
The physics performance of the muon system will ultimately rest on the foundation laid
by the careful studies of prototypes, as proposed here.
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Scintillator Based Muon System R&D: 3-Year Proposal
Subsystem: Muon and Particle ID
Personnel and Institutions requesting funding
Mike McKenna and Mitchell Wayne, University of Notre Dame, Notre Dame, Indiana.
Juan Lizarazo and Mani Tripathi, University of California, Davis, California.
Alfredo Gutierrez and Paul Karchin, Wayne State University, Detroit, Michigan.
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Paul E. Karchin
karchin@physics.wayne.edu
(313) 577-5424

Project Overview
We propose a three year research program to design and test a prototype muon detector for the
linear collider detector. The identification and precise measurement of muons is critical to the
physics program of the linear collider. The muons produced from decays of W and Z bosons
provide key signatures for the Higgs and possible new particles. Muons may also be produced
directly from decays of new particles.
The linear collider detector design includes a muon system that will identify muons, as distinct
from hadrons, primarily by their penetration through the iron flux return. The muon system
should operate over the widest possible momentum range with high efficiency for muons and low
contamination from pions. Because the proposed calorimeters are thin in terms of interaction
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lengths, hadronic showers will leak into the muon steel. With an adequately designed and proven
muon system, it may be possible to measure the leakage and hence improve the energy resolution
of hadronic jets. The muon system must maintain stable operation with high reliability since the
detectors are largely inaccessible. These are challenging requirements for operation over a span of
perhaps 20 years.
A promising design for the muon system is suggested by the successful operation of scintillator
and iron calorimeters used in neutrino experiments, such as CDHS, to measure the energy of jets.
For example, with 10 cm of Fe between counters, hadronic resolutions of ~0.8/sqrt(E) are
typically achieved. A scintillator strip calorimeter based on MINOS style detectors may provide
the resolution required for a useful measurement of shower leakage.
For the muon system we propose for the linear collider, the general layout of the barrel muon
detectors consists of planes of scintillator strips inserted in gaps between 10 cm thick Fe plates
that make up octagonal barrels concentric with the e+e- beamline. The scintillator strips, ~5 cm
wide and 1 cm thick, contain one or more ~1 mm diameter wavelength shifting (WLS) fibers.
Light produced by a charged particle is transported via clear fibers to multi-anode
photomultipliers located outside the Fe yoke where it is converted to an electronic signal. There
are 15 planes of scintillator with alternating strips oriented at ± 45o with respect to a projection of
the beam line onto the planes.
We propose to optimize the design of a scintillator-based muon system with a coordinated
program of simulation studies and performance measurements of prototype detectors. The
simulation studies will include development of software that is integrated into the ILC
framework. The software will support different geometry descriptions, parametric variation of
geometries and will have a user friendly interface. We will develop techniques to produce the
components of a prototype system: iron absorber plates and mechanical support, extruded
scintillator strips embedded with wavelength shifting optical fibers, splicing and routing of fibers
and their interface to multi-anode photomultiplier tubes and readout electronics. In the first year,
several prototype planes and readout will be produced. In the second year, the prototype system
(including absorber) will be tested with cosmic rays. In the final year, a system of 7 or more
planes and absorber will be operated in a test beam. Because the muon system is the largest one in
the ILC detector, it is very important that a realizable design, verified by prototyping, is
established early, so that a well-working detector is delivered on time and within budget.
The close collaboration between the institutions requesting funding and Fermilab is described in
detail in this proposal. Other collaborating institutions are also involved.
Northern Illinois University will continue to work with us on source testing of scintillator,
simulation software and software infrastructure. We will closely follow NIU’s independent work
on scintillator extrusion and coating and the application of silicon photomultipliers for fiber
readout. The UCD group will work with Fermilab to develop a common solution for front-end
electronics and data acquisition.
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Indiana University will help us test the 1m X 0.5m prototype module at Fermilab. The University
of Texas at Austin will continue to provide us consultation about MAPMT’s based on their
experience with MINOS.
Colorado State University is developing geiger mode avalanche photodiodes and will test their
devices with our prototype modules. In addition, the CSU group will participate in the overall
muon system development.
Rice University is not currently active, but intends to work on this project in the future.
We also keep abreast of the work led by of Marcello Piccolo of Frascati on resistive plate
chambers and muon simulation which is complementary to this work.

Broader Impact
The work outlined in this proposal, if supported, will have an educational impact at several levels.
Many of the projects described will be carried out at the universities, and thus are good matches
for undergraduate and graduate student participation. Over the past year, both a sophomore
physics major and a first year graduate student have helped with the fiber R&D at the University
of Notre Dame. So far, one undergraduate and one graduate student each at WSU and two
graduate students and three undergraduates at UCD have participated in this effort at various
times. Research and development projects like this muon detector proposal are particularly
beneficial for student training, since most of the U.S. particle physics program is currently focused
on either data analysis of existing experiments, or the construction and commissioning of the LHC
experiments at CERN.
In terms of even broader educational outreach, each of the lead institutions on this proposal
supports a QuarkNet center, and Prof. Wayne is currently one of four co-principal investigators of
the national QuarkNet program. These centers are firmly established as communities of scientists
and educators that engage in a wide range of activities. The QuarkNet centers offer direct
research involvement to high school students and teachers, and often provide a “hands-on”
experience for people from traditionally underrepresented groups. A high school teacher has been
very active in this research at WSU under the QuarkNet program. Several of the projects making
up this proposal are ideally suited for student/teacher participation. The high school teachers and
students affiliated with Notre Dame and WSU will certainly be involved in the fabrication of
muon detector planes during the upcoming summer.
Some of the university groups also participate in NSF-sponsored REU programs, and we expect
that at least a few undergraduates will work on the muon system for their research projects this
summer. The REU program at UCD is in its second year. We expect to recruit students to work
on the muon test-stand during the summer.
While the focus of this effort is towards research in experimental particle physics, the results of
this type of R&D often find application in other areas. Scintillator based detectors are used in a
wide range of areas. The detection and timing of very small light levels is of interest to many
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fields, both in basic research and in the private sector. There has been a great deal of interest
recently in the potential use of particle physics detection techniques to enhance our national
security. Of particular interest is whether very large detector arrays, like our muon system, can be
used as efficient, cost-effective tools to monitor the safety of large items transported into the
country (e.g. containers brought in by ship)

Results of Prior Research
During the past year, a collaboration of Fermilab, UC Davis, NIU, Notre Dame and Wayne State
has worked to understand the scintillator-based ILC Muon detector hardware issues and to pursue
those issues with the priority and manpower that is possible with the limited funding for the
universities presently involved. Fermilab, which requests no funds from this proposal, has
separate funding for ILC detector work: $45K in material costs during FY04 and approximately an
equivalent amount in technician and engineering manpower support. We expect continued
support from Fermilab.
The University of Notre Dame group, led by Mitch Wayne, has focused on the mechanical design
and construction of the muon detector planes. As described above, the muon detector is
comprised of large planes of scintillator strips, each with a green waveshifting fiber embedded
along the length of the strip. The waveshifting fibers are in turn connected to identical clear fibers
that pipe the light to the photodetectors, in our case multi-anode photomultiplier tubes
(MAPMTs). A key element of our design is that each waveshifter-clear fiber connection is done
individually with a thermal splice. This simplifies the mechanical design of the detector planes
and the routing of the clear fibers to the PMTs. Thermal splicing also eliminates the need for
complicated connectors.
The WSU group consists of P. Karchin (faculty), A. Gutierrez (research engineer) and R.
Brockhaus (high school teacher). A. Gutierrez has 9 years experience with electronics and
computers in HEP, including work on CDF, ILC R&D, HERA-B, CLEO and B-TeV. R.
Brockhaus is a science teacher at Mumford High School in Detroit and works with WSU as part of
the QuarkNet program. In previous years, a graduate student and an undergraduate student have
worked on the ILC muon project. The WSU group has concentrated on the overall coordination of
the scintillator-based muon collaboration (P. Karchin is co-coordinator with H. E. Fisk) and the
application of MAPMTs as the optical detectors.
The relatively low per-channel cost of the Hamamatsu MAPMT provides a cost-effective readout
that allows for reasonable granularity of the scintillator elements. Furthermore, MAPMTs are
reliably produced by a commercial manufacturer and are well established in running HEP
experiments, such as MINOS (near and far detectors) and CDF (end-plug calorimeters and central
pre-shower detectors). Thus, the MAPMT is an excellent candidate for a full-scale ILC muon
detector and also serves as a well-understood detector to measure the response of prototype
scintillator/fiber detector elements.
The UCD group, led by Mani Tripathi, has focused on the readout electronics aspect of the
project. The electronics shop at UCD has been developing readout electronics for HEP for the last
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3 decades. Juan Lizarazo, a graduate student in both physics and electrical engineering, has
worked on several HEP projects including CACTUS and D0, where he was a visiting engineer for
two years. During FY03, the UCD group developed large bandwidth amplifiers for 16-channel
MAPMTs. During FY04, a custom readout system using commercial TDCs and FPGAs was built
by borrowing some components from PREP at Fermilab. Several undergraduate students have
worked on this project over the last two years. Below we describe, in greater detail, the progress
made by these groups.
Fermilab Most of Fermilab's development support has been in the area of scintillator and fiber
procurement and tests, fiber splicing via thermal fusion, a PMT test setup at Fermilab in parallel
with a similar setup at WSU to measure MAPMT properties, and the beginning of an involvement
of Fermilab engineering in the evaluation of a scintillator readout scheme based on electronics
originally designed for D0 scintillator fiber readout that has been prototyped for a possible future
neutrino experiment.
In December 2003 Fermilab took delivery of 756 strips of 3.5m X 4cm X 1cm extruded (MINOS
type) scintillator and 4.5/3 km of clear/WLS 1.2mm diameter fiber. During the manufacture of the
extruded scintillator at Itasca Plastics in St. Charles, IL we had them provide a 1m long strip
hourly so we could monitor the quality of the scintillator. We used 15 of these strips to do WLS
fiber-gluing tests using various adhesives. Clear RTV-615C, Epon 815 and BC600 were each
tested. Measurements by NIU personnel with a Cs137 source show that all three performed
approximately equally well.1
The delivered scintillator and fiber is sufficient to build 8 single-layer planes of muon detectors
5m X 2.5m. The purpose of the R&D with planes was to establish a knowledge basis to insure
that all technical, cost and physics implications were well enough understood to build an ILC
muon system that would not only detect, track and identify muons, but that it could also be used to
measure hadronic energy from late showering hadrons, i.e. as a backup calorimeter. While a size
of 5m X 2.5m is sufficient to provide full coverage in the outer gaps of an octagonal Fe returnyoke 10m in length, by using 4 such planes per gap, test beam considerations, especially space
limitations, have convinced us to begin with planes that are 2.5m X 1.25m. We call these planes
the ¼ (sized) planes. In preparation for building the first four ¼ planes, a pre-prototype module
1m X ½ m was built at Notre Dame. It is presently under test at Fermilab. The focus of the preprototype was scintillator layout, gluing, fiber splicing, fiber routing, fiber bending, etc.
Instead of using fiber connectors to make the WLS-Clear connection we have chosen to thermally
fuse clear-to-WLS fiber as discussed below in the Notre Dame section of this document. The
splicing was done in Lab 7 at Fermilab where the method was first established for the CDF endplug calorimeter.
In collaboration with WSU, a testing area was set up in Lab 6 at Fermilab for testing MAPMTs,
scintillator and electronics. The setup is essentially identical with the one at WSU that is
described below for measuring the gain of MAPMTs.

