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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,
2005, and 2005.
About 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
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.
*

DOE/NSF High Energy Physics Advisory Panel Subpanel On Long Range Planning For U.S. High Energy
Physics, January 2002. The report is available at http://doe-hep.hep.net/lrp_panel/.
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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 were 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
mid-term projects under consideration.
The response from the U.S. High Energy Physics community was 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. Volume III was assembled for submission to the agencies in
2005.
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.
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
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
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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
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.
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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
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.
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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
collaborating institution, carrying forth the excitement and stimulation of science and
technology into the larger community.
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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. IV).
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. 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.
Dhiman Chakraborty
Dave Cinabro
Gerry Dugan
George Gollin
Tom Himel
John Jaros
Usha Mallik
Shekhar Mishra
Ritchie Patterson
Slawek Tkaczyk

(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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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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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.
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
(A) and fast gas Cerenkov (B) 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 (C) 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 (D).
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
454

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
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Project Overview
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].
We will explore two types of detectors, the PPAC (low pressure Parallel Plate Avalanche
Detector) and the SED secondary emission detector.
Figure 1:

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.
2
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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 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.
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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 Sbcoated 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 pre-gain 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 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
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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.
Broader Impact
The Iowa QuarkNet and other programs that bring high school teachers and their students into
the U of I laboratory allows these people to experience the excitement of frontier scientific
research. For the US to retain a lead in science and technology it is essential that talented young
people become motivated to make a career in physics and related fields.
A major part of the pp program at the ILC is the search for Higgs and SUSY particles, the
SUperSYmmetric analogs of the currently known elementary particles. Their production in
heavy-ion collisions will provide additional information about these objects. SUSY particles are
expected to decay to the lightest SUSY particle, which would be stable and a candidate for the
“dark matter” that astronomers claim accounts for most of the mass of the universe.
A massive computer grid is being established to allow individual researchers access to the huge
amount of data that will become available when the ILC turns on. In preparation, the U of I is
developing grid-computing infrastructure. As a result of these developments a number of U of I
faculty in other fields are now using grid computing. This process will be accelerated when real
ILC data becomes available.
The study of known, or expected, nuclear phenomena at a much higher energy is good science
and will provide a valuable increase our understanding of nature, but there is also the possibility
of something totally new. Much of what makes us comfortable today is the result of physics
discoveries that were not even conceivable at the time of Isaac Newton.
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Facilities, Equipment and Other Resources
IOWA HEP Labs, IOWA HawkGrid, Physics machine shop, IOWA Hospitals radiation facility,
Fermi National lab, Fermilab test beam facility, Iowa radiation damage measurement facility at
CERN PS, CERN test beam facility SPS, Argonne National Lab - radiation facilities.
References
[1]
http://wwwsldnt.slac.stanford.edu/nlc/configs/2003/plots/Forward_Tracking_NLC_LD.jpg
[2]
Status of Linear Collider Beam Instrumentation Design
http://www.slac.stanford.edu/xorg/lcd/ipbi/notes/white.pdf
[3]
Gas Detectors for High Energy EM and Hadronic Showers
http://jazz.physics.uiowa.edu/talks/RnD_SLHC_PPAC_feb04.pdf
Two-year budget
Institution:

University of Iowa
Item

FY06

FY07

Total

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 @ 26%

$14.4K
$14.4K
$3.6K
$18.0K
$6.0K
$24.0K
$6.2K

$11.8K
$11.8K
$4.2K
$16.0K
$4.0K
$20.0K
$5.2K

$26.2K
$26.2K
$7.8K
$34.0K
$10.0K
$44.0K
$11.4K

Total Direct and Indirect Costs

$30.2K

$25.2K

$55.4K
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THE UNIVERSITY OF IOWA
“R&D for Luminosity Monitor”
(Y. Onel)
BUDGET JUSTIFICATION / DETAILED BUDGET

Year 1

Year 2

Year 1

Year 2

Total

SALARIES
Principal Investigator, Y. Onel
Professor, summer support
months/year:
0.00
0.00
rate/month:
10,014 10,314

$0

$0

$0

Postdoctoral Research Associate
months/year:
2.04
0.00
rate/month:
3,433
3,536

7,003

0

7,003

0

0

0

7,420

11,834

19,254

14,423

11,834

26,257

0
980
0
2,582
3,562

0
0
0
4,177
4,177

0
980
0
6,759
7,739

0

0

0

2,400
2,850
750
6,000

1,600
1,900
500
4,000

4,000
4,750
1,250
10,000

0

0

0

Graduate Research Assistant, 50% time
graduates
0
0
months/year:
3.00
3.00
rate/month:
2,083
2,123
Electrical/mechanical technical support personnel
months/year:
1.65
2.58
rate/month:
4,497
4,587
Total Salaries
STAFF BENEFITS
Faculty
27.2%
Postdoc
14.0%
Grad Res Asst
14.0%
Prof & Scntfc
34.8%
Total Staff Benefits

28.0%
16.0%
16.0%
35.3%

EQUIPMENT
TRAVEL (Domestic)
Participation in scientific conference
Trips
3
2
Persons
1
1
Days
5
5
Airfare
800
800 /trip
Hotel&PerDiem
190
190 /day
Car Rental
50
50 /day
Total Travel
MATERIALS
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Year 1
OTHER DIRECT COSTS
Tuition
graduates
0
cost/grad
2,250

Year 2

0
3,000

Total Other Direct Costs
TOTAL DIRECT COSTS

Year 1

Year 2

Total

0

0

0

0

0

0

23,985

20,011

43,996

6,236

5,203

11,439

$30,221

$25,214

$55,435

FACILITIES & ADMINISTRATIVE (F&A) COSTS
Off-campus rate, 26%, applied to Modified Total
Direct Cost (MTDC)
Total Direct Costs
Less Exclusions:
Tuition
Equipment
Subs >25,000
MTDC by year

23,985

20,011

0
0
0
23,985

0
0
0
20,011

F&A rate
F&A cost

26.0%

26.0%

TOTAL ESTIMATED COST
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3.4

Luminosity, Energy, Polarization

3.4: Extraction Line Energy Spectrometer
(renewal)
Luminosity, Energy, Polarization
Contact person
Eric Torrence
torrence@physics.uoregon.edu
(541) 346-4618
Institution(s)
Oregon
SLAC
Funds awarded (DOE)
FY04 award: 24,000
FY05 award: 31,500
New funds requested
FY06 request: 34,200
FY07 request: 35,200
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STATUS REPORT
Extraction Line Energy Spectrometer
Personnel and Institution(s) requesting funding
Eric Torrence (professor), University of Oregon
Collaborators
Mike Woods, SLAC
Project Leader
Eric Torrence
torrence@uoregon.edu
+1.541.346-4618
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.
The ongoing project described here will carry out 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 4-magnet chicane in
the extraction line and use additional wiggler magnets to produce the signal synchrotron
stripes. The detector plane would be constructed from a quartz fiber array 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 from the Cherenkov threshold in quartz.
In addition to the design and optics layout in the extraction line for the ILC spectrometer,
beam tests of the detection of O(1 MeV) photons via secondary electron Cherenkov radiation
in quartz fibers are starting at SLAC End Station A (ESA). This beam test will run in FY05
or FY06, and is the first step towards a full-scale spectrometer prototype which is foreseen
in the future.
1

471

Spectrometer
Magnet
Quadrupole
Vertical
Doublet
eHorizontal Bends for
Synchrotron Radiation

Dump
Synchrotron
Light Monitor

e+

Figure 1: The SLC WISRD energy spectrometer
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, as well as involvement
with the Machine-Detector Interface activities of the GDE, is also funded by this project.
Status Report
This project has been funded since FY03 by DOE with University LC R&D funds. In that
time, the Oregon group has 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 was installed in Fall 2005
in the bend line leading the ESA as shown in Figure 3. Initial checkout with beam shows
signals on all 16 fibers, although it is too early to claim that these signals are the direct result
of Cherenkov production in the detector head, and not background beam pickup from other
sources. More complete studies of this prototype will be performed during the ESA test beam
run in January 2006.
The primary motivation of this initial beam test is to measure directly the yield of Cherenkov
photons in order to validate the Monte Carlo models needed to design the ILC extractionline spectrometer. A secondary motivation is to test the detector design concept 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. This installation is a
“phase zero” configuration of the proposed ESA beam test (SLAC T-475) [3]. The complete
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Figure 2: The PMT used to read out the prototype Quartz fiber detector is shown.