1

see www.linearcollider.ca:8080/lc/vic04/abstracts/detector/muonpid/gene_fisk_new.ppt
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In November ‘04 during discussions about readout electronics we learned that the Fermilab
ASIC's project group has developed a 16 channel board, for a possible future neutrino experiment,
based on a chip developed for D0 and the SVX chip, as discussed in the UC Davis section of this
document that may be well suited to our application. Collaborative engineering on this board,
with contributions from UCD and Fermilab, is now underway.
University of Notre Dame The UND group has worked in conjunction with Lab 7 at Fermilab to
test the effectiveness of thermally splicing fibers together. In our first test, a total of 64 eightmeter long pieces of clear fiber were measured for light throughput before and after splicing. In
our system, green LED light is injected into the near end of the fiber while the light exiting the far
end is measured with a photodiode. The photodiode response is digitized and read into a
computer. Our system utilizes a bank of 8 LEDs and 8 photodiodes, all intercalibrated to
normalize their response. Most of the 64 fibers were then cut in half, polished and spliced back
together at Fermilab. A small number were left whole to monitor any changes in our measurement
system. When the spliced fibers were remeasured, the results were not satisfactory – there was a
large spread in the light transmission from piece to piece. However, several splices did show good
transmission of 90% or above. After some minor adjustments to the procedure, a second, smaller
test was performed with acceptable results.1 We are now confident that large numbers of fiber
splices can be made with repeatable results.
One complication in fiber splicing is that both the waveshifting and clear fibers are stored on
large, circular spools. This creates a residual curvature in the fiber, making it more difficult to
precisely align the two faces of the fibers being spliced. Our group has developed a technique to
straighten out the ends of the fibers using gentle heating. Concerned about potential damage to
the fibers from the heating, we tested the light throughput of several pieces of both clear and
waveshifting fiber before and after heating. To our surprise, the light throughput increased by
about 10% for each fiber end that was straightened. This is an interesting and encouraging result
that needs further study.
To
help
demonstrate
the
mechanical design and work
through many of the fabrication
steps, the Notre Dame group
recently constructed a “preprototype” detector plane with
scrap materials. Figure 1 is a
photograph of the readout end of
the module showing the routing
of the clear fibers to the cookie
mounted on the support frame.
Also visible at lower right is the
flat optical panel used for
calibration.
The cookies and
calibration scheme are discussed
below.
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Figure 1: A photograph of the pre-prototype module.
Wayne State University The WSU group has developed a scheme to calibrate the single photoelectron response of a MAPMT using fast pulses from a light-emitting diode (LED). We used a
16-channel Hamamatsu H8711 MAPMT.2 A clear fiber transmits light from an LED and is
aligned to the photo-cathode face by an aluminum guide with an array of holes corresponding to
the cathode pixel grid. A mass termination connector provides a transition from the anode pins to
a miniature (RG174) coaxial cable. The single-shot digital oscilloscope trace in Figure 2 shows
the voltage pulse driving the LED and the response from a single anode channel, for a high
voltage bias of 850 volts. The anode response for this single primary photo-electron is seen to be
narrow (width at half max is about 4 ns) with a peak amplitude of about 30 mV. Electronic noise
is visible with peak-to-peak amplitude of about 8 mV. Tests with a high quality Faraday cage
show that the noise can be reduced with improved electromagnetic shielding.
Charge spectra from anode pulses, initiated by the LED, were recorded with a LeCroy QVT.
Spectra for three different high voltage bias values are shown in Figure 3. The spectra were
analyzed under the assumption of Poisson statistics for the number of primary photoelectrons
produced during a timing gate centered on the LED pulse. For 825 volts bias, the charges
corresponding to 1 and 2 photoelectrons are indicated in the figure. The gain is measured to be
about 23 x 106, consistent with data provided by Hamamatsu.

Figure 2: Single-shot digital oscilloscope trace for LED voltage pulse (top) and single anode
response (bottom).
The technique presented here, using LED pulsing, can be used to calibrate the single
photoelectron response. We plan to extend this technique for an in-situ calibration scheme,
injecting LED light into the scintillator strips.
2

For further details and a photograph of the MAPMT and associated components see the DPF 2004 paper by P.
Karchin at http://physics.ucr.edu/~billdbrk/papers/paper214.ps and the talk by P. Karchin at the 2004
Victoria LC conference at

http://www.linearcollider.ca:8080/lc/vic04/abstracts/detector/muonpid/paul_karchin_v2.ppt
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Figure 3: Charge spectra from anode pulses for three different cathode bias values. For 825 volts
bias, the mean charges corresponding to 1 and 2 photoelectrons are indicated in the figure.
University of California, Davis During FY2004, the UCD group completed the development of
a readout system for the prototype muon test-stand. This system, shown in Figure 4 in a
schematic form, utilizes CAMAC modules that are on loan from PREP at Fermilab. Fast
discriminators that are used to convert the analog signals to digital pulses preserve the time-overthreshold (TOT) information to better than 1 ns, while the TDCs record both the rise-time and the
fall-time with a 0.5 ns resolution. This ability to provide dual-edge recording allows us to get a
crude measurement of the pulse-height via TOT with an effective resolution of 20 mV/ns.3 The
wide bandwidth (~1.5 GHz) amplifiers that we had developed in FY2003 preserve the pulse from
the MAPMTs to a high accuracy, thus giving us confidence in our ability to measure pulse-heights
in a 1V dynamic range with an effective 5-bit resolution. The TDCs are read out from the frontpanel ECL bus and fed into an FPGA which also provides trigger and control features. This
Xilinx XCV1000 FPGA board, along with auxiliary boards for level-translation (ECL-LVDS and
TTL-LVDS), was also developed at UCD. The data from the FPGA are read out into a Linux
computer via the parallel port operating in the EPP mode, capable of providing 8 Mbps data
transfer. The readout system was tested successfully on the bench with trigger rates exceeding 1
KHz.
3

see: http://www.linearcollider.ca:8080/lc/vic04/abstracts/detector/muonpid/mani_tripathi.PPT
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Figure 4: A box-diagram of the readout system that was developed at UCD for use at the
prototype muon detector test-stand at Fermilab.
Muon Detector Software Development Caroline Milstene at Fermilab has developed muon
tracking and identification software packages in the framework of the JAVA based JAS. This
encompasses four areas: (1) rework of the tracking code that simultaneously takes into account
both energy-loss and charged particle acceleration in the solenoid and Fe return yoke magnetic
fields, (2) improved efficiency for matching low momentum muon candidates with upstream
charged particles, (3) studies to predict fake rates partly due to punch-through of nearby charged
hadrons in the barrel detector that satisfy the criterion for muon identification, and (4) initial study
to implement Kalman filtering to provide greater analytical power in matching upstream tracks
with muon candidates and thereby further reduce mis-identified punch-through.
Stepper Software/Low Momentum Tracking Efficiency Improvements The original projection of
Monte Carlo charged particles through the tracking detectors and calorimetry into the muon
system did not take into account dE/dx. This caused inefficiency in the matching of muon
detector candidates that were generated via GEANT, which included the full detector geometry
and materials (dE/dx, etc.), especially for muons below 10 GeV/c. The Stepper software
(Fermilab TM-2274E) uses a matrix approach to simultaneously include dE/dx and q*v x B
effects in projecting central detector tracks into the calorimeters and muon detector. Excellent
agreement is obtained between the projected and identified muon track candidates (14 hits in 14
layers for the SiD geometry) with the Stepper.
A “before” and “now” plot of projected and actual phi vs. layer number (radial depth) hits for a 3
GeV/c muon are shown in Figure 5, where “now” is with the Stepper software. The
improvements in efficiency are shown in Table 1. The Ad-Hoc line in the table refers to a
momentum-dependent enlargement of the (theta, phi) road that allowed improvement of the
efficiency; the Stepper can be seen to further improve tracking efficiency.
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Phi

Before
Track Recons.

E (GeV/c)
/
Technique

Hits

Now

3

4

5

10

No dE/dx

0.06% 70% 97% 99%

Ad-Hoc
dE/dx

23% 95% 97% 99%

VxB
+
dE/dx

33% 96% 99% 100%

Table 1: Muon Tracking Efficiency
Layer Number

Figure 5: Improvements achieved with the
Stepper software as described in the text.
Muon Mis-identification and Hadronic Punch-through In jets, the presence of many nearby
particles provides a challenge that was studied with 10,000 b-quark pair produced events (20,000
b’s). From the b-jets there were 18,666 (34% of the produced) π’s, 4,473(54%) K’s and 1,622
(58%) protons that had momenta (> 3 GeV/c) sufficient to penetrate the first 14 plates of the muon
detector, assuming they ranged out before interacting. From these hadrons, 70 π’s, 41 K’s and 2
protons met the muon ID criteria. These numbers include12 π’s and 3 K’s that decayed to muons.
Thus, the fake rate probabilities for π’s, K’s and protons, including punch-through, are 0.0037,
0.0092 and 0.0012, respectively, using the present Stepper algorithm. Because many of these 113
muon candidates have hits in the first four layers of the muon detector, but then meet the 14 layer
hit-criterion using hits that belong to nearby muons or late interactions, a more sophisticated
algorithm may make it possible to further reduce fakes due to punch-through.
Kalman Filter Work has started on the development of a Kalman filtering algorithm that will
include track fitting as a way to eliminate extraneous hits from neighboring tracks

Facilities, Equipment and Other Resources
At the University of Notre Dame, several laboratory spaces are available for the work described in
this proposal. These include rooms in the main physics building as well as a 5000 square foot offcampus laboratory. These spaces have been used for general fiber R&D and for the construction
of clear fiber waveguides for the D0 central tracker. The Department of Physics also houses a
665
345

full-service machine shop with a numerically controlled mill and lathe, a wire EDM, along with
several more conventional machines. A LINUX cluster, SGI cluster and IBM RS6000 clusters are
all available in the high energy physics area. Various PC’s, Macs, SUN workstations and other
terminals are also in use in offices.
At the University of California, Davis the electronics shop has capabilities for designing,
simulating and laying out circuits using state of the art software tools. The fabrication is usually
done by vendors in Silicon Valley but all of the testing is done in-house. The test lab contains a
full suite of instrumentation for high bandwith analog signal analysis and debugging of multichannel digital logic. The labs are also equipped with hardware and software for FPGA firmware
development, VLSI chip design and probing of bare ASICs. A clean room and an
electromagnetically shielded room provide space for testing sensitive components. A 32 node
Linux cluster is available for large scale data analysis along with 3 TB of data storage space.
Wayne State University has both an electronics instrumentation laboratory and a machine shop
which are used for the MAPMT work. There are also computing facilities which currently support
the group’s work on the CDF experiment at Fermilab and are available for use on the muon
project.
The scintillator-based ILC muon detector R&D effort is supported by several Fermilab facilities
and personnel. We are using the fiber splicing facilities and personnel, Eileen Hahn, in Lab 7.
We have a PMT test area in the high bay of Lab 6 largely setup by Paul Karchin and Alfredo
Gutierrez (Wayne State) and are presently testing our pre-prototype module in Lab 6. We
sometimes make use of the PMT test area, set up by Hogan Ngyuen in Lab 6 and we have
previously used a radioactive source and light-tight scintillator strip test box in Lab 5 that has now
been moved to Lab 6. An engineer from UC Davis has worked with the ASICs Project
Group/Paul Rubinov on the Minerva board in the High Rise and we expect this to continue over
the next year or so. We infrequently make use of the Physics Research Equipment Pool and
expect to continue to do so. We plan a more involved test area in Lab 6 and use of the MTest
beam starting in about a year. We will make more use of Fermilab office space, computing and
other facilities in the future.

FY2005 Project Activities and Deliverables
University of Notre Dame During the upcoming year, the Notre Dame group will lead the
fabrication of 4, quarter-size muon detector planes, with dimensions 2.5 m by 1.25 m. These will
be fully functional detectors based on our current design, with thermal splicing between the
waveshifting and clear fibers. Each of the four planes is comprised of 64 scintillator strips. Two
planes will be read out at one end, while the other two will have clear fiber readout from each end
of the strips. The planes will have strips oriented with alternating 450 stereo angle. For both the
single-ended planes and double-ended planes, each clear fiber will be read out by a separate pixel
of a 64-channel Hamamatsu PMT. The final product will be a complete detector array of 4 planes
which can be studied thoroughly in a test beam or cosmic ray telescope.
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At Notre Dame we will cut the scintillator strips to appropriate lengths and at the correct angle.
The strips are then glued onto a supporting structure to create the detector plane. Clear and
waveshifting fiber will be cut to length and measured with our LED-photodiode system. Fibers
with throughput below a pretermined value will be rejected. Once the requisite number of fibers
are ready, their ends will be thermally straightened. The fiber ends will be finished at Fermilab
with an ice polishing technique and then the clear and waveshifting fibers will be spliced together.
The spliced fiber lengths will be transported back to Notre Dame, tested for light transmission,
and glued into the scintillating strips. Notre Dame will design and fabricate “cookies” in which
the clear fibers are terminated. These cookies must precisely align the clear fiber ends with the
PMT pixels in a safe and light-tight manner. Our group will design the mounting scheme to mate
the cookie to the PMT.
One important design feature is the calibration system. For these prototype detectors we propose a
system using flat optical panels, a technique our group developed for the D0 fiber tracking
detector. An LED injects light into the panel, creating a uniform ribbon of light approximately 20
inches long and 2 inches wide. By laying the panel across the strips, several channels can be
illuminated simultaneously with a relatively well-controlled amount of light. This system will
also be useful for debugging the detector readout and for monitoring performance over time. The
panels are commercially available from Lumitex.
Wayne State University The WSU group will procure, test and calibrate enough MAPMTs to
read out the 4 quarter-size prototype planes. This requires six 64-channel tubes or two 64-channel
tubes in combination with two 16-channel tubes. The 16-channel tubes read out 8 fibers per pixel
whereas the 64-channel tubes read out 1 fiber per pixel.
We will calibrate every MAPMT channel using the method developed in our previous work. In
addition, we will establish procedures for in-situ gain monitoring using light injected into the
scintillator bars. We will install and debug the tubes at Fermilab and participate in data taking and
analysis using radioactive sources and cosmic rays. We will prepare written reports of our work
and present it at conferences and/or publish it in journal form.
University of California, Davis While the readout system described above is good for
debugging/calibrating MAPMTs and for reading out prototype planes, it cannot be scaled up for
reading out a 512 or 1024 channel muon test-stand. For this purpose, we are proposing to work
with a readout system that has been developed at Fermilab for the Minerva experiment. It utilizes
a TriP chip, developed for D0, which combines the functionality of the SIFT and SVX chips. It is
being developed for use in several Fermilab experiments. This board will not only provide 16
channels of amplification and discrimination but it will also be capable of storing the charge in an
analog pipeline and subsequently digitizing the data with an 8-bit accuracy after receiving an
external trigger. An FPGA is used to latch the time-of-arrival of the discriminated pulses with a
resolution of about 2 ns. This is worse than the 0.5 ns provided by the CAMAC system, but it is
expected that the accuracy will improve as FPGAs with higher clock frequencies become
available. Moreover, the 8-bit digitization is vastly superior to the 5-bit information gained from
the TOT technique. A prototype of this board exists but it needs several corrections before it can
enter a production stage.
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A UCD graduate student, Juan Lizarazo, has worked with Fermilab physicists and engineers to
learn the circuit schematic and board layout. Copies of all of the electronic design documents now
exist at UCD. During FY05, we will be developing a modified version of this board for our
purposes, including the ability to mate 4 16-channel boards to a 64-channel MAPMT and
providing some improvement to the time synchronization circuitry. The TriP chip has some
problems in maintaining the thickness of the finished die which makes it difficult for automated
wire-bonding. The UCD group will work with vendors to custom wire-bond 40 chips into plastic
chip carrier packages. During FY05, we will provide 16 boards for the prototype muon test-stand.
The group at NIU is working on a tail-catcher for the ILC. We will work with them to ensure that
there is commonality in the readout system and that the data from the beam test will have a
common format.

FY2006 Project Activities and Deliverables
University of Notre Dame In the second year the emphasis will move towards the fabrication of
full-size detector planes. Based on our experience in building and operating the 4 prototype
detector planes, we will make any necessary design changes, and also concentrate on developing
“assembly-line” production methods for the final detector. A large, clean work area and the
infrastructure necessary to handle and transport large detector components must be developed.
The group also plans to help in the analysis of data collected with the 4 detector array. These
results will be key in several final design decisions, including which PMTs to use and the
multiplicity of fibers presented to each PMT pixel.
Wayne State University We will procure, test, calibrate and install additional MAPMTs to read
out full-size prototype planes. Tubes from the quarter-size modules will be re-mounted on the
full-size planes. The choice of additional 16 or 64 channel tubes will be made based on the results
of the Year 1 tests.
We will participate in data taking at Fermilab with a test beam and contribute to the data analysis.
We will prepare written reports of our work and present it at conferences and/or publish it in
journal form.
University of California, Davis The long term plan is to develop 40 boards at a cost of $18K, or
about $30/channel. The first year will be spent in developing the design and making a batch of 16
boards. During the second year, we plan to build a second batch of 16 boards. It is expected that
there will be minor improvements made with this design. We will also implement a version of the
data acquisition software that already exists for the Minerva experiment. We will send a graduate
student to reside at Fermilab and help with the data taking and calibration of the prototype muon
detector. The student will also help with analysis of the calibration data.

FY2007 Project Activities and Deliverables
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University of Notre Dame By the third year we will be fabricating full-size detector planes.
Cosmic ray and beam test measurements with these planes will provide important tests of the
design choices. Assembly techniques will be optimized. Work will continue on integration of the
muon detector with the rest of the detector systems.
Wayne State University We will complete the work for the full size planes described in Year 2.
In all years, we will coordinate our work with the world-wide effort on specific detector designs.
We will help evaluate the potential of novel light detectors such as geiger-mode photodiodes and
silicon PMTs for use with a scintillator based muon detector. We will help provide cost estimates
for readout of a full-scale ILC muon detector and help coordinate muon detector design and
integration with the rest of the ILC detector.
University of California, Davis In the third year of the program, we expect to have fully
analyzed the data. We will work on designing a full-scale readout system for a muon detector
consisting of large scintillator planes. The lessons learned from the prototype system will be
implemented in terms of design improvement, most notably in the time-synchronization area, and
a version of the readout board with a large number of TriP chips will be developed. We expect
that this work will be done by a graduate student at UCD. A cost estimate based on this new
design will emerge and will be applicable to a realistic ILC muon detector.

Budget Justification: University of Notre Dame
Support is requested for 50% of the salary of one technician, Mr. Mike McKenna. Mr. McKenna
is a skilled technician with more than 25 years of experience working in particle physics. He has
worked the majority of his career (more than 20 years) at Fermilab and is now a member of the
Notre Dame HEP group. We also request support for 25% of a single graduate student to work
summers on detector construction, and later, data analysis. Equipment funds are needed to
constuct the various tables, jigs, transports and other apparatus needed for detector assembly.
Finally, a small amount of travel funds are budgeted to cover the cost of transportation of
materials between Notre Dame and Fermilab.
Three Year Budget – University of Notre Dame
ITEM

2005

2006

2007

Total

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (20% of other prof.)
Total Salaries, Wages and Benefits
Equipment
Total Travel

$30,000
$ 5,000

$30,000
$ 5,000

$30,000
$ 5,000

$ 90,000
$ 15,000

$35,000
$ 6,000
$41,000
$ 2,000
$ 2,000

$35,000
$ 6,000
$41,000
$ 6,000
$ 2,000

$35,000
$ 6,000
$41,000
$ 4,000
$ 2,000

$105,000
$ 18,000
$123,000
$ 12,000
$ 6,000
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Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

$45,000
$11,180
$56,180
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$49,000
$11,180
$60,180

$47,000
$11,180
$58,180

$141,000
$ 33,540
$174,540

Budget Justification: Wayne State University
Salary support is requested for 2 months per year for Research Engineer Alfredo Gutierrez in
support of MAPMT instrumentation and testing. He has 9 years experience with computers and
electronics for high energy physics experiments and has 2 years experience with MAPMT work
for this project.
Support is requested for a graduate student for 1 academic term and during the summer, each year,
to peform calibration measurements, take data using the prototype modules at Fermilab and to
analyze the data.
Travel support is requested for 2 1-week trips to Fermilab for the student, 4 trips of 2 days each to
Fermilab for the P.I. and for travel to a domestic and international conference for the P.I.
Funds are requested to purchase 4 MAPMTs and associated electronics components per year to
instrument the prototype modules. Minor costs are also included for shipping of materials and for
publications.