Figure 3: The prototype Quartz fiber detector installed at SLAC. Synchrotron radiation from the
ESA bend magnets exits from the port shown at the right. The PMT box is installed below the
beam line in a shielded cave.
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chicane and wiggler layout shown in Figure 4 which would run in parallel with BPM-based
spectrometer tests (SLAC T-474) has been delayed due to costs.
In addition, work is ongoing 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. An example of a 20 mRad extraction line, produced
by Yuri Nosochkov at SLAC, is shown in Figure 5. 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. Designs also exist for a 2 mRad extraction line with
diagnostics, and both are currently being evaluated for performance. A first report on this
work was presented at Snowmass in 2005 [5].
FY2006 Project Activities and Deliverables
The project goals for 2006 are to finish the first round of design and evaluation for the
extraction line spectrometer for the GDE baseline document, as well as to analyze the first
test beam data from ESA and make direct comparisons to a Geant4 simulation.
A complete beam simulation based on Geant4 for the ILC extraction line is currently under
development at Oregon with significant help from other people working on beamline simulations. It is expected to have a G4 simulation of the optics decks finished early in the year,
with increasing levels of detail of the spectrometer detectors and the complicated extraction
line geometry being added later as necessary. It is expected that for adequate validation of
the 20 mRad and 2 mRad performance, a rather detailed description of the material, collimation scheme, and magnetic fields (including detector solenoid and final doublet fringe
fields) between the IP and the spectrometer will be necessary. Obtaining G4 descriptions of
all of these components is a significant amount of work, which we will steadily work towards
in collaboration with MDI activities of the GDE. This simulation will be the primary tool
for refining the spectrometer design and leading the the specifications for the extraction line
spectrometer technical design.
One critical part of this simulation is a validation of the Cherenkov signal rate observed in
the quartz fibers. Since the efficiency of converting O(1 MeV) synchrotron radiation into
Compton electrons then observing the Cherenkov radiation in 100 micron fibers is very small,
a data-derived calibration of this yield is essential. Investigating other sources of background
in a dirty accelerator environment is also important, as these could easily swamp the signal if
they are larger than expected. By the end of 2006, it is expected to have a detailed simulation
of the ESA prototype detector which has been validated with the T-475 ESA data.
FY2007 Project Activities and Deliverables
The specific project activities for 2007 are somewhat unclear at this point, as they depend
upon many factors, not the least of which is the results obtained in 2006. Some of the key
future milestones for this project are listed here. A second, larger prototype detector based
on 8x8 MaPMTs must be built, and construction techniques suitable for a final detector
4
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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.
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Figure 5: Current ILC extraction line layout for 20 mRad crossing angle.
employing around 1000 fibers must be developed. Front-end electronics readout including
digitization and buffering for the 64-channel PMTs must be designed and validated. This
work has actually begun at a low level in the Oregon electronics shop, and will be more
vigorously pursued when it becomes clear that the quartz fibers are a suitable detection
technology.
A design and implementation of a full spectrometer prototype in ESA in conjunction with the
BPM-based proposals must also be started. By 2007, we will need a concrete proposal and
justification for this rather large undertaking, which will require significant resources beyond
what is currently available. This full-scale ESA test to demonstrate 100 ppm accuracy is seen
as a critical demonstration of the beam instrumentation plan for the ILC, and significant
work will be needed on this time scale to get this phase of the project funded and moving
forward.
Additionally, a technical engineering design for the extraction line spectrometer must be
completed for the GDE, including costing.
No matter what the results of the 2006 tests are, it is rather likely that a second prototype
of some sort will be produced by 2007, and significant design effort for both the full ESA
prototype and the GDE design will be necessary.
Budget justification:
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We are requesting support for one undergraduate student 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.
Travel funds are requested to allow Torrence to more fully participate in the ILC MachineDetector Interface activities which are being held on the machine side. These funds ($2500
per year) would allow Torrence to attend one additional meeting in Europe or Asia per year,
and have good continuing contact with the GDE planning and activities. In FY05, this
funding was used to allow Torrence to attend the ILC Snowmass workshop, where among
other things he gave the final plenary talk on MDI activities [6]. In addition, $800 of travel
funds are requested to allow a student to participate in a one-week test beam run at SLAC.
Equipment money of $2000 per year is requested to continue work on prototype detectors
and begin the electronics prototype for the 64 channel PMT readout.
Two-year budget, in then-year K$
Item
FY2006
FY2007
Graduate Students
21.5
22.5
Undergraduate Students
6.4
6.4
Total Salaries and Wages
27.9
28.9
Equipment
2.5
2.5
Travel
1.0
1.0
International Travel
2.8
2.8
Total costs (1)
34.2
35.2
(1) All costs include benefits and 26% overhead

Total
44.0
12.8
56.8
5.0
2.0
5.6
69.4
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[1] J. Kent et al., ”Precision Measurements of the SLC Beam Energy,” Presented at IEEE Particle
Accelerator Conf., Chicago, Ill, Mar 20-23, 1989.
[2] Y. Kolomensky et al., ”Beam Instrumentation Tests for the Linear Collier using the SLAC
A-Line and End Station A,” SLAC-LOI-2003.2, October 2003.
http://www.slac.stanford.edu/grp/rd/epac/LOI/LOI-2003.2.pdf
[3] E. Torrence, ”Test Beam Request for a Synchrotron Stripe Energy Spectrometer,” SLAC-T-475,
June 2004.
http://www.slac.stanford.edu/xorg/lcd/ipbi/notes/syncspec T475.pdf
[4] R. Arnold and E. Torrence, ”Rough Layout and Rate Estimate for Beam Test in SLAC ESA
of Synchrotron Radiation Detector Prototypes for LC Beam Monitor,” IPBI TN-2004-7, July
2004.
http://www.slac.stanford.edu/xorg/lcd/ipbi/notes/tn synchrate.pdf
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and Detector Workshop and Second ILC Accelerator Workshop, Snowmass, August 2005.
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3.5: A Demonstration of the Electronic and
Mechanical Stability of a BPM-Based
Energy Spectrometer for the International
Linear Collider
(renewal)
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Contact person
Mike Hildreth
mikeh@undhep.hep.nd.edu
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Institution(s)
Notre Dame
SLAC
University College London
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Oxford
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STATUS REPORT
A Demonstration of the Electronic and Mechanical Stability
of a BPM-Based Energy Spectrometer for
the International Linear Collider
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
David Urner, Oxford 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
1
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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
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
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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.

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.
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
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 2 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
3
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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.
Status Report
Substantial progress has been made on this project, 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]. All of the proposed FY05 project deliverables have been achieved.
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 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 early
in January 2006, with one or possibly two more running periods during 2006. 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 ILC bunch spacing. Preliminary measurements were conducted in Summer 2005
of the mechanical stability of the beamline area using seismometers, and of the remnant
magnetic fields using fluxgates. These data showed no pressing concerns for the use of the
End Station for our experiments beyond what was expected given the human activity at the
site. The steel spectrometer rails in the End Station do have a significant remnant field, but
this should not impact the proposed tests using refurbished SPEAR electromagnets.
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.
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. Our preliminary zero-th order design is shown in Figure 2. Features
of this design are lengthened bends at the high dispersion point in order to minimize the
emittance growth due to the emission of synchrotron radiation and an increase in the overall
4
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Figure 2: 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, has been integrated into the ILC lattice.
length of the chicane to achieve more position deviation at the central point. This design
relaxes some of the constraints on the position measurement at the center of the chicane while
minimizing the emittance growth due to synchrotron radiation at high-dispersion points in
the 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.
This preliminary version of the design has been incorporated by Mark Woodley at SLAC into
the ILC Beam Delivery lattice, as shown in Figure 3.
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 have been evaluating its potential
usefulness as a device to monitor the local position of a BPM-like mass. Some stability
data is shown in Figure 4. These data were taken with the interferometer on a standard
optical table in air, with no attempt to control temperature, air pressure, or humidity. This
demonstrates the suitability of this optical system for single-axis position monitoring, even
in stable air. Even higher resolution (and stability) would be possible by isolating the optical
path in a low-grade vacuum system.
The current plan is to use this interferometer in beam tests at End Station A during the
summer of 2006 to monitor the position and mechanical stability of a single BPM. Preliminary
mechanical design work has begun on mounting fixtures, etc., in order to enable several
interferometer heads to observe a single BPM girder. Work has also begun on conceptual
5
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Figure 3: An overview of the twiss parameters for a 2005 version of the ILC Beam Delivery
System. The collimation system lies at the center of the left figure and the IP at the right;
the Energy Spectrometer is around the 900 meter mark, where the 5mm dispersion at the
center of the spectrometer chicane can be seen as a small bump in ηx . The total length of
the spectrometer insert here is approximately 54 meters, a distance specified to correspond
to our zero-th order design, shown in the previous figure. Our specifications for magnet
lengths and bend strengths have also been included. The baseline design now includes energy
spectrometers of this type in all incoming beam lines to the IPs.
designs of a straightness monitor which may also be tested this summer. Discussions have also
begun with the Oxford LiCas[13] group, who are very interested in developing a straightness
monitor with nanometer resolution over distances approaching 1 meter transversely.
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.
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Figure 4: Single-axis position stability using a Zygo 4004-based interferometer. Left: Data
taken at 1 Hz for an hour, showing a slow drift of order 5nm and an rms jitter of approximately
3nm. Right: Data taken at 0.1 Hz for 9 hours. Similar stability is seen, even though there is
no atmospheric control in the lab room.
Two-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