Three Year Budget – Wayne State University
ITEM

2005

2006

2007

Total

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (26.4%)
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

$ 8,670
$11,999

$ 8,843
$12,239

$ 9,020
$12,484

$ 26,533
$ 36,722

$20,669
$ 5,457
$ 3,871
$29,997

$21,082
$ 5,566
$ 3,948
$30,596

$21,504
$ 5,677
$ 4,027
$31,208

$ 63,255
$ 16,700
$ 11,846
$ 91,801

$ 6,500
$ 8,300

$ 6,500
$ 8,300

$ 6,500
$ 8,300

$ 19,500
$ 24,900

$44,797
$10,641
$55,438

$45,396
$10,776
$56,172

$46,008
$10,915
$56,923

$136,201
$ 32,332
$168,533
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Budget Justification: University of California, Davis.
Salary support is requested for a graduate student for two academic quarters and during the
summer quarter, each year. During the first year, the student will work on the layout of the
modified Minerva board and help with testing the prototypes. A total of 400 hours of
undergraduate student support (@ $7.25/hour) is requested for each year.
Travel support is requested for three 1-week trips to Fermilab. In the first year this will be for
installing the readout electronics at the muon test-stand. Additional support for travel to one
domestic and one international Linear Collider workshops is requested for the P.I.
Equipment funds are requested to fabricate the modified Minerva boards. During the first year,
we anticipate NRE costs of $3K and an additional $7.8K for producing 16 boards. In the second
year, we will produce another 16 boards at a cost of $ 8K followed by 8 boards in the third year.
The supplies budget of $2K/year is for miscellaneous electronics parts, software licenses,
telephone and printing charges.
Three Year Budget – University of California, Davis.
ITEM
Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

2005

2006

2007

Total

$16,785
$ 2,900
$19,685
$ 389
$ 6,166
$26,240
$10,800
$ 4,500
$ 2,000

$17,289
$ 2,900
$20,189
$ 397
$ 6,783
$27,369
$ 8,000
$ 4,725
$ 2,000

$17,808
$ 2,900
$20,708
$ 405
$ 7,461
$28,574
$ 3,000
$ 4,961
$ 2,000

$
$
$
$
$
$
$
$
$

$43,540
$ 6,909
$50,449

$42,094
$ 7,101
$49,195

$38,535
$ 7,299
$45,834

$124,169
$ 21,309
$145,478
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51,882
8,700
60,582
1,191
20,410
82,183
21,800
14,186
6,000

7.5

Muon System

7.5: Continuing Studies of Geiger-Mode
Avalanche Photodiodes for Linear Collider
Detector Muon System Readout
(renewal)
Muon System
Contact person
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
Institution(s)
Colorado State
Funds awarded (DOE)
FY04 award: 15,000

New funds requested
FY05 request: 36,560
FY06 request: 91,572
FY07 request: 0
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Continuing Studies of
Geiger-ModeAvalanche Photodiodes
for
Linear Collider Detector Muon System Readout
Classification:
Linear Collider Detector Muon System Readout
Institution and Personnel requesting funding:
Colorado State University
Robert J. Wilson, Professor
David W. Warner, Engineer
Wilson and Warner have worked with photodetectors for many years at various levels
including for: the SLD experiment Cerenkov Ring Imaging Device (CRID); BaBar
Detector of Internally Reflected Cherenkov light (DIRC); Pierre Auger Observatory;
GPD applications for detection of Cerenkov and scintillation light.
Collaborators:
Stefan Vasile; President, aPeak Inc.
Scintillator Based Muon Detector Collaboration (E. Fisk, P. Karchin et al.)
Tail Catcher / Muon Tracker Collaboration (V. Zutshi et al.)
Project Leader:
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
Project Overview:
Wavelength Shifting (WLS) fiber readout of scintillator strips remains the primary
candidate for the US Linear Collider Detector (LCD) systems in central or intermediate
tracking or large area muon systems. Indeed, two proposals to continue developing this
technology for LCD applications are being submitted in response to this solicitation.
These proposals envision using multi-anode PMTs and SiPM/MRS photodetectors for
fiber readout. Multi-anode PMTs are an improvement over traditional single-anode
PMTs for this application, but they are still expensive, in large part due to the need for
relatively sophisticated electronic readout with amplification, as well as high-voltage
supply requirements. We believe this is sufficient motivation for further investigation of
alternative photodetectors.
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Geiger-mode Avalanche Photodiodes (GPDs) are an interesting candidate photodetector
to replace PMT read-out of WLS fibers. We have been working together with aPeak1, a
small firm in the Boston area that develops novel photodetector devices, to direct their
development of GPDs specifically for these applications. GPDs have several features that
are important for these types of applications: relatively high detection efficiency at
typical WLS light wavelengths (compared to typical PMTs); high gain; acceptably low
dark count rates (for gated operation) with modest cooling; low sensitivity to magnetic
fields; and greatly simplified readout electronics, supply voltage requirements, and cable
plant. The GPD is intrinsically a digital device, but a certain degree of photon-counting
capability could be achieved by multi-pixel readout of each fiber (as is the principal of
the Si-PM) - such a configuration could be self-triggering by incorporating multiplicity
logic in the readout.
A combination of the GPD features could reduce the system cost considerably. Geigermode devices produce volt-size signals that do not need a preamplifier and the simple
active quench circuit required could be done on-chip, providing a digital output. The low
voltage power supply and cabling cost should be somewhat lower than for a PMT HV
system. Insensitivity to magnetic fields and small size would allow the photodetector to
be close to the active detector region, which could reduce the optical fiber plant
considerably, resulting in a robust, compact, and relatively inexpensive readout system.
This proposal is a continuation of our proposal for research into Geiger-mode Avalanche
Photodiodes submitted and partially funded as part of the LCRD program last year. A
small (but valuable) component of that proposal was funded late last year - a temperature
control system, which is in progress. In addition to the LCRD funding, in 2004 we
completed a successful separate R&D program funded by a Phase I SBIR (Small
Business Innovative Research) R&D award to aPeak. The results from this research were
sufficiently interesting that aPeak has been granted a Phase II award of $735,000 to
continue this research, with a subcontract to CSU of approximately $170,000 over two
years. Many of the goals set out in the last year’s LCDRD “Year 1” request are
supported by this SBIR funding, but to be most useful for the prototype scintillator
systems proposed for LCD there are two critical efforts that are not. Here we request
follow-on funding through the LCDRD program to allow us to continue development
specifically targeted at the LCD muon system; in particular to:
-

participate in the design and planning of the muon system test beds to insure
compatibility with the GPDs (Year 1) ;
design a fiber readout system optimized for GPDs using the experience from
the SBIR-funded research and in the LCD muon system test bed (Year 2).

Broader Impact:
Low light level high detection efficiency photodetectors are a critical part of many fields
of physics research and commercial applications. It is difficult to overstate the potential
value of a low cost, high gain, high reliability alternative to the photomultiplier tube for
these applications. In addition to high energy physics applications described here, GPDs
1

http://www.apeakinc.com/
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may be useful in many other traditional PMT applications, such as atmospheric
monitoring, astronomy, nuclear medicine and medical imaging, chemistry, illicit
radiation source detection, and many other fields.
Results of Prior Research:

Cluster DE, %

During the previous LCRD funding cycle, CSU was awarded $15,000 to investigate the
impact of cooling the GPD junction on the level of thermally generated false signals.
This funding has allowed us to develop a computer controlled Peltier junction-based
cooling system for measuring the noise performance of prototype devices as a function of
temperature over the range from approximately +20 to -40 degrees Celsius. These
important measurements would not have been possible with aPeak funds alone and are a
good example of how a modest amount of LCRD funding has allowed us to add
flexibility to a substantial SBIR-funded research program, and even to increase our
influence over the aPeak GPD development project.
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Figure 1: Detection Efficiency for GPD Cluster. Statistical uncertainty is 2% for bias
13.75 V, increasing to 8% for 13.45 V (From Phase I SBIR Report)
Thanks to the SBIR funding we received for this project, we have had pixel arrays
available for testing at CSU for much of the past year. As our primary contribution to the
SBIR phase 1 work, we have concentrated on measuring the detection efficiency for GPD
readout of WLS fibers. Using a simple scintillator hodoscope, we have collected cosmic
ray data from sample 8-pixel GPD arrays attached to a 30 cm sample of a scintillator bar
with embedded wavelength-shifting fibers (similar to that in the MINOS experiment2).
As shown in Figure 1, our results indicate that the array was approximately 60% efficient
for detecting cosmic rays, depending on bias voltage setting and background subtraction
method: the middle thick line is the best estimate; the top line is the expected value based
on the efficiency of individual pixels in the absence of correlated backgrounds; the
bottom line is a worst case scenario that greatly overestimates the effect of thermally
generated noise.

2

http://www-numi.fnal.gov/
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We anticipate being able to increase the system detection efficiency to nearly 100% by
increasing the photosensitive surface area, improvements to the active quenching
circuitry, and improved optical coupling to the fiber.
Results from the testing work at CSU have been presented by Wilson at the Victoria
Linear Collider Workshop, summer 20043. Extensive additional results are also included
in an internal report from CSU to aPeak at the conclusion of Phase I4. Results from the
full Phase I effort were also presented by Vasile (aPeak) at the NSS 04 conference in
Rome5.
The final report of Phase I progress was submitted to DoE as part of our request for Phase
II support. Unfortunately, this report contains proprietary information from aPeak, and
has not yet been released as a public document.
Facilities, Equipment and Other Resources:
Our proposal is greatly enhanced by our ability to purchase test equipment, readout
electronics, and materials and supplies necessary for operating the GPD arrays in the
LCD prototype from funds provided through the SBIR program – these include a new
PC-based data acquisition system with LabView, readout electronics, cables, funds for
mechanical design and fabrication of detector interface. Sufficient laboratory space with
power, internet access etc. and low cost access to a machine shop with precision lathes,
mills, drills etc is provided by the university.
Year 1 Project Activities and Deliverables:
The CSU work plan for our involvement in the aPeak SBIR explicitly specifies that we
are responsible for “Development of the packaging, interface, and physical plant for use
in a realistic detector, culminating in testing the arrays in a prototype test bed of the LCD
muon system if possible. The LCD test bed and possible beam tests will be coordinated
with the LCD Muon Group that includes Fermi National Accelerator Laboratory,
Northern Illinois University, University of Notre Dame, and Wayne State University.”
Our deliverable under this LCRD proposal would be the engineering and interaction
necessary to insure satisfactory testing in the LC muon system test bed(s).
Year 2 Project Activities and Deliverables:
Year 2 activities would move the design from prototype status towards manufacturability,
both in terms of the production of the GPDs and the physical plant required to operate
them. This would involve:
- Design of optical interfaces (possibly light concentrators) to connect WLS or
scintillating fibers to GPD pixel arrays;

3

http://www.linearcollider.ca/lc/vic04/abstracts/detector/muonpid/bob_wilson_.pdf
http://hep45.hep.colostate.edu/~wilson/GPD/CSU_aPeakPhaseI_report.pdf
5
http://www.apeakinc.com/images/N305.pps
4
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-

Development of cooling systems (such as piezoelectric coolers) to reduce the
temperature and provide the required temperature stability for reliable operation;
Optimization of pixel array layouts to minimize cost and maximize performance;
Investigation of on-chip active quenching and signal processing to further reduce
costs;
Design of a system to fit within the constraints of a straw-man muon tracking
system developed by the muon tracker task.

At the completion of this phase, we would expect to be ready to produce significant
numbers of GPD pixel arrays to read out a large-scale muon system prototype.

Budget Justification:
We request support from the LCRD program in Year 1 for 2 months engineering support
and travel (3 trips to FNAL/Illinois: 2 for Warner, 1 for Wilson) and 1 semester (summer)
of graduate student support. The travel is an integral part of tying the SBIR funded
project with the LCRD program. The graduate student will work on for data analysis and
testing during the summer and part time during the academic semester. Warner is the
central person for the technical aspects of the program. There is no HEP base program
grant support for Warner – all costs, including travel, associated with this proposal must
be provided by the project he is working on.
In Year 2, we include 3.5 months of engineering support for system design and
integration studies; 1 semester of grad student support for data analysis and testing; 3
trips to Fermilab for systems integration with our collaborators, and a custom run of
GPDs specifically matched to the muon system prototype requirements ($30,000).
Budget:
Item
FY2005 FY2006
Total
Other Professionals (Warner*)
$17,000 $29,750 $46,750
Graduate Students
$4,500
$4,500
$9,000
Undergraduate Students
$0
$0
$0
Total salaries & Wages
$21,500 $34,250 $55,750
Fringe Benefits*
$162
$162
$324
Total Salaries, Wages and Fringe Benefits
$21,662 $34,412 $56,074
Equipment
$0 $30,000 $30,000
Travel
$3,000
$3,000
$6,000
Materials and Supplies
$0
$4,500
$4,500
Other Direct Costs (tuition)
$800
$800
$1,600
Total Direct Costs
$25,462 $72,712 $98,174
Indirect Costs
$11,098 $18,860 $29,958
Total Direct and Indirect Costs
$36,560 $91,572 $128,132
*Warner’s salary is charged through the CSU Technical Design Facility at a
flat rate of $50/hour, with no explicit fringe associated.
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7.6

Muon System

7.6: Design and Prototyping of a
Scintillator-based Tail-catcher/Muon
Tracker
(new proposal)
Muon System
Contact person
Vishnu Zutshi
zutshi@fnal.gov
(815) 753-3080
Institution(s)
Colorado State
DESY
Fermilab
NIU
Pavia
Wayne State

New funds requested
FY05 request: 87,800
FY06 request: 107,100
FY07 request: 165,800

7.6
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Proposal to DOE/NSF for ILC Detector R&D

February 22, 2005

Proposal Name
Design and Prototyping of a Scintillator-based Tail-catcher/Muon Tracker.
Classification (accelerator/detector: subsystem)
Detector: Muon.
Personnel and Institution(s) requesting funding
G. Blazey, D. Chakraborty, A. Dyshkant, D. Hedin, A. Maciel, V. Rykalin, V. Zutshi.
Northern Illinois Center for Accelerator and Detector Development/ Northern Illinois University.

Collaborators
F. Sefkow et. al, DESY, Hamburg,
H. Fisk et. al, Fermi National Accelerator Laboratory, Batavia,
R. Wilson et. al, Colorado State University, Fort Hill,
P. Karchin et. al, Wayne State University, Detroit,
G. Introzzi et. al, University of Pavia, Pavia,
The CALICE Collaboration.
Project Leader
V. Zutshi
zutshi@nicadd.niu.edu
(815)753-3080
Project Overview
The Northern Illinois University(NIU)/Northern Illinois Center for Accelerator and Detector
Development (NICADD) [1] group is interested in muon system R&D for the proposed International Linear Collider. Specifically we propose to design and build a cubic meter sized
scintillator-steel prototype which will serve as both a tail-catcher and muon tracker (TCMT).
We are scheduled to expose this device to a muon and hadron test beam during the period
2005-2007 [2]. The end goal of this research project will be the development of a robust design
with reliable cost and performance estimates for a scintillator-based muon system suited for
an e+ e− collider.
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There is a growing consensus that Particle Flow Algorithms (PFAs) [3] offer the most promising path to date of realizing the full physics program of an International Linear Collider
Detector (ILCD). It is in this context that the design of the muon system for the Linear
Collider will have to be optimized. This in turn implies that, any prototype of the muon
system will have to address the following in a comprehensive manner:
Muon ID and Reconstruction: Many key physics channels expected to appear at the Linear
Collider have muons in their final states. Given the smallness of the expected cross sections,
high efficiency in tracking and identification of the muons will be paramount. Since the precise
measurement of the muon momentum will be done with the central tracker, a high granularity
muon system which can efficiently match hits in it with those in the tracker and calorimeter
will be needed.
Energy Leakage: Hermeticity and resolution constraints require that the calorimeters be
placed inside the superconducting coil to avoid serious degradation of calorimeter performance. On the other hand cost considerations associated with the size of the coil imply that
the total calorimetric system will be relatively thin (4.5-5.5 λ). Thus, additional calorimetric
sampling may be required behind the coil to estimate and correct for hadronic leakage.
Shower Validation: Current hadronic shower models differ significantly from each other. This
puts conclusions on detector performances drawn from PFAs on rather shaky ground. Thus
one of the most important goals of the LC test beam program is the validation of hadronic
simulation packages. A TCMT which can provide a reasonably detailed picture of the very
tail-end of showers will be very helpful in this task.
The TCMT prototype will have a fine and a coarse section distinguished by the thickness of
the steel absorber plates. The fine section sitting directly behind the hadron calorimeter and
having the same longitudinal segmentation as the HCAL, will provide a detailed measurement
of the tail end of the hadron showers which is crucial to the validation of hadronic shower
models, since the biggest deviations between models occurs in the tails. The following coarse
section will serve as a prototype muon system for any design of a Linear Collider Detector
and will facilitate studies of muon tracking and identification within the particle flow reconstruction framework. Additionally, the TCMT will provide valuable insights into hadronic
leakage and punch-through from thin calorimeters and the impact of the coil in correcting for
this leakage.
This project is a good fit for NIU/NICADD. Our group has participated in the construction
and testing of a scintillator-based muon system for the DZero experiment. At present we are
involved in research and development of a finely segmented scintillator hadron calorimeter for
the Linear Collider Detector (LCD). Additionally NICADD bought and with Fermilab jointly
operates an extruder facility where the scintillator for this project has been prototyped and
will be produced.
Basic Design Parameters of the TCMT
GEANT4 based simulation studies [4] of muon reconstruction, background rejection and
hadronic energy leakage were used to support the geometry and segmentation chosen for the
TCMT.
(a) 16 layers, each of active area 1m x 1m,
(b) Extruded scintillator strips 5cm wide and 5mm thick,
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Figure 1: Strip processing stages.
(c) Steel absorber with thickness 2cm (8 layers) and 10cm (8layers),
(d) X or Y orientation of strips in alternate layers,
(e) Silicon Photomultiplier (SiPM) photodetection.
Scintillator
The extruded scintillator strips will be produced at the Scintillator Detector Development
Lab (SDDL) extruder facility operated jointly by Fermilab and NICADD [5]. The extruder
uses polystyrene pellets and PPO and POPOP dopants to produce scintillator with good
mechanical tolerances and an average light yield that is 70% that of cast scintillator. The
strips produced will be 1m long, 10cm wide, 5mm thick and will have two co-extruded holes
running along the full length of the strip. A 1.2mm outer diameter Kuraray wavelength
shifting fiber will be inserted in each of the holes. Detailed studies of the strip-fiber system
were carried out to converge on this solution [6]. Not only was the performance of this novel
fiber-coextruded-hole configuration better than anything that could be obtained for a fibermachined-groove geometry it is also significantly less labor intensive since no machining,
polishing or gluing is involved. Due to the size of the die currently available the strips
rolling off the extruder will be ten centimeters wide. To have the required five centimeter
wide readout segmentation each of the strips will have a 0.9mm wide epoxy filled separation
groove in the middle (see Fig. 1). Further R&D on the strip-fiber system optimization will
continue in co-ordination with groups pursuing conventional photomultiplier readout [7].
Photodetectors
We propose to use novel solid-state devices like SiPMs [8] or MRS (metal resistive semiconductor) for photodetection. For the purposes of this discussion we will refer to these devices
collectively as SiPMs. SiPMs are room temperature photo-diodes operating in the limited
Geiger-mode with performances very similar to conventional photo-multiplier tubes i.e. they
have high gain (≈ 106 ) but relatively modest detection efficiency (quantum x geometric
efficiency ≈ 15%). Not only is the signal obtained for minimum ionizing particles with these
devices large (> 10 photo-electrons for our 5mm thick extruded scintillator strips), their small
size (1mm x 1mm) and low bias voltage (≈ 50 V) implies that they can be mounted in or very
close to the scintillator strips. Consequently little light is lost since it does not travel large
distances in the fiber to the photodetector, the need for interfacing to a clear fiber (connectors,
splicing etc.) is obliterated and the quantity of fiber required is significantly reduced. Even
more importantly, the generation of electrical signals, inside the detector, at or close to the
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Figure 2: Mechanical prototype of cassette.
scintillator surface eliminates the problems associated with handling and routing of a large
number of fragile fibers. Our detailed investigations [9][10] into the characteristics of these
photodetectors confirms their suitability for a dual purpose muon detector. While SiPMs
are our preferred solution for the TCMT prototype we will remain active in evaluating the
potential of new photodetector developments (for example [11]) as and when they become
available.
Cassette
The scintillator strips and their associated photodetectors in each layer will be enclosed in a
light tight sheath which we refer to here as a cassette (see Fig. 2). The top and bottom skins
of the cassette are formed by 1mm thick steel with aluminum bars providing the skeletal
rigidity. The aluminum bars also divide the cassette into distinct regions for scintillator,
connectors, cable routing and LED drivers such that they can be independently accessed for
installation, maintenance or repairs.
Electronics
One of the practical advantages of using the SiPMs is that we can use some of the electronics
being developed for the scintillator-based hadron calorimeter, another project with which
we are actively involved. Thus we will be using the preamplifier and DAQ boards already
developed for the HCal. However the different structure and channel count of the device will
necessarily lead to a different architecture of the electronics. This will necessitate the custom
development of TCMT baseboards which will carry the preamplifier boards and communicate
with the DAQ ones (see Fig. 3). We will carry out the design and fabrication of these
boards in collaboration with DESY and Fermilab electrical engineering departments. The
photodetectors inside the cassette will be connected to this baseboard with 50 ohm multicoax cables with connectors at both the detector and board ends.
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Figure 3: Electronics architecture for the TCMT.
Stack
The design of the absorber stack and table is being developed in collaboration with Fermilab
mechanical engineering (see Fig. 4). The design foresees the welding of the steel absorber
plates to a frame which also doubles as a lifting fixture. This structure will be then placed
on top of a table capable of forward-backward and left-right motion with the help of Hillman
rollers. The stack will have the capability of being rotated by 90 o for taking normally incident
cosmics during beam downtime. The electronics crates will be attached to the stack to keep
the cable lengths to a minimum. The drawings for the absorber stack and table are available
and construction can commence soon. We have already located (Fermilab scrapyard) and
reserved most of the absorber plates required for the TCMT. Some processing in the shape
of flame cutting, welding etc. will however be required. Only a couple of plates will have to
be bought outright.
FY2005 activities and deliverables
(a) Production and quality control of all strips required for the TCMT,
(b) Initiate assembly of the first eight TCMT cassettes,
(c) Fabrication and testing of TCMT baseboards,
(d) Construction of absorber stack and movable table.
The first year deliverable is a partially commissioned TCMT.
FY2006 activities and deliverables
(a) Production and installation of LED calibration system for all the channels,
(b) Assembly and commissioning of the remaining cassettes of the TCMT,
(c) Integration of TCMT electronics with the DAQ system,
(d) Exposure of fully functional TCMT to a hadron test beam.
The second year deliverable is a fully assembled and functional TCMT taking data in a muon
and hadron test beam.
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Figure 4: TCMT absorber stack structure.
FY2007 activities and deliverables
(a) Finish analysis of the collected data,
(b) Enhancements/modifications as dictated by the test beam experience,
(c) Conceptual and mechanical design of the full muon system for the LCD.
The third year deliverable will be a Technical Design Report based on our test-beam experience.
Existing Infrastructure/Resources
The funds requested in this proposal will be augmented by the following support, totaling
more than $1M, from other sources:
(a) NICADD personnel,
(b) Fermi-NICADD scintillator extruder line,
(c) NIU machine shops,
Budget Justification
FY2005: Production and quality control of strips, testing of the multi-channel electronics
and assembly of the first 8 cassettes will involve NICADD staff members (not included in
the NIU budget presented here) and a graduate student (1.0 FTE). Undergraduate students
will participate in the research during the summer months. The equipment costs relate
to electronics (TCMT base-board fabrication, photodetectors) and absorber stack assembly
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(flame cutting, riveting, welding). Fiber, glue, paint, absorber plates and machined parts for
the cassette make up the materials and supplies.
FY2006: Continued assembly and commissioning of the TCMT modules, operation of the test
beam, calibration and analysis of data will be done with the additional support of a postdoctoral associate (0.5 FTE). Support for 1.0 FTE graduate students will be maintained.
Summer support for undergraduates will be continued. The equipment costs relate to the
fabrication of the LED driver boards. The costs incurred in maintenance of the detector are
reflected in the materials and supplies.
FY2007: Full conceptual and mechanical design of the muon system for the LCD will require
the additional support of a mechanical engineer (0.3 FTE). Continued operation in the test
beam, analysis of data and construction of one or two new cassettes to further optimize the
design with lessons learnt from operation in the beam will require continued support of a
post-doctoral associate (0.5 FTE) and a graduate student (1.0 FTE).
The travel funds (2005-2007) will cover costs of travel by group members to collaborating
institutions and for attending conferences/meetings for the purposes of this project only.
The budget takes into account the NIU mandated fringe (52%) and indirect cost (45%) rates.
Three-year budget, in then-year K$
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Total direct costs
Indirect costs
Total direct and indirect costs