FY2006
30
22
3
55
6.4
61.4
30
4
5
0
100.4
35.2
135.6

FY2007
32
24
4
60
6.9
66.85
30
4
5
0
105.9
37.9
143.8

Total
62
46
7
115
13.3
128.25
60
8
10
0
206.3
73.1
279.4
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Budget justification: 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).
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.
Fringe is assumed 20% on salary; the indirect cost rate at Notre Dame is 50%.
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Project Overview
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 QFC module of sub-millimetric granularity using multianode 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.
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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 multi-anode 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.
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.
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2- 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.
3- Fiber radiation damage tests and studies at Iowa LIL/CERN facilities
4- Selection and purchase of Photomultiplier Tubes (PMT’s) in addition to the
responsibilities of procurement procedures, contracts, insurance, delivery schedules and
final delivery.
5- Construction of the CMS-HF IOWA PMT test station facility.
6- Test and quality control of the HF PMT’s and maintenance of a web-based database.
7- 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.
8- Design and construction of the source distribution mechanics, including source tubing
couplers and coupler pins in the (University of Iowa machine shop.)
Broader Impact
The Iowa QuarkNet and other programs that bring high school teachers and their students into
the U of I laboratory allows these people to experience the excitement of frontier scientific
research. For the US to retain a lead in science and technology it is essential that talented young
people become motivated to make a career in physics and related fields.
A major part of the pp program at the ILC is the search for Higgs and SUSY particles, the
SUperSYmmetric analogs of the currently known elementary particles. Their production in
heavy-ion collisions will provide additional information about these objects. SUSY particles are
expected to decay to the lightest SUSY particle, which would be stable and a candidate for the
“dark matter” that astronomers claim accounts for most of the mass of the universe.
A massive computer grid is being established to allow individual researchers access to the huge
amount of data that will become available when the ILC turns on. In preparation, the U of I is
developing grid-computing infrastructure. As a result of these developments a number of U of I
faculty in other fields are now using grid computing. This process will be accelerated when real
ILC data becomes available.
The study of known, or expected, nuclear phenomena at a much higher energy is good science
and will provide a valuable increase our understanding of nature, but there is also the possibility
of something totally new. Much of what makes us comfortable today is the result of physics
discoveries that were not even conceivable at the time of Isaac Newton.
Facilities, Equipment and Other Resources
IOWA HEP Labs, IOWA HawkGrid, Physics machine shop, IOWA Hospitals radiation facility,
Fermi National lab, Fermilab test beam facility, Iowa radiation damage measurement facility at
CERN PS, CERN test beam facility SPS, Argonne National Lab - radiation facilities.
Project Activities and Deliverables
We will concentrate on the Monte Carlo simulations in FY06. We will produce a
Report/Research Document showing the results and the details of our Monte Carlo simulations
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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 06, we propose to
continue with our R&D by constructing a prototype in 07. We will be collaborating with the
group of Dr. M. Woods/SLAC and Eric Torrence/U. Oregon on this research.
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[13] NLC Extraction Line Studies, Y.M. Nosochkov and T.O. Raubenheimer, SLAC-PUB8313 (1999), e-Print Archive: physics/0106065. The NLC Extraction Line Design, Y.
Nosochkov, T.O. Raubenheimer, K. Thompson and M. Woods, SLAC-PUB-8096 (1999), e-Print
Archive: physics/0106062 Beam Losses in the NLC Extraction Line for High Luminosity
Parameters, Y. Nosochkov and K. A. Thompson, LCC-0049 (2000).
[14] 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 ALCPG-03-0001
(2003).
Two-year budget
Institution:

University of Iowa
Item

FY06

FY07

Total

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 @ 26%

$5.3K
$5.3K
$.7K
$6.0K
$4.0K
$18.5K
$.6K
$29.1K
$7.4K

$5.3
$5.3
$.8K
$6.1K
$12.0K
$.8K
$18.9K
$4.7K

$10.6K
$10.6K
$1.5K
$12.1K
$16.0K
$18.5K
$1.4K
$48.0K
$12.1K

Total Direct and Indirect Costs

$36.5K

$23.6K

$60.1K

Available equipment: FERA ADC 160 channels, discriminators, DAQ equipment, 1 16-channel
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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THE UNIVERSITY OF IOWA
"Polarimetry at LC"
(Y. Onel)
BUDGET JUSTIFICATION / DETAILED BUDGET

Year 1

Year 2

Year 1

Year 2

Total

SALARIES
Principal Investigator, Y. Onel
Professor, summer support
months/year:
0.00
0.00
rate/month:
10,014 10,314

$0

$0

$0

Postdoctoral Research Associate
months/year:
0.00
0.00
rate/month:
3,433
3,536

0

0

0

5,270

5,265

10,535

0

0

0

5,270

5,265

10,535

0
0
738
0
738

0
0
842
0
842

0
0
1,580
0
1,580

0

0

0

1,600
1,900
500
4,000

4,800
5,700
1,500
12,000

6,400
7,600
2,000
16,000

5,000
4,500
9,000
18,500

0
0
0
0

5,000
4,500
9,000
18,500

Graduate Research Assistant, 50% time
graduates
1
1
months/year:
2.53
2.48
rate/month:
2,083
2,123
Undergraduate Research Assistant
hours/year:
0.00
0.00
rate/hour:
10
10
Total Salaries
STAFF BENEFITS
Faculty
27.2%
Postdoc
14.0%
Grad Res Asst
14.0%
Hourly
3.3%
Total Staff Benefits

28.0%
16.0%
16.0%
3.3%

EQUIPMENT
TRAVEL (Domestic)
Participation in scientific conference
Trips
2
6
Persons
1
1
Days
5
5
Airfare
800
800 /trip
Hotel&PerDiem
190
190 /day
Car Rental
50
50 /day
Total Travel
MATERIALS
Quartz Fiber
Copper Absorber
PMT
Total Materials
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Year 1
OTHER DIRECT COSTS
Tuition
graduates
1
cost/grad
2,250
Total Other Direct Costs

Year 2

1
3,000

TOTAL DIRECT COSTS

Year 1

Year 2

Total

633
633

827
827

1,460
1,460

29,141

18,934

48,075

7,412

4,708

12,120

$36,553

$23,642

$60,195

FACILITIES & ADMINISTRATIVE (F&A) COSTS
Off-campus rate, 26%, applied to Modified Total
Direct Cost (MTDC)
Total Direct Costs
Less Exclusions:
Tuition
Equipment
Subs >25,000
MTDC by year

29,141

18,934

633
0
0
28,508

827
0
0
18,107

F&A rate
F&A cost

26.0%

26.0%

TOTAL ESTIMATED COST
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Luminosity, Energy, Polarization

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
FY05 award: 12,500
New funds requested
FY06 request: 12,500
FY07 request: 12,500
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STATUS REPORT
Compton polarimeter backgrounds
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 100 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 segmented in the bend plane to provide rate measurements of the Compton-scattered
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 severely disrupted primary beam particles
and of the 500-kW beamstrahlung beam. The inner edge of the Cerenkov counter is
approximately 10 cm from the beam axis. At the 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 providing 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.
Status Report
We began the project by downloading a GEANT-3 model of the proposed beam extraction
system for a 20-mrad crossing angle 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
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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 for each of the primary
electron beam energies. However we have now turned to the possibility of using the same
laser frequency for all primary beam energies, with the currents in the chicane magnets
remaining the same. For each primary electron beam energy the position of the laser beam
must be adjusted to strike the electron beam at its different transverse positions in the middle
of the chicane. 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 detail in High Energy Physics at Tufts University, Progress Report
2002-2005, DOE/ER/40702-25] that the Cerenkov counter can be designed with both a fixed
segment granularity and a fixed position in the lab, yet give nearly optimal analyzing power
for all beam energies in the 46 – 500 GeV range. 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.
FY2006 Project Activities and Deliverables
As our first effort in 2006 we propose to construct a GEANT-3 model of the beam extraction
system designed for the 2-mrad crossing angle option. The designs of the 2-mrad and 20mrad systems are quite distinct in the region close to the IP. It may well be that the
background generated in the Cerenkov counter is significantly different for the two systems.
We intend to calculate this difference between the two systems for the various possible
background sources; we may learn some lessons from this exercise for improved extraction
system design.
We intend 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.
FY2007 Project Activities and Deliverables
We have already downloaded GUINEA PIG to our Tufts computers. In 2007 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.
We intend then 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.
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Budget justification: Tufts University
The requested budget is exclusively for the half-time support (for the academic year) of a
graduate student to assist in performing the calculations described above.
Two-year budget, in then-year K$
Institution Tufts University

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

FY2006
0
8,865
0
8,865
0
8,865
0
0
0
0
0
0
3,635
12,500

FY2007
0
8,865
0
8,865
0
8,865
0
0
0
0
0
0
3,635
12,500

Total
0
17,730
0
17,730
0
17,730
0
0
0
0
0
0
7,270
25,000

(1) 26% of 50% of direct costs plus 56% of remaining 50% of direct costs
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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
FY05 award: 22,500
New funds requested
FY06 request: 61,000
FY07 request: 110,000
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 Bj½¾y{.«¤«1Nw ÜWÓ ÓkÔ °xe £ .yNlGmonmo§o§xyBjÉv/x{yw}j.B©i@l Nw$Ui  w}u .{.uWU|Ux{..BjIÍ$e>~mpxj.mNx´>mrq
'yi¤mo§p§Swxi>{.n±.moIxyB}mo${.xmpj  xyXnikj[xmoj[{.ik{.x§É.wxiG.{.nBÖtIÍIGÎ®uWxuGe £ .±«¤moj.mo«©u §SUBxx
Ui©vD|/Nwx¨Ri w}«1BÀmpj.nN§o{.y(UNl Nw}u §EU/BnNmou §omÂNB*zu n}.mpjyf>x{.mB³«1Bu x{yw}B«1BjxBe £ yBU±uWw}
}moj  §(v{.jn}À.uWxu1xuW´Gmoj  ruW¨RUNw'u©x{   BUxmikj ¨Pwxik«sfeSÎmonW°xe6Ä(DNw3uWxmoj  tIÍ6yÎmx*ikj.§o
ikj.v{j.n}¿/Nw'v/Bu « u §o§ih''ikj.Ui*n}.u j  fx.v/Bu «¼yi w}mÂNikj[xu §bu j  §fv[Ö{.¿Ui Ü «¤w}u q
mpj¿x.fwxi>nB}n3.u j  moj  x.fµG/BnUB½xm  j.u §Ev>Ö¾6iÀi w}yNw3'i ¨6«¤u  j.mx{y eGmoj  §oXv{.jn}
u §pUi¤u §o§i@Iikjy|Ui¤moj.nw}Bu U(xy|v{.j.n3Àn}.uWw  |v[*{y*Ui©u¨]u nUi w$i ¨EaªiyqºDBnxml B§oÉUBxxmoj 
× .NDBjyBj.n|i ¨bvDBu «©UUw}u .§o{j  e
x.
yyi wx¤v{j.n}ä.uWxuxuW´Gmoj  e £ .tIÍ6yÎ v/Bu «¬§oBj  x¦nNu jäv/Öxyi wxUBj.Bv>{y¦Ui ÜWÓ q
mpj.nwxBu xmoj  xyxm  ju §bu ju §p§ihmpj  ikjyUiÀUBU(xy fyN/Bj..Bj.n e £ y¤GÎ#vu n}´  wxik{j.
}yik{.§o*v/|{.j.n3.u j  Be
g6Bu «  v/Bu « xnNu j.jmoj  e ±mx`u §o§v/Bu «¤xUw}u .§o{.j  yBjyik«1BjuGqExyÉw}u .mpuWxmikjmoj.nw}Bu UB
'yBjÀxy|v/Bu «¤$uWw}±iWº/xNNe Ï.i wu  ½iWºUN'mojÀàSqyxyXà Æ /ik§ouWw}moÂBuWxmikjÉ>mB§pÀmoj.nwxBu UB$v[Àu
¨]u nUi w|i ¨ Ü e  q\u j¿x.fß Æ /ik§ouWw3mÂBuWxmikj¿>mB§pÖyBnwxBu xB(v[ kÓ e|Ïcm  e  x.ihx.mo'º/Bn
ru §pUi1´>j.ihj u  UnNu «1B§vu n}´Éº/Bn >°ª¨Ri w³xy|Ui xu §K>mB§pe Ä({ywIUB§Bxni /B$.uhl Xu¤Uik«¤N.uW
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W/W0

.BnwxBu UBÉUBj.xmxmol>maUix.mo yBjyik«1Bj.ikjq.{yUiXxyBmw6uWÂBmo«f{yx.u §§oi>nNuWxmikj\e £ .mocUBU6mo§o§
v/|v/BU$yikj.|mxÀu1¨]{.§o§©i DNw3uWxmikj.u §\yNUBnUi whqSUi1x.uWxyXUBj.}mxmlGm¾ÉnNu jÀv/±«¤uYµGmp«¤u §re
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Ïm  {ywx  'à Æ /ik§ouWw}mÂBuWxmoikjryi UUB/°xq\ß Æ /ik§ouWw}mÂBuWxmikj`r.u xyB°xq/u jÖUi xu §§ouWw  fu j  §ov/Bu «¤UUw3u .§o{.j 
GmB§oÀu $u1¨]{..j nxmoikj*i ¨bx.|vDBu «  vDBu «iWº/UNNe
+

¯ÃmoXyi /B¥x.uWNqikj.nÉxyÉ.Nl>monw}{.j.nikjxmpj[{yik{x§:yBjyNl Nw¤tIÍIGÎ mpXw}{j.j.moj  uW1nN§ikUUi
«©uYµGmo«f{.«§p{.«¤mojyik}m¾ qyxyu j.u §Gxmo³i ¨c§Bj[xm¨]{.§.uWxu©mo§o§D¨]{ywxxyNw$B§p{.nNmo.uWU±x.X{.xu  fu j.À/ik 
}mvmo§omoxmB i ¨bx.moyNl>mpn e
LN  =YA^S=@H ¦Ì £ y:t³Í6GÎåyNl>mpn¿mo©µ>/BnUBäUi¥v/Önik«1§oNUB§{.j.yNw©xyÖwxBxDikjxmvmo§pm¾
i ¨  w}u .{.uWU¤xx{.yBj[(Íe/~mo}j.mNU´GmKu |xi[ikj½u |m(mo(nik«1§oNUB§Öi /Nw}uWxmikju §bu jnikj[xmoj>{yik{.x§o
w3{.j.j.moj  q>u j.Öm$moIl NwxÀ§om´ B§o©x.uWmo³mo§o§D.uW./BjÀmoj ÜWÓ ÓkÔ e
£ y jyµGEUUNfmo\Ui'¶j.u §omoÂNuyBxm  j|¨Pi wbxy¯È·bt½¯Ãg¥yNUBnUi wBein}.u j  BE.uhl ªv/NBj«¤u yUi'ik{yw
vSu UB§omojy|yB}m  jqyÏm  e Ü q.'.mon}Önikj.xmoUx$i ¨bu1w3moj   §om´ (.w3mo«¤uWwxÉ«¤mwxwxi whqGni@l Nw}moj  ±â Ù â¦Ü «¤w}u 
ru¿mojyih i ¨ikj.§ Ó e  «¤w}u ¥x.ik{.§o½v/©x{ nNmBj[Nqcmo¨6x.NwxuWwxwxBu §ªBUxuWUÀmoxx{yBN°xeÉÏik§o§ih'moj 
x. «¤mwxwxi whqikjyÀmo§o§ª.uBl ¿u½nik§o§omo«¤uWxmpj  yNlGmonrx.ihjxn3yB«¤uWxmonNu §p§`mojÏm  e Ü °xqªxmp«¤mo§ouWwfUi
x.tIÍ6GÎ²ikjy±v{y³«f{.n}Ö§ikj  NwBqyv/BnNu {.U|i ¨bxyX«f{.n3 x«¤u §o§oNwIu j  {.§ouWw³wxBUik§p{yxmikje £ .w3moj  mo
'

)
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x.Bj¿.mol>mo.B moj[Ui©¾6i*/ik§ouWw}mÂBuWxmikjXrjyi (xyi@j¿mpj Ïm  e Ü °$u j.Ö.wxiUBnUB¿ikj[Ui*¾6i¨]u U±t$t6s
nNu «¤Nw}u Ne £ .©«¤uUi wfu ylWu j[xu  i ¨³x.mpXyBxm  j¥mo|xuWxyÉ.m»º/w}u nxmikj§pmo«¤m|¨Ri wXxyÉ«¤mwxw}i wXmo

Hollow mirror imaging system for detection of beamstrahlung radiation

e+
e–

• Large solid angle to collect the beamstrahlung radiation
Ω = 2π (Cosθ min − Cosθ max )
• Confocal imaging to achieve high spatial resolution
0.61 ⋅ λ
0.61 ⋅ λ
∆x = ∆y ≅
∆z ≈
Sinθ max
Sin 2θ max
• Detection scheme includes optical filters, polarizers,
CCD matrix to measure angular intensity distribution