FY2005
0
21.0
4.0
25.0
0.3
25.3
25.0
3.0
15.0
68.3
19.5
87.8

FY2006
21.0
21.5
4.5
47.0
11.5
58.5
10.0
3.5
5.0
77.0
30.1
107.1

FY2007
50.0
22.0
5.0
77.0
26.9
103.9
5.0
4.0
3.0
115.9
49.9
165.8

Total
71.0
64.5
13.5
149.0
38.7
187.7
40.0
10.5
23.0
261.2
99.5
360.7

Broader Impact
Student involvement in research is a critical aspect of the proposed research program. Students can make significant contributions in detector R&D, construction, testing, software
development, data collection and analysis. They are, in the process, exposed to cutting-edge
research techniques and technology which they can utilize in industry or related fields.
The scintillator R&D involves collaborative work with chemists and mechanical engineers.
As an example, faculty and students from NIU engineering department have been involved in
extruder die design and operation. Improvements in this technology are applicable to many
fields which need to detect particles including other sciences and medicine.
NICADD/NIU runs a vigorous outreach program which visits schools and civic organizations
in the northern Illinois region with the purpose of increasing enthusiasm and public awareness
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for science. The presentations emphasize energy and light but also address how scientists
make and interpret observations. Over 10,000 students per year attend these presentations.
NIU/NICADD faculty and staff volunteer for the Fermilab ’Ask-a-Scientist’ program.
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Appendix: Participation Data and Table of Project Summaries
Participation Data
Funds already awarded, DOE + NSF
FY04
FY05
FY06 proposals
Accelerator Physics total
$515,938 $601,780 $547,780
17
Luminosity, Energy, Polarization total
$75,000
$0
$0
4
Vertex Detector total
$72,000
$0
$0
1
Tracking total
$207,000
$0
$0
5
Calorimetry total
$320,000
$0
$0
6
Muon system and Particle ID total
$26,000
$0
$0
2
Total
$1,215,938 $601,780 $547,780
35

New funding requested by proposals
FY05
FY06
FY07
proposals
Accelerator Physics total
$1,133,885 $1,117,045 $959,950
18
Luminosity, Energy, Polarization total
$315,555 $362,855 $329,158
9
Vertex Detector total
$75,000 $150,000 $150,000
1
Tracking total
$737,595 $759,184 $733,030
11
Calorimetry total
$843,446 $1,153,644 $773,238
10
Muon system and Particle ID total
$286,427 $364,219 $326,737
3
Total
$3,391,908 $3,906,947 $3,272,113
52

Submitted (or continuing) projects year 1 year 2 this year
Accelerator Physics total
33
30
29
Luminosity, Energy, Polarization total
9
9
9
Vertex Detector total
3
1
3
Tracking total
11
12
11
Calorimetry total
12
10
13
Muon system and Particle ID total
3
3
3
Total
71
68
65

Participation by institutions
year 1 year 2 this year
U.S. Universities
47
49
48
National and industrial laboratories
7
7
5
Foreign institutions
11
23
11
Total
65
64
79
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Authors
year 1 year 2 this year
U.S. Universities
209
204
220
National and industrial laboratories
70
71
58
Foreign institutions
18
55
25
Total
297
303
330
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Table of Project Summaries
progress
2.2. Beam Test Proposal of an Optical Diffraction Radiation Beam Size
report
Monitor at the SLAC FFTB (p. 34)
Accelerator
Yasuo Fukui
fukui@slac.stanford.edu
(650) 926-2146
Physics
Collaborating institutions: UCLA KEK SLAC Tokyo Metropolitan Tomsk
Polytechnic
Previously awarded support: FY04: 40,000 FY05: 45,000 FY06: 50,000 DOE
Request for new support: FY05: FY06: FY07:
progress
2.3. Design and Fabrication of a Radiation-Hard 500-MHz Digitizer
report
Using Deep Submicron Technology (p. 47)
Accelerator
K.K. Gan
gan@mps.ohio-state.edu
(614) 292-4124
Physics
Collaborating institutions: Ohio State SLAC
Previously awarded support: FY04: 60,000 FY05: 135,000 FY06: 135,000 DOE
Request for new support: FY05: FY06: FY07:
progress
2.4. RF Beam Position Monitors for Measuring Beam Position and Tilt (p.
report
55)
Accelerator
Yury Kolomensky
yury@physics.berkeley.edu
(510)642-9619
Physics
Collaborating institutions: UC Berkeley Notre Dame SLAC
Previously awarded support: FY04: 40,000 FY05: 34,600 FY06: 34,600 DOE
Request for new support: FY05: FY06: FY07:
2.5. Non-intercepting electron beam diagnosis using diffraction radiation
renewal
(p. 62)
Accelerator
Bibo Feng
bibo.feng@vanderbilt.edu
(615) 343-6446
Physics
Collaborating institutions: Vanderbilt
Previously awarded support: FY04: 9,040 FY05: FY06: NSF
Request for new support: FY05: 60,600 FY06: 62,700 FY07: 0
2.6. Electro-optic measurement of picosecond bunches in a bunch train (p.
renewal
70)
Accelerator
Bill Gabella
b.gabella@vanderbilt.edu
(615) 343-2713
Physics
Collaborating institutions: Vanderbilt
Previously awarded support: FY04: 18,083 FY05: FY06: NSF
Request for new support: FY05: 46,400 FY06: 50,300 FY07: 0
2.7. Design for a Fast Synchrotron Radiation Imaging System for Beam
renewal
Size Monitoring (p. 76)
Accelerator
Jim Alexander
jima@lns.cornell.edu
(607) 255-5259
Physics
Collaborating institutions: Albany Cornell
Previously awarded support: FY04: 21,082 FY05: FY06: NSF
Request for new support: FY05: 23,503 FY06: 0 FY07: 0
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progress
report
Accelerator
Physics