Ïm  {ywx Ü ¯Ã·ct¯Ãg nikj.nNx{.u §KyB}m  je
+

«f{.n3½x«¤u §o§Nw'x.u j:moj¿xy1nNu Ui ¨xy | «©« × «©mwxwxi w}'moj½tIÍ6GÎXqDu j¿mo'i ¨ i w3yNw Ó e ÓkÔ «¤w}u e
£ i¤nik«1uWw} q.uW'tIÍ6GÎxy±u j  §(i ¨Ki vUNw}lYuWxmikj*mo   «1w3u qGxy|nik§o§omo«¤uWxmoikjÉu j  §  «¤w}u qGxy
m»ºDw3u nxmikj §omo«©m Ó e BÔ «1w}u \q.u j. xyX¾>monNu §vu n}´  w}ik{.j.Öu j  {.§ouWwUwxBu   «1w3u e I$x.±¯Ã·ctq
x.Xi vUNw}lYuWxmikj¿u j  §Xmp  «1w3u q.xyfnik§o§omo«¤uWxmoikjÀu j  §mp Ó e ÓkÔ «1w}u qDxyXm»ºDw3u nxmikj §omo«©m Ó e ÓkÔ
«¤w}u qu j.xyÉ¾>monNu §ªvu nx´  wxik{.j.Ýu j  {§ouWwfx.wxBu `i ¨$i w}yNw Ó e Óy «1w}u e £ yBUÉj[{«Xv/Nw}fuWwx
Bjnik{yw}u  moj  Bjyik{  ¦ru j¥u §oUi¿jyi XBu U½Uimo«1.w}ihl ©{y/ikj/°xe IX¯È·bt#j.ik«¤moj.u §nikj.mxmikj.NqExy
xNx{yi ¨Ïm  e Ü 6ik{.§o©nik§p§BnªUik«¤ Ó e  NÓ  l>mo}mv§Iyi Uikj /NwªgIg6¯]¨Ri wªBu n3*v{.j.n3  Ui  v{.jn}
nik§p§omoxmikj\qGj.i ³¨Pi w$Bu n3ÖUw3u moj/°xe
fmxtIÍ6yÎ±qKx.µGUwxB«1*xu mo§oi ¨$xy*v/Bu «Ëu j  {.§ouWwu j.ÝUuWxmou §6.moxUw}mv{yxmoikj½jyNBUiv/
}mo«{§ouWUB:ªB§p§Ev/N¨Ri wxikjy¤nik«¤«¤mox(UiÀv{.mo§omoj  x{n}½uÀyNlGmon1¨Ri w|xy1¯Ã·cte\tIÍ6GÎ xmo«f{.§ouWxmikj
}yih lGmwxx{u §o§u §o§vu n}´  wxik{j. Uiv/:nik«©moj  ¨Pw}ik«&nNwxxu mojUuWxmpu §(wx  mikj.*mox.mojäxy:¶j.u §
>{.u yw3{y/ik§BNquWv/ik{y  Ui  ¥¨Rwxik«åxyfnBj[Uw}u §cuYµymoNe }mo«{§ouWxmikjqDu u nNnN{.w}uWU1u '/ikx}mv§ q.i ¨
x.$¯Ã·ctÝvu n}´  w}ik{.j..'mo§o§>v/$/Nwx¨Pi w3«1B1moj1xy'UBnikj.¤SuWwxi ¨ ÜWÓ ÓkÔ qyu j.1xy$w}Bx{.§xi ¨/xy¶j.u §
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.Bxm  j¤wxBUBj[UBmoj¤xy'uW.wxi .w}mouWU¨Pi w}{« rx{.n3u 6u±¯È·btªi w}´>x.i °xe £ yNwx'uW./BuWw}Uifv/jyi
SuWwxxmonN{.§ouWw6jyNB¤Uifv{y1u j.©UBU6xy¯Èg.uWw}.6uWwxuW x.mpxmo«1 e¯Ãªmp¨]u mw}§fµ>/Bj.}ml  q[u j.*t$t6s
UBn3.jyik§i  *moIu ylWu j.nNmoj  ¨]u UIBjyik{  *x.uW$uyNlGmon(v/ik{  [Ij.ih²«¤uh©6B§o§DvDi vUik§oNU|ikj.n|xy
¯È·bt vDBnik«¤B$u1wxBu §omo¾ e
Ñ uBlGmoj  u nNnN{«{.§puWUB½µ>/Nw}moBj.n1mxxytIÍIGÎ yNlGmon q\6¤.uhl ©nik«1¤Ui  w}u x¥Uik«11i ¨6xy
u .lYu j[xu  Bfx.uWXx.mpXyNlGmon¤.w}ihlGmoyBNeÏcmow}UNqcUik«1©i ¨IxyÉ§ih6Nw >{.u §omo¾½.uWxuÖuW1tIÍ6yÎ xyi@
w3uWU³¹{.nx{.uWxmikjbmpjx.³vu nx´  wxik{.j.\eÄ({.wc.Nl>monBxN³ikj.§Xu|x«©u §o§'moj.yi@ÝmpjfuWÂBmp«{yx\qku j.1u j
}«¤u §o§cn}.u j  ¤mojxy1v/Bu « mwxBnxmikjmo§p§Kv/fwxN¹.BnUBmoj:uÀn3.u j  ¤mojxyi vUNw}l B½w}uWU e £ .mo
º/Bn(mo§o§\vDf«¤moj.mp«¤mÂNB m¨x.Xyik§ouWÂBmo«f{yxmoi vSUNwxl Bxyfyik§±xmp«1 e¯Ã¨ikjyfuWwx'i ¨xy
w3moj  moihl Nwx'yB§o«1BÖv[Àvu n}´  w}ik{.j..NqSikjynNu j:u §IuBG{.UXx.XuWwxi ./ikxmU±Ui*mmoj¿uWÂBmo«f{yxe
ÎN¨ae©Å  Ç x.ih(x.uW(ikjyfikj.§¿jyNB.UiÀ«1ikj.mUi w Õ w}u .mou jUi*wxBni@l Nw±¨R{§o§Kmoj.¨Pi w}«©uWxmikje £ y
aªiXDik§puWw}mÂBuWxmikj.cu §oxi±.moUUw}mov{yUªmpjfuWÂBmp«{yx1u nNni w3.moj  Ui¤rxmpj × Ü ÛKq[nik}× Ü ÛK°E.moUUw3mv{yxmikjNe¯a¨Du §o§
¨Rik{ywuWÂBmp«{yxu §K«1iG.{.§ouWxmoikj.IuWwxXi vxNwxl Bq.mpUBjxu j  §omoj  xm  ju §\u j.Àvu n}´  w}ik{.j.Àmp§o§/v/±«{.n3
Bu }mNwBe ÎN¨ae'Å  Ç u §oUi¤.mo}nN{.xUB³yi@²x.moyNl>mpn|vDBnik«¤B$¨]{.§o§¤/i@ªNwx¨]{.§/.Bj*Bu n}¿Dik§puWw}mÂBuWxmikj
mp$«1Bu x{yw}B*Ui  i w$v/NUUNwBe 7nN§oBu jÀ6uh*Ui.moxBjxu j  §o(}m  j.u §/¨Rwxik«Ávu n}´  wxik{j.Àmo§p§D.B§\e
GBnikj.q.vu n}´  w}ik{.j..$uWu §o§v/Bu «ÁBjyNw  mB±]¨Rwxik«  e  Ui  dNá°6uBl }yihjÖUUwxikj  ß Æ /ik§ouWw 
moÂBuWxmikjÖ WÓ i wª«1i w} q[yN/Bj..mpj  ikj¤BjyNw  S°xe £ .uW mo§o§Gu §o«1ikx nNwxxu moj.§ov/$Uw}{.$uW xy$¯È·btu 
6B§o§re £ y1{.xu  i ¨ uWw}xmonN{.§ouWw/ik§ouWw}mÂBuWxmikj'mojuWw}xmonN{.§ouWw(uWÂBmo«f{yx.u §cU  «1Bj[x±«¤uhÖwx UBn|xy
vS{.§´©i ¨bxy±vSu nx´  wxik{.j.À'.mo§.wxBUNw}l>moj  «¤ikU$i ¨cxy±xm  ju §mojy¨Ri w}«¤uWxmikje
Ïmoju §o§ q³uWÀt³Í6GÎ mu ¤v/Bnik«1:nN§BuWwxuWxy¿ºDBn*i ¨|xy¿v/Bu « u j  {§ouWw.mpUUw}mv{.xmikjmo
mp«1/i wxxu jNei*u  wxNB«1Bj[(v/N¾6NBjuWxuu j.¿µGDBnxuWxmoikj.(nik{.§o¿vDf.u  'mxyik{ynikjl ik§o{.xmikj
i ¨xy³xm  j.u §mxxy6nNu §pnN{.§ouWUBfv/Bu «7u j  {.§ouWwc.moUUw}mov{yxmikje £ .mo\º/BnmocnNwxxu moj.§o  ikmoj  Uiv/
l Nw}Xmo«1/i wxxu j[KuWbxy ¯È·btq@u Ex. v/Bu «¤  Nc.moxw}{y.UB±mpj|xyIg6g6¯ qhmox±xy6«¤uYµGmp«¤u §yN¹Bnxmikj
i ¨yi w3yNwKi ¨yu$¨Rw}u nxmikjXi ¨  «1w3u e\s|m»º/NwxBjEuWwxxKi ¨yxyªyNUBnUi wbmo§p§WvDªmo§o§o{.«©moj.uWUB(.m»º/NwxBj[x§mo¨aq
¨Ri wIµGu «¤§ qGxyvDBu «©ªuWwx|jyi Inik§o§omp.moj  µyu nx§.Bu   ikje Ð w}B§omo«¤mojuWwxBxxmo«¤uWxmikj.6xyi@ x.uW
xmomoªmoj.yNB1u§ouWw  $º/BnNe6Ä(jy'nNu j¤wxBu UikjuWv§µ>/Bnªx.uW x.mpyNlGmon«¤m  [  ml '{.§xmo«¤uWUB§o
wxihlGmoy©«¤i wxmoj.¨Pi w}«©uWxmikjx.u j U{UXxy¨Pik{.w >{.u jxmoxmBXyB}nw}mv/Bmoj`Î$N¨ÃqIÅ  Ç qu j.`u §oUi¿x.uW
x.XyNlGmon|mo§o§SwxB§ouWxmol B§6Bm  Àx.|vDBu «xu mo§oIx.u jÀx.±v/Bu «ni wx es(Nxu mo§BÖnNu §onN{.§ouWxmikj$uWwx
j.NByB u j.À'mo§o§Dv/|DNw}¨Pi w}«¤BÉmpj ÜWÓ ÓkÕ e
¯Èjnikj.nN§p{.xmikjqx.1¾6i¿mo«1/i wxxu j[(uWwxx|¨Ri w±xy1¯È·bt uWwx¤uÀxyi wxik{  nNu §onN{.§ouWxmoikj:i ¨6x.1vu nx´ 
 w}ik{.j..NqKUi yNUNw}«¤moj.1¶j.u §b¨PBu }mvmo§omo¾ q\u j.½u §oxi mo«1/i wxxu j[±mo(UiÖ.uhl ©uÀUBj.U1i ¨IuW±mo(xy
xBj.xmxmlGmaÀi ¨ x.moyNlGmonmojÖx.f¯È·bt®Bj[l>mowxikj.«1Bj[Nq/yNwxfxy.moUw}{..xmikj u j  §ompi ¨ªxy1xu «1
i w3yNwi ¨cxyi vUNwxlWuWxmikjÖu j  § e £ yBUXnNu §onN{§ouWxmikj.'nNu jÖu §o«1ikxnNwxxu moj.§oÉv/±nik«1S§NUBÖv>*xy
BjÀi ¨ ÜWÓ ÓkÕ e
 A  <[=Y<>CDM|<>H `?NMh=YH  FRQbCE^\Ì £ y³«¤monwxi@6uhl nikj.nN.Nq[.wxBUBj[UB¤mojÎ$N¨ÃepÅ hÇ .u cv/NBj1nw}moxmonNmÂNB
{y1UiÖxy¤§pu nx´½i ¨Iu j:lGmouWv§¤nNu §onN{§ouWxmikjeÉtIikyNwxBj[XUGj.n}yw}i Uwxikj½w}u .mpuWxmikj½mo±x{.v ÈBn|Ui¿xy
nik.NwxBj.nnikj.mxmikj*i ¨cÎ$N¨ÃepÅ Ô@Ç q
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«©u  jyNxmon|¶.B§pÀjyBuWwu1v/Bu «Àq

 Ü ×   NÓ
 

x.Xv/Bu «  v/Bu « nN{yw}lYuWx{yw}±w}u .mo{³uWxy¯Ã·ct mo$i ¨ci w}.Nw  «¤NUNwBe nikyNwxBj[Bj..u jnB«1Bjmo
x.NwxN¨Pi w}±µ>/BnUBÖ¨Pi w Ó ¤â¦ãâ «¤«Àe
£ yXnikyNwxBjnnikj..moxmikj mo$}uWxmoU¶.BÖihl Nw(u¤¨]u mw}§É§ouWw  ±IuBl B§Bj  x¿'moj.yi@²u j. xyXµGmoxUBj.n
i ¨x{.n3u¿yBj.ik«1BjyikjuWfx.É¯È·bt mofjyi 1mojyik{yv.Ne '§pUi¿x. >{.u §omxuWxmol ¨RBuWx{ywxB1x.ihjmoj
ÎN¨aepÅ WÇ xyik{.§ov/½ni wxwxBnNe £ .BU½moj.nN§o{..uÝw}uWSmo.§mojnwxBu xmoj  tIg GmB§omxv/Bu «  v/Bu «
iWºUNNqxBj.xmxmlGma1Uifx.v/Bu «Ø§Bj  x f]mon}É.wxi@l>mpyB x.(§oih6Nw'tIgänN{.UiWº³°u jÉxBj.xmxmlGma
UiuW§Bu U$ikj.±i xyNw$v/Bu «  v/Bu ««¤mpx«¤uWxn}\e
Ñ ih6Nl NwBqDxyXnNu §onN{§ouWxmikj.³i ¨cÎ$N¨ÃepÅ YÇ 6Nwx±/Nwx¨Ri w}«1BÀmpjÀlYu nN{{.«u j.À¨Ri w$/Nwx¨RBnx§Éihl Nw}§ouWmoj 
u j  {.§ouWw|w}u .mpuWxmikjuWUUNw}j:¨Rwxik«¼Bu n}¥uWwx(i ¨ xy1v/Bu «ÀefBmoxyNw|i ¨ªx.BU¤nikj..mxmoikj.'uWw}1Uw}{y
mpj wxBu §omo¾ e¯Èj SuWwxxmonN{.§ouWw'.wxB§omp«¤moj.uWwxnNu §onN{.§ouWxmikj'x.ih7x.uW''yBj xyfu j  {.§ouWwuWUUNw}(yiÉjyi 
i@l Nw}§ouW\qxyXnikyNwxBj[$w}u mouWxmikj yBnw}Bu UB$v>aªii w}yNw}Ii ¨«¤u  jmx{.y e
¦¨Ru mow}§|wxi v{UNqkm¨jyi cl Nwxf.wxBnNmpU q nNu §onN{.§ouWxmikj1mpEvSu .§±jyNByB\eE¯Ã¨xy³nikyNw}Bjv/Bu «¤UUw3u .§o{.j 
GmB§omo6uW6x.§Nl B§Di ¨\Nl Bj*uf¨RNä~uWUxNqxy'¯È·bt¦UBj.xi w}ª.ihj.xUwxBu «¸i ¨\xy(mojUNw3u nxmikjÉDikmpj
'mo§o§Dv/±uYºDBnUBe 'j*i ¨cnik{.w}UXx{n} u1§ouWw  Xxm  j.u §u ³UwxB«1Bj..ik{.$«1ikj.moUi w}moj  /i UBjxmpu §re
ÎBnBj16i wx´`v[  iku j. Ò i ´ i@kuÅ hÇ xyi@Áx.uW1m1mofmoj.yNB/ikxxmvS§¤Ui:NlYu §p{.uWU nikyNwxBj[
v/Bu «¤xUw}u .§o{.j  mojÖu6uh x.uWmo$ikj.§o §omo«¤mUB*v>Àxy«1Bx¿xmÂN e £ mo$mo'u.m nN{.§$nNu §onN{§ouWxmikj
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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.
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December 15, 2005

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 the ILC. Until recently silicon CCD’s (Charged
Coupled Devices)1 seemed like the detector elements of choice. Last year, recognizing the
potential of a Monolithic CMOS detector, we initiated an R&D effort to develop such a
device. With the technology decision choosing a superconducting accelerator the motivation
for such a detector technology is even more compelling. The time structure of the cold
technology necessitates an extremely fast readout of the vertex detector elements and thus
CCD’s as we know them will not be useful. There are efforts to develop new CCD
architectures2 but these require rather large advances on the state of the art. For these reasons
there is an increased importance on the development of Monolithic CMOS pixel detectors
with extremely fast non sequential readout of only hit pixels. This feature significantly
decreases the readout time required. Another important feature of our present conceptual
design for these CMOS detectors is the possibility of time stamping each hit with single
bunch crossing precision. This significantly reduces the effective occupancy.

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 SARNOFF believes they can build. In the present year, for which we have
__________________
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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already been funded, we have continued the subcontract with SARNOFF to optimize this design
and to start detailed engineering design of the first prototype device. In the following years we
plan to continue working with SARNOFF to complete the detailed design, fabricate the first
prototypes, and test these prototypes.
2.2 Radiation Hardness Testing of Both CCD and the New CMOS Device Prototypes
We plan to continue 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 and instrumented a beamline at the WNSL Heavy ion accelerator at Yale
for radiation testing of imaging devices with proton, neutron, , and heavy ion beams in the 10 to
40 Mev/nucleon range.

2.3 Mechanical Support Stucture
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 original overall vertex detector design we have worked towards is shown in Fig. 1, and the
associated numbers and sizes of the 120 detector elements (chips) are summarized in Table 1. The
SiD study has proposed a new design, with forward detectors, shown in Fig. 2. This arrangement
does not significantly alter the sensor R&D of our project.
The detailed time structure of the ILC is under discussion within the GDE. We assume that the ILC
design will have 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.
We have based our design on previous background calculations that indicated a background level in
the innermost layer of the vertex detector (i.e. worst case) of
Background rate = 0.03 hits/mm2/bunch crossing
More recent detailed background calculations for detector designs currently under consideration
confirm this estimate (see talk by T. Maruyama of Snowmass 2005) as summarized in Table 2. Some
caution, however, is in order since the detailed design of the ILC is still not determined and the
backgrounds can depend on these details. This is illustrated in Figure 3, which shows Maruyama’s
background calculations for various final focus configurations (the letters N, Q, Y, P, H signify
different configurations). Most of the configurations indicate a background and level near or below
the .03 hits/mm2/bunch crossing that we are using in our design, but some are up to a factor of 3
higher. Considering these as well as other uncertainties of these background calculations motivates
us to optimize the design of these detectors to be as tolerant of higher backgrounds as possible.

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
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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 ~ 50 x
50 , Small pixels ~ 5 x 5 ) 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. 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 4. 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 4 and 5.
In the present year we are continuing with SARNOFF the detailed design of these CMOS
devices. The first step is the optimization of the important parameters of the design:
a) Reducing the size of the Big Pixels. In this design the tolerance to backgrounds is set by the
size of the Big Pixels. With the 50 µ x 50 µ pixels we have a safety factor of five, i.e., the
detector will operate satisfactorily with a background level five times higher than the
estimated 0.03 hits/mm2/bunch crossing. Reducing the Big Pixel size still accommodating
the ability to store four hit times, would increase this safety factor. Given the uncertainty of
the background estimates this seems a desirable goal. SARNOFF is now carrying out a study
of the fundamental limitations of reducing the Big Pixel size. For a given pixel size and
performance requirements it is essential to find an optimum process technology available
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from various foundries. The 50 µ x 50 µ pixels is based on the currently available 0.25 µ
process. SARNOFF is investigating not only the state of the art process today, but what the
can expect it to be say five years from now when ILC detector fabrication might actually
start. For example if the projection were that 0.075 micron process will be available at that
time, then 15 µ x 15 µ Big Pixels with the same performance should be possible. This would
allow these detectors to function satisfactorily even if the background level were 50 times the
estimated 0.03 hits/mm2/bunch crossing.
b) Another important parameter we are looking at is the amount of charge spreading for a
minimum ionizing particle crossing the detector. This depends sensitively on the thickness of
the epitaxial layer, the fraction of this that is depleted, and the depletion voltage. The design
we are developing at this time is shown in Figure 6. With a fully depleted epitaxial layer ~
10 µ thick we can expect the charge spreading to be minimal, probably less than a micron or
two for perpendicular track crossings. This is quite important for the following reason. If the
charge spreading were small compared to the pixel size, we would not need the analog charge
level information supplied by the Small Pixel layer in this design. This would greatly
simplify the design, to a single layer of 10 to 15 µ square pixels with up to four hit times
each, accepting hits over some threshold but without analog charge measurement. This
would reduce both the design time (and cost) and the fabrication costs, and even more
important, reduce the thickness and therefore multiply scattering in each layer by a factor of
two. Please note that the 100-250 µ thickness of the P++ substrate shown in Figure 6 is only
illustrative – SARNOFF hopes to be able to reduce this to a 50 to 100 µ thickness.

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 were:
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.
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.
We will pursue additional radiation damage studies as the need arises.
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).
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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,” Nucl.Instrum.Meth.A549:117-121 (2005).

4. Plans for the Coming Year
4.1 Monolithic CMOS Pixel Detector Development
In the past year we developed a conceptual design for a Monolithic CMOS pixel detector with
time stamping that should work well for the Vertex Detector at the ILC, with a considerable
margin of safety. In the current year we are starting the detailed design of these detectors at
SARNOFF, working towards making the design another factor of ten or so more background
tolerant and at the same time making the devices simpler and thinner.
In the coming year we plan to continue and hopefully (depending on the level of support
available) complete the detailed design. In the years following that we then expect to fabricate
the first prototype devices using the best process technology available at that time, and then
proceed to test these 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 thinks 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 initial 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?

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 SLAC, Rutherford-Appelton La,b and KEK, we are
looking into the possibility to study this problem.