2.9. Radiation damage studies of materials and electronic devices using
hadrons (p. 82)
David Pellett

pellett@physics.ucdavis.edu

(530) 752-1783

Collaborating institutions: UC Davis Fermilab SLAC
Previously awarded support: FY04: 33,059 FY05: 38,000 FY06: 38,000 DOE
Request for new support: FY05: FY06: FY07:
new
2.10. BACKGAMMMON: A Scheme for Compton Backscattered
proposal
Photoproduction at the International Linear Collider (p. 89)
Accelerator
S. Mtingwa
mtingwa@ncat.edu
(336) 334-7423
Physics
Collaborating institutions: NCA&T
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 160,200 FY06: 193,700 FY07: 207,000
new
2.11. Ground Motion studies at NuMI (p. 97)
proposal
Accelerator
Mayda Velasco
mvelasco@lotus.phys.nwu.edu
(847) 467-7099
Physics
Collaborating institutions: Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 28,489 FY06: 0 FY07: 0
progress
2.15. Investigation of acoustic localization of rf cavity breakdown (p. 103)
report
Accelerator
George Gollin
g-gollin@uiuc.edu
(217) 333-4451
Physics
Collaborating institutions: Illinois SLAC
Previously awarded support: FY04: 23,785 FY05: 35,000 FY06: 35,000 DOE
Request for new support: FY05: FY06: FY07:
progress
2.18. Control of Beam Loss in High-Repetition Rate High-Power PPM
report
Klystrons (p. 115)
Accelerator
Chiping Chen
chenc@psfc.mit.edu
(617) 253-8506
Physics
Collaborating institutions: Mission Research Corp MIT
Previously awarded support: FY04: 20,000 FY05: 30,000 FY06: 0 DOE
Request for new support: FY05: FY06: FY07:
progress
2.22. Investigation of Novel Schemes for Injection/Extraction Kickers (p.
report
123)
Accelerator
George Gollin
g-gollin@uiuc.edu
(217) 333-4451
Physics
Collaborating institutions: Cornell Fermilab Illinois
Previously awarded support: FY04: 22,822 FY05: 16,822 FY06: 16,822 DOE
Request for new support: FY05: FY06: FY07:
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progress
report
Accelerator
Physics

2.25. Investigation and prototyping of fast kicker options for the TESLA
damping rings (p. 165)
Gerry Dugan

gfd1@cornell.edu

(607) 255-5744

Collaborating institutions: Cornell
Previously awarded support: FY04: 7,900 FY05: 135,000 FY06: 135,000 DOE
Request for new support: FY05: FY06: FY07:
new
2.26. Continuing Research and Development of Linac and Final Doublet
proposal
Girder Movers (p. 177)
Accelerator
David Warner
Warner@lamar.colostate.edu
(970) 491-1035
Physics
Collaborating institutions: Colorado State SLAC
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 57,000 FY06: 66,400 FY07: 58,400
progress
2.27. Effects of CSR in Linear Collider Systems: A Progress Report (p.
report
186)
Accelerator
James Ellison
ellison@math.unm.edu
(505) 277-4613
Physics
Collaborating institutions: New Mexico
Previously awarded support: FY04: 36,758 FY05: 36,758 FY06: 36,758 DOE
Request for new support: FY05: FY06: FY07:
2.30. Beam simulation: main beam transport in the linacs and beam
progress
delivery systems, beam halo modeling and transport, and implementation
report
as a diagnostic tool for commissioning and operation (p. 194)
Accelerator
Dave Rubin
dlr@cesr10.lns.cornell.edu
(607) 255-3765
Physics
Collaborating institutions: Cornell
Previously awarded support: FY04: 16,060 FY05: 21,000 FY06: 32,000 DOE
Request for new support: FY05: FY06: FY07:
2.32. Supplementary Damping Systems for the International Linear
renewal
Collider (p. 200)
Accelerator
S. Mtingwa
mtingwa@ncat.edu
(336) 334-7423
Physics
Collaborating institutions: NCA&T
Previously awarded support: FY04: 22,600 FY05: FY06: NSF
Request for new support: FY05: 160,200 FY06: 193,700 FY07: 207,000
2.34. Experimental, simulation, and design studies for linear collider
renewal
damping rings (p. 207)
Accelerator
Gerry Dugan
gfd1@cornell.edu
(607) 255-5744
Physics
Collaborating institutions: Cornell Minnesota
Previously awarded support: FY04: 45,133 FY05: FY06: NSF
Request for new support: FY05: 46,839 FY06: 72,006 FY07: 0
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progress
2.37. Demonstration of Undulator-Based Production of Polarized
report
Positrons at FFTB at SLAC (p. 216)
Accelerator
William Bugg
bugg@slac.stanford.edu
(865) 974-7799
Physics
Collaborating institutions: Princeton South Carolina Tennessee
Previously awarded support: FY04: 65,000 FY05: 40,000 FY06: 0 DOE
Request for new support: FY05: FY06: FY07:
progress
2.40. Development of Polarized Photocathodes for the Linear Collider (p.
report
226)
Accelerator
Richard Prepost
prepost@hep.wisc.edu
(608) 262-4905
Physics
Collaborating institutions: SLAC Wisconsin
Previously awarded support: FY04: 34,616 FY05: 34,600 FY06: 34,600 DOE
Request for new support: FY05: FY06: FY07:
new
2.43. Investigation of acoustic localization of rf coupler breakdown (p.
proposal
235)
Accelerator
Jeremy Williams
jbw@mail.lns.cornell.edu
(217) 649-8481
Physics
Collaborating institutions: University of Illinois SLAC
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 14,600 FY06: 24,300 FY07: 24,700
new
2.44. 20-MW Magnicon for ILC (p. 246)
proposal
Accelerator
J.L. Hirshfield
jay.hirshfield@yale.edu
(203) 432-5428
Physics
Collaborating institutions: Budker Institute Omega-P Inc. Yale
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 60,507 FY06: 64,875 FY07: 65,850
new
2.45. SCRF Low-Level RF (LLRF) Development for ILC-SMTF (p. 262)
proposal
Accelerator
Nigel Lockyer
lockyer@physics.upenn.edu
(215) 898-5806
Physics
Collaborating institutions: University of Pennsylvania
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 21,794 FY06: 95,232 FY07: 98,089
new
2.46. Polarized Positron Sources (p. 268)
proposal
Accelerator
Mayda Velasco
mvelasco@lotus.phys.nwu.edu
(847) 467-7099
Physics
Collaborating institutions: Livermore Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 36,209 FY06: 0 FY07: 0
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new
proposal
Accelerator
Physics

2.47. Magnetic Investigation of High Purity Niobium for
Superconducting RF Cavities (p. 275)
P. Lee

lee@engr.wisc.edu

(608)263-1760

Collaborating institutions: Fermilab University of Wisconsin
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 66,702 FY06: 69,262 FY07: 71,941
new
proposal
Accelerator
Physics

2.48. 3D Atom-Probe Microscopy on Niobium for SRF Cavities (p. 283)
D.N. Seidman

d-seidman@northwestern.edu

(847) 491-4391

Collaborating institutions: Argonne Fermilab Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 43,500 FY06: 44,300 FY07: 45,100
new
proposal
Accelerator
Physics

2.49. Experimental Study of High Field Limits of RF Cavities (p. 293)
D.N. Seidman

d-seidman@northwestern.edu

(847) 491-4391

Collaborating institutions: Argonne Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 64,800 FY06: 66,300 FY07: 67,900
new
proposal
Accelerator
Physics

2.50. Evaluation of MgB2 for Future Accelerator Cavities (p. 305)
V. Nesterenko

vnesterenko@ucsd.edu

(858) 822-0289

Collaborating institutions: U.C. San Diego LANL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 59,300 FY06: 59,300 FY07: 59,300
new
2.51. Investigation of Secondary Electron Emission from Nb Surfaces
proposal
with Different Surface Treatments (p. 314)
Accelerator
Robert Schill
schill@ee.unlv.edu
(702) 895-1526
Physics
Collaborating institutions: U.N. Las Vegas
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 81,248 FY06: 0 FY07: 0
new
2.52. Investigation of Plasma Etching for Superconducting RF Cavities
proposal
surface Preparation (p. 325)
Accelerator
Leposava Vuskovic
vuskovic@physics.odu.edu
(757) 683-4611
Physics
Collaborating institutions: Old Dominion University TJNAF
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 101,994 FY06: 54,670 FY07: 54,670
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renewal

3.1. A Fast Gas Cerenkov Calorimeter for Luminosity Measurement and
Machine Monitoring (p. 337)

Luminosity,
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Energy,
Polarization
Collaborating institutions: Iowa State NIPT (Ukraine) Oregon Purdue SLAC Texas
Tech
Previously awarded support: FY04: 35,000 FY05: FY06: DOE
Request for new support: FY05: 42,500 FY06: 45,500 FY07: 69,500
new
3.2. R&D for luminosity monitor (p. 345)
proposal
Luminosity,
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Energy,
Polarization
Collaborating institutions: META (Turkey) INFN (Italy) Fairfield Iowa Bogazici
(Turkey) Cukurova (Turkey)
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 27,610 FY06: 30,120 FY07: 25,100
renewal
3.4. Extraction Line Energy Spectrometer (p. 352)
Luminosity,
Eric Torrence
torrence@physics.uoregon.edu
(541) 346-4618
Energy,
Polarization
Collaborating institutions: Oregon
Previously awarded support: FY04: 24,000 FY05: FY06: DOE
Request for new support: FY05: 38,467 FY06: 42,077 FY07: 0
3.5. A Demonstration of the Electronic and Mechanical Stability of a
new
BPM-Based Energy Spectrometer for the International Linear Collider (p.
proposal
360)
Luminosity,
Mike Hildreth
mikeh@undhep.hep.nd.edu
(574) 631-6458
Energy,
Polarization
Collaborating institutions: Notre Dame
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 28,000 FY06: 133,500 FY07: 141,100
new
3.6. Polarimetry at LC (p. 370)
proposal
Luminosity,
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Energy,
Polarization
Collaborating institutions: Bogazici (Turkey) Cukurova (Turkey) Fairfield Iowa
Iowa State Karlsruhe (Germany) META (Turkey)
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 20,100 FY06: 35,800 FY07: 22,600
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renewal
Luminosity,
Energy,
Polarization