4.3 Radiation Damage Testing
In this coming year we will consider conducting further radiation damage tests as appropriate.
Such tests might involve electron beams at SLAC and possibly proton beams at Yale. When the
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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 fits well within that context and has the parameters appropriate to that
detector. However, the LDC and GLD detector concepts also require vertex detectors and
our R&D is applicable to those designs. Thus, the R&D we are proposing is important for all
of the detector concepts under discussion at this time.

6. Relationship to Other Silicon Pixel Sensor R&D Programs
6.1 This research has been developed and benefited from discussions with M Breidenbach, SLAC;
A. Miyamoto, Y. Sugimoto, KEK; P. Skubic, U. of Oklahoma; R. Yarema, W. Wester, FNAL;
and C. Damerell and the LCFI, Rutherford Lab.
6.2 The LCFI Collaboration, in the UK,has been developing a CCD vertex detector which can
accommodate the long bunch trains of the cold ILC. We maintain a close relationship with the
work of the LCFI group and are coordinating our activities with them to complement, rather than
duplicate, their R&D effort.

6.3 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 for the past two years 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.
6.4 The Strasbourg group, led by Marc Winter, has been developing Monolithic CMOS
sensors for many years. We have discussed our approach with Winter, and found
support and encouragement for this alternative approach. If successful, our approach has
significant advantages over other competing approaches.
6.5 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 efforts.
6.6 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.
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7. Work Plan and Deliverables
We are proposing here a multi-year R&D program to address the issues discussed above. We
foresee the following activities
7.1 Accomplishments of the Past Year (FY 2004)
• In collaboration with SARNOFF we developed a conceptual design for a Monolithic
CMOS Pixel Detector that we believe will satisfy the requirements for the Vertex
Detector for a superconducting ILC
• Simulation studies of the effects of detector thickness on the physics, and
coordination with other groups doing simulations
• Continued the study of effects of radiation damage
7.2 Work Plan for the Present Year (FY 2005)
• Start detailed design of the CMOS Detector
• Optimization of the design parameters
• 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)
7.3 Work Plan for the Coming Year (FY 2006)
• Complete design of the CMOS Detector
• Place order for prototype detector fabrication
• Collaborate with other groups to design and work on readout electronics for these CMOS
devices
• Continue design of support structure

7.4 Work Plan for Following Year (FY 2007)
• Complete prototype detector fabrication
• Complete prototype ASIC fabrication
• Test performance of prototype detectors
• Radiation test of prototype detectors
• Complete preliminary support structure design
7.5 Deliverables after the Multi-Year R&D Program
• First prototype devices (contingent on sufficient funding)
• Performance and radiation tests of prototype devices
• Preliminary support structure design
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8. Budget Estimates

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

Request in Units of $1000
Past
Present Coming Following
Year
Year
Year
Year
FY 2004
FY 2005 FY 2006 FY 2007

25
22

8
7

25
25

25
25

25
0

50
0

100
0

100
100

72

65

150

250

a) Budget Justification
The engineering, technician, shop support and supplies are to cover expenses at Yale and the
University of Oregon associated with the design work and radiation testing efforts described
above. Normal university overhead of 67% will be charged (included) in these amounts.
b) Subcontracts for CMOS Design
The 25K$ and 50K$ in FY 2004 and 2005 have been subcontracts to SARNOFF Corporation of
Princeton, NJ. The corresponding 100K$ in FY 2006 and 2007 we expect will also be
subcontracts to SARNOFF to complete the design work. The 100K$ for CMOS fabrication in
FY 2007 is for the fabrication of the first prototype devices and might be a subcontract to
SARNOFF or directly to a silicon foundry.
All of these subcontracts have been and will continue to be placed by Yale. No overhead will be
charged on these subcontracts.

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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• As a local digital memory to store the time stamp, F/F’s are used. To express 3000 bunches,
12 bits are needed and 13th bit is for checking the parity. Since average multiple impact probability
per pixel is assumed to be 4, 13 (H) x 4 (V) F/F’s are needed in this architecture.
• When a particle impacts, a pixel’s signal rises above the threshold level and comparator out
switches from ‘1’ to ‘0’, enabling the F/F’s to latch the time stamp data supplied by the global
bunch counter. When the data is latched, the pixel is reset.
• If next particle impacts the same location, comparator out enables next set of F/F’s to preserve the
previous time stamp data. This is implemented using a counter which increments the row address of
the F/F array.
• Time stamp information is read out in the random access mode from the pixels of interest which
stored nonzero time stamp data.
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• Entire P-epi region is assumed to be depleted and p++ substrate region is not depleted.
• Electron is the minority carrier in p++ substrate and p-epi.
• Electrons generated in the p++ substrate will diffuse around but can not travel far because
they recombine quickly with holes that are abundant in the p++ sub.
• Electrons generated in the epi-region are forced move toward N-well diode region by the electric
field and do not have the chances of recombination.
• In conclusion, spread is minimum even if the CMOS wafer is not thinned. Epi-thickness and electric
field are the factors to determine the lateral spread function.
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4.2: Design of a Monolithic Pixel Detector
Module
(new proposal)
Vertex Detector
Contact person
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Institution(s)
U.C. Berkeley
LBNL

New funds requested
FY06 request: 62,661
FY07 request: 70,159

4.2

531

PROJECT DESCRIPTION
Design of a Monolithic Pixel Detector Module
Personnel and Institution(s) requesting funding
Marco Battaglia
Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA
and Dept. of Physics, University of California, Berkeley CA 94720, USA
Collaborators
David N. Brown, Devis Contarato, Leo Greiner, Benjamin Hooberman
Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA
Project Leader
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Project Overview
We propose a R&D project addressing the conceptual and engineered design of a ladder for
the Vertex Tracker with the required mechanical stability and system integration, while minimising the amount of material. The Vertex Tracker performance is critical for accomplishing
the objectives of the ILC in understanding key issues of particle physics from the origin of
mass to its relation to the Cosmo. Preliminary simulation studies have shown that a single
point resolution better than 5 µm and a material budget not significantly in excess to 0.1 %X0
per layer are needed to fulfill this goal.
While a very significant effort is being deployed in developing Silicon pixel sensors which are
much more precise, thinner and faster than those ever installed in a particle physics experiment, only a limited attention has been devoted to the design of a detector module stiff
enough to guarantee the sensor accuracy in the detector reference frame and light and integrated enough to offer minimal disturbance to the passage of particles and provide electrical
and thermal services. The ILC Si sensor R&D has now successfully progressed to the stage
when the design of a realistic detector module is needed to guide further R&D towards the
choice of an optimal pixel sensor for the Vertex Tracker. There are three main open issues to
which the proposed program could answer. The first concerns the optimisation of the sensor
thickness. Early experience on sensor backthinning, to which our group contributes, shows
that the thinning of pixel chips down to 50 µm and below is feasible. CMOS pixel chips
have been backthinned to 50 µm and to the epi-layer (' 20µm), DEPFET test diodes to
50 µm and CCDs to 20 µm. These first tests have been successfull and a more systematic
characterisation of yields and performances is currently in progress. Below about 100 µm of
thickness, the problems offered by mechanical stability and, possibly also charge collection,
are becoming quite increasingly important and it is essential to leverage the advantage of a
reduced material budget from thinner sensors with the increased requirements on the chip
support structure. The goal of 0.1%X0 /layer is ambitious. The VXD3 detector at SLD, the
most precise vertex detector installed at a collider experiment, achieved 0.41%X0 /layer. Several concepts based on thin sensors mounted on various supports (carbon-fiber composites,
1
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Si carbide foam, diamond-coated composite materials are among those considered), which
would amount to about 0.1%X0 , have been proposed and some studies are being carried out
at RAL in the UK. The proposed project will develop the design of a low-mass detector
module, with a support structure possibly based on carbon composites and vitreous carbon
foam, produce prototypes, mount thinned Si chips and perform a full characterisation of mechanical behaviour and stability, including temperature and humidity cycling. In a second
phase working detectors will be installed and the ladder tested under operational conditions,
including power cycling. Sensor technology specifics will be considered and both CMOS and
DEPFET pixel sensors will be tested.
The second issue concerns chip cooling requirements, which has significant implications both
in terms of sensor technology and material budget. We propose to study airflow cooling both
in terms of heat extraction, under realistic conditions such as power cycling, and in terms of
ladder stability. This study will assess the power dissipation threshold beyond which active
cooling of the modules is needed and the module stability under temperature change and
airflow-induced vibrations.
Finally, the design of a detector module will address the issue of the routing of signal lines
and services, which also contribute to the overall material budget of a detector layer.
The project will also investigate offline software alignment procedures. This will be carried
out, based on the experience gained by the LBNL group with the alignment of the Babar
vertex detector at PEP-II. In the second year, a test setup will be built to study the ladder
alignment using particle tracks. The test setup will use a highly collimated laser beam to
simulate the passage of a charged particle and will correlate the displacement of the recorded
pixel clusters with real-time survey data.
This program will significantly profit of synergies with activities of other groups at LBNL in
the Physics, Nuclear Science and Engineering Divisions, channeling the know-how accumulated in major projects, from CDF and Babar and the concurrent ATLAS and STAR projects,
to the ILC application, minimising the cost-to-benefit ratio, if this activity can be started
soon. This is evident from the budget request, where the requested funding is targeted to
secure engineering support and to a limited number of ad-hoc purchases.
At the same time, we are actively engaged in reaching out to partner groups, engaged in
R&D for the ILC Vertex Tracker, to share the resources made available through this project
to a wider community. We have established contacts with SLAC, University of Oregon, Purdue University, Max Planck Institute, Munich (Germany), Rutherford Appleton Laboratory,
Didcot (UK) and IReS, Strasbourg (France). Max Planck Institute and IReS will share pixel
structures and readout systems for the ladder construction and characterization. We shall
keep close links with the ILC group at SLAC and the other US institutions involved in Vertex Tracker R&D, which will have access to the facilities and expertise being established at
LBNL.
Broader Impact
The development and deployment of increasingly complex high granularity trackers in particle
physics experiments has come at the expense of increased material in the tracking volume.
At next generation detectors for the ILC, but also for the LHC upgrade, tracking granularity
and channel counts will increase even further. Lower mass is crucial at the LHC due to the
tenfold increase in track multiplicity as well as at the ILC to provide the required precision
track reconstruction and minimize the deterioration of calorimetric measurements.
2
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This project aims at developing highly integrated electrical-mechanical-thermal structures
with particular emphasis on material reduction. Experience earned in this project will benefit
other applications in HEP and beyond relying on low-mass, high-resolution detectors.
As the activity described in the present proposal will be carried out as a collaboration between Universities and a National Lab, the project will see the participation of students. One
UC Berkeley GSR, already supported through the LDRD grant, will work at the characterisation of prototypes, which will integrate well with his current activity in sensor backthinning. We plan to involve an additional GSR, working part-time on the software alignment
and funded independently from this proposal. The project will be open to undergraduate
students, within the framework of the Undergraduate Research and Apprentice Program
(URAP) at UC Berkeley, which is already offering research opportunities in the ILC program and enables under-represented minorities and disabled students to connect to research.
The educational impact from student contribution to cutting edge research and technology
development reaches far beyond the academic world because a large fraction of the students
find employment in industry. We shall encourage women and students from minority-serving
institutions to join this program.
The program will be open to collaboration from national and international partners, active
in ILC R&D. Contacts have already been establised with several institutes mentioned above.
Its success also relies on the ability to disseminate the results within the ILC community and
beyond.
Results of Prior Research
LBNL is engaged since the beginning of FY05 in an R&D program on advanced Si pixel sensors
for the ILC. A part of this project is aimed to study the backthinning of CMOS pixel sensors.
After identifying a commercial partner company in the Bay Area a first batch of CMOS pixel
structures have been backthinned to 50 µm and characterised. Results have been presented
at the LCWS05 conference in March 2005 and are summarised in the Proceedings currently
in press. We are presently engaged in a second phase, where the sensor response is being
characterised with a 55 Fe radioactive source, collimated laser light of different wavelengths and
a high energy electron beam. After characterisation, detectors are backthinned to different
thicknesses and tested through the same protocol. Comparing the data allows to study
variations in charge collection due both to bulk contribution and to interface effects from the
thinning process. This activity, funded as part of an LDRD project on Advanced Si Pixel
sensors for the ILC, which will continue through FY07, offers an important synergy with
the proposed project. The STAR group at LBNL, which will collaborate to this project, is
developing a very ambitious Vertex detector, based on CMOS pixel sensors similar to those
being considered for the ILC and respecting almost equally tight constraints in terms of
material budget. Their partnership ensures that this project will start from the experience of
cutting-edge solutions for low mass mechanics for detector applications and tailor it towards
the ILC specs.
Facilities, Equipment and Other Resources
LBNL is well equipped for the production of support structures using composite material
and their mechanical characterisation. Further, there is a very significant know-how on lightweight structures for high precision detectors in collider experiments. Work for the CDF
Run2b upgrade has demonstrated the viability of a highly integrated Si detector module,