3.7. Compton polarimeter backgrounds (p. 377)
William Oliver

william.oliver@tufts.edu

(617) 627-5364

Collaborating institutions: SLAC Tufts
Previously awarded support: FY04: 10,000 FY05: FY06: DOE
Request for new support: FY05: 14,000 FY06: 14,000 FY07: 14,000
renewal
3.8. Incoherent and coherent beamstrahlung at the LC (p. 383)
Luminosity,
Giovanni Bonvicini
giovanni@physics.wayne.edu
(313) 577-1444
Energy,
Polarization
Collaborating institutions: Wayne State
Previously awarded support: FY04: 6,000 FY05: FY06: DOE
Request for new support: FY05: 41,000 FY06: 0 FY07: 0
new
3.9. Development of radiation hard, 3d-electrode array, silicon radiation
proposal
sensors (p. 396)
Luminosity,
Sherwood Parker
sher@slac.stanford.edu
(510) 841 2012
Energy,
Polarization
Collaborating institutions: Hawaii
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 53,878 FY06: 51,858 FY07: 51,858
new
3.10. Beam-Diagnostic TPC (BDTPC) (p. 405)
proposal
Luminosity,
Mike Ronan
ronan@lbl.gov
(510) 486-4396
Energy,
Polarization
Collaborating institutions: Indiana LBNL Notre Dame
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 50,000 FY06: 10,000 FY07: 5,000
4.1. Pixel Vertex Detector R&D for Future High Energy Linear e+ erenewal
Colliders (p. 413)
Vertex
Charlie Baltay
baltay@yalph2.physics.yale.edu (203) 432-3386
Detector
Collaborating institutions: Fermilab KEK Oklahoma Oregon Rutherford Lab
SLAC Yale
Previously awarded support: FY04: 72,000 FY05: FY06: DOE
Request for new support: FY05: 75,000 FY06: 150,000 FY07: 150,000
new
5.1. Development and Evaluation of Forward Tracking in the Linear
proposal
Collider (p. 430)
Tracking
Michael Strauss
mgstrauss@ou.edu
(405) 325-3961
Collaborating institutions: Oklahoma
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 40,552 FY06: 42,580 FY07: 44,709
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5.2. Development of a GEM based Forward Tracking Prototype for the
ILC (p. 436)
Tracking
Lee Sawyer
sawyer@phys.latech.edu
(318) 251-2407
Collaborating institutions: Louisiana Tech
Previously awarded support: FY04: 35,000 FY05: FY06: DOE
Request for new support: FY05: 32,220 FY06: 30,420 FY07: 29,120
5.4. Studies of Gas Electron Multipliers for a Time Projection Chamber
renewal
for the International Linear Collider (p. 447)
Tracking
Peter Fisher
fisherp@mit.edu
(617) 253-8561
Collaborating institutions: Harvard MIT
Previously awarded support: FY04: 45,000 FY05: FY06: DOE
Request for new support: FY05: 61,500 FY06: 61,150 FY07: 61,150
5.5. Studies of the Use of Scintillating Fibers for an Intermediate Tracker
progress
which Provides Precise Timing and Bunch Identification: Progress Report
report
and Request For Funds (p. 456)
Tracking
Rick VanKooten
rvankoot@indiana.edu
(812) 855-2650
Collaborating institutions: Fermilab Indiana Notre Dame
Previously awarded support: FY04: 10,000 FY05: FY06: DOE
Request for new support: FY05: 0 FY06: 0 FY07: 0
new
5.7. Development of a Micro Pattern Gas Detector Readout for a TPC (p.
proposal
465)
Tracking
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Collaborating institutions: Cornell Purdue
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 92,476 FY06: 82,407 FY07: 74,416
5.8. Linear Collider Tracker Simulation Studies and Alignment System
renewal
R&D (p. 478)
Tracking
Keith Riles
kriles@umich.edu
(734) 764-4652
Collaborating institutions: Michigan
Previously awarded support: FY04: 45,000 FY05: FY06: DOE
Request for new support: FY05: 142,000 FY06: 127,000 FY07: 164,000
5.10. R& D Towards a Long Shaping-Time Silicon Strip Central Tracker
renewal
(p. 488)
Tracking
Bruce Schumm
schumm@scipp.ucsc.edu
(831)-459-3034
Collaborating institutions: UC Santa Cruz Fermilab LPNHE Paris
Previously awarded support: FY04: 72,000 FY05: FY06: DOE
Request for new support: FY05: 75,000 FY06: 75,000 FY07: 0
new
5.13. Continuation of Reconstruction Studies for the SiD Barrel Outer
proposal
Tracker (p. 499)
Tracking
Stephen Wagner
stevew@pizero.colorado.edu
(303) 735-6072
Collaborating institutions: University of Colorado
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 66,000 FY06: 63,600 FY07: 65,900
renewal
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new
proposal
Tracking

5.14. Simulation Studies for a Silicon Tracker (p. 503)

Richard Partridge
partridge@hep.brown.edu
(401) 863-2634
Collaborating institutions: Brown
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 39,997 FY06: 41,497 FY07: 43,055
new
5.15. Calorimeter-based Tracking for Particle Flow and Reconstruction of
proposal
Long-lived Particles with SiD Detector (p. 509)
Eckhard von
evt@phys.ksu.edu
(785) 532-1644
Tracking
Toerne
Collaborating institutions: Kansas State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 26,500 FY06: 23,900 FY07: 24,500
new
5.16. TPC VLSI Readout R&D (p. 518)
proposal
Tracking
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Collaborating institutions: U.C. Berkeley U.C. Davis LBNL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 87,000 FY06: 139,000 FY07: 146,000
new
5.17. Development of thin silicon sensors for tracking (p. 524)
proposal
Tracking
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494-5197
Collaborating institutions: Purdue
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 74,350 FY06: 72,630 FY07: 80,180
6.1. Design and Prototyping of a Scintillator-based Semi-Digital Hadron
renewal
Calorimeter (p. 538)
Calorimetry
Vishnu Zutshi
zutshi@fnal.gov
(815) 753-3080
Collaborating institutions: University of Colorado DESY Fermilab ITEP NIU
Pavia
Previously awarded support: FY04: 50,000 FY05: FY06: DOE
Request for new support: FY05: 88,400 FY06: 176,700 FY07: 175,400
6.2. Calorimetry R&D at Colorado: Progress Report of Work in 2004 and
renewal
Proposed Work for 2005, 2006, 2007 (p. 549)
Calorimetry
Uriel Nauenberg
uriel@pizero.colorado.edu
(303) 492-7715
Collaborating institutions: Colorado Fermilab
Previously awarded support: FY04: 60,000 FY05: FY06: DOE
Request for new support: FY05: 191,766 FY06: 315,177 FY07: 163,581
6.4. Particle Flow Studies with the Silicon Detector (SiD) at the
renewal
International Linear Collider (ILC) (p. 566)
Calorimetry
Usha Mallik
usha-mallik@uiowa.edu
(319) 335-0499
Collaborating institutions: Iowa
Previously awarded support: FY04: 50,000 FY05: FY06: DOE
Request for new support: FY05: 83,910 FY06: 98,849 FY07: 0
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6.5. Development of a silicon-tungsten test module for an electromagnetic
calorimeter (p. 581)
Calorimetry
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
Collaborating institutions: Oregon SLAC
Previously awarded support: FY04: 55,000 FY05: FY06: DOE
Request for new support: FY05: 45,000 FY06: 0 FY07: 0
6.6. Digital Hadron Calorimetry for the Linear Collider using GEM based
renewal
Technology (p. 591)
Calorimetry
Andy White
awhite@uta.edu
(817) 272-2812
Collaborating institutions: UT Arlington University of Washington
Previously awarded support: FY04: 70,000 FY05: FY06: DOE
Request for new support: FY05: 105,170 FY06: 108,018 FY07: 112,457
6.9. Development of Particle-Flow Algorithms and Simulation Software
renewal
for the ILC Detector(s) (p. 602)
Dhiman
dhiman@fnal.gov
(630) 840-8569
Calorimetry
Chakraborty
Collaborating institutions: Argonne Fermilab Iowa NIU Oregon SLAC U.T.
Arlington
Previously awarded support: FY04: 35,000 FY05: FY06: DOE
Request for new support: FY05: 94,200 FY06: 154,900 FY07: 156,800
new
6.10. Investigation of ECAL Concepts Designed for Particle Flow (p.
proposal
613)
Calorimetry
Graham Wilson
gwwilson@ku.edu
(785) 864-5231
Collaborating institutions: Kansas
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 30,000 FY06: 0 FY07: 0
new
6.14. Construction of a Prototype Hadronic Calorimeter with Digital
proposal
Readout (p. 624)
Calorimetry
José Repond
repond@hep.anl.gov
(630) 252-7554
Collaborating institutions: ANL Boston University Chicago Fermilab Iowa
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 105,000 FY06: 130,000 FY07: 55,000
new
6.16. Dual-Readout Calorimetry for the ILC (p. 634)
proposal
Calorimetry
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Collaborating institutions: U.C. San Diego Iowa State Texas Tech
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 50,000 FY06: 120,000 FY07: 80,000
new
6.17. Ultimate Hadron Calorimetry (p. 644)
proposal
Calorimetry
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Collaborating institutions: U.C. San Diego Iowa State Texas Tech
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 50,000 FY06: 50,000 FY07: 30,000
renewal
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renewal
7.2. Scintillator Based Muon System R&D: 3-Year Proposal (p. 655)
Muon
Paul Karchin
karchin@physics.wayne.edu
(313) 577-5424
System
Collaborating institutions: UC Davis Fermilab Northern Illinois Notre Dame Rice
Wayne State UT Austin
Previously awarded support: FY04: 11,000 FY05: FY06: DOE
Request for new support: FY05: 162,067 FY06: 165,547 FY07: 160,937
7.5. Continuing Studies of Geiger-Mode Avalanche Photodiodes for
renewal
Linear Collider Detector Muon System Readout (p. 673)
Muon
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
System
Collaborating institutions: Colorado State
Previously awarded support: FY04: 15,000 FY05: FY06: DOE
Request for new support: FY05: 36,560 FY06: 91,572 FY07: 0
new
7.6. Design and Prototyping of a Scintillator-based Tail-catcher/Muon
proposal
Tracker (p. 679)
Muon
Vishnu Zutshi
zutshi@fnal.gov
(815) 753-3080
System
Collaborating institutions: Colorado State DESY Fermilab NIU Pavia Wayne State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY05: 87,800 FY06: 107,100 FY07: 165,800

Reference
Technical documentation evolves, design reports are supplanted, but the marvelous carrot
cake recipe endures: http://www.hep.uiuc.edu/home/g-gollin/carrot_cake.html.
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