3

534

including cooling, support and embedded electronic bus-work. Experience with the ATLAS
Pixel detector, whose mechanical structure has been designed and built at LBNL and is
presently being installed at the LHC, and the STAR vertex detector, being designed at LBNL
for the STAR upgrade at RHIC, offers an important opportunity to start the ILC specific
R&D on the foundation of state-of-the-art design concepts.
The ILC Advanced Detectors R&D Lab of our group has an environmental chamber which
will be used to characterise temperature cycling and humidity effects on prototype ladders.
We can also perform power cycling of CMOS pixel sensors to study power dissipation and
survey the temperature gradient of prototype ladders using a high resolution IR camera. We
have access to a fully equipped characterisation facility to perform studies of cooling and
mechanical stability with nitrogen and air flow. This is equipped with a laser holography
system which will be used to measure in real time distortions in prototype structures with
sub-micron resolution. This system is very useful for looking at thermal distortions and
small scale bending over a large area. A capacitive probe system measures the position of
refernce points with sub-micron resolution and a bandpass of 1 KHz. This is above the
resonant frequencies of any of the structures that we intend to construct alowing to study for
displacements and vibration induced by the air cooling or any other driving forces.
Alignment studies and data analysis will be performed at NERSC using the computing and
data storage resources awarded to the ILC project.
FY2006 Project Activities and Deliverables
During FY2006 the project would be carried out alongside the ongoing STAR upgrade effort.
We will gather experience by performing common tests of the structures developed for the
STAR vertex detector. During the first year of the project a first prototype will be built and
equipped with thin dummy detector chips and characterised. The technology-dependance of
the design will studied and a second prototype based on the use of back-thinned DEPFET
sensors will also be considered.
FY2007 Project Activities and Deliverables
In the second year, two fully operational ladders will be produced, equipped with working
detector chips and characterised with collimated lasers and a high energy electron beam.
They will be based on CMOS and DEPFET pixel sensors. CMOS sensors will be acquired
through a common submission with the STAR group and IReS, Strasbourg, carried out as
part of the EuDET program, while DEPFET sensors will be made available at no costs by
MPI, Munich as part of an ongoing collaborative effort, including also radiation hardness
characterisation to be performed at LBNL.
Budget justification: Lawrence Berkeley National Laboratory
The budget request covers the cost of engineering support, production of prototypes and the
limited additional equipment needed to extend the capability of the ILC detector lab in the
characterisation of ladder prototypes.
We request support for 0.25 FTE from the Engineering Division at LBNL, if this will be
awarded, matching funding should be made available by the Physics and Engineering divisions
to make 0.5 FTE available to this program. The engineer will work in close contact with the
group working at the design of the STAR vertex detector upgrade and adapt that design to
the ILC specifications based on experience at STAR and ATLAS. In addition, we request
4
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1.5 months of a mechanical engineer machinist and mechanical shop recharges for prototype
production. Finally, funding is requested for a vibration isolated workstation, an upgrade of
the capacitive probe system for high accuracy real-time position survey and a DAQ computer
and interface. In the second year, costs also include the procurement of CMOS chips, through
a shared submission and their backthinning.
Two-year budget, in then-year K$
Institution: Lawrence Berkeley National Laboratory, Berkeley CA.
Item
FY2006 FY2007
Other Professionals
31235
33782
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
0
0
Fringe Benefits
21542
23299
Total Salaries, Wages and Fringe Benefits
52777
57081
Equipment
5000
2000
Travel
500
500
Materials and Supplies
2000
7000
Other direct costs
2384
3578
Total direct costs
62661
70159
Indirect costs(1)
0
0
Total direct and indirect costs
62661
70159
(1) Includes xx% of first $xx subcontract costs
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Total
65017
0
0
0
44841
109858
7000
1000
9000
5962
132820
0
132820
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ILC SiD
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Contact person
Satish Dhawan
satish.dhawan@yale.edu
(203) 432-3377
Institution(s)
Yale

New funds requested
FY06 request: 40,000
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December 19th, 2005

Modular DAQ Development for the ILC SiD
by
Satish Dhawan, Senior Research Scientist, Yale Physics Department, phone: 432-3377
and
Homer Neal, Associate Professor, Yale Physics Department, phone: 432-3382

1. Introduction
The current instrument standards developed specially for the physics research
community that have served so well for up to four decades are in need of a major
structural overhaul in order to accommodate new technologies and to achieve
significantly higher system performance for new large research machines. Intelligent
chips with processors, programmable logic and multi-gigabit serial communications,
have become dominant in the commercial computer and instrument industry. The method
of communication between modules has changed completely from a shared parallel data
bus to multiple serial buses that can provide much faster and cheaper communications
and packaging. Past standards such as NIM, CAMAC and Fastbus were designed by a
collaboration of users of large laboratories and industry, and the resulting platforms
instantly commercialized. Lab efforts to upgrade standards have been dormant for more
than a decade and industry has moved rapidly ahead in designing platforms with
advanced features only dreamed of in the past. Our goal is to collaborate with industry
groups working on new standards to select specific approaches for the various segments
of the physics research communities.
A 1980’s USAEC study of the economic impact of the first two decades of
standards in physics research had saved approximately $2B in laboratory costs. However,
starting in the mid-1980’s the utilization of the standard modules was greatly reduced due
to the sudden availability of new chip technologies in the physics large detector field. The
functionality of entire modules was in some cases reduced to a single chip, and the
requirements of detectors to minimize metal and cable mass inside the detectors caused
much of the module business to move to custom chips and chip-and-board assemblies.
Although there is a case to be made for bringing modernized standards to bear on custom
detector electronics, no organized collaborative effort has been mounted for the last two
decades.
The important global interoperability features will be preserved in the new
standard. Adopting new standards broadly will result in a strong synergy among and
between project groups, technical interest groups and industry. This will benefit design
and lower the costs of future accelerator and detector instrumentation and intelligent
power systems. Judging from past performance, a new standard platform should remain
current for at least two decades.

2. Objectives of the Proposed Project:
For particle detectors, having a common design for transporting the signals off of
the detector will insure compatibility, increase reliability, decrease costs and facilitate the
maintenance of the detector. These factors are of utmost importance to the proposed new
1
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International Linear Collider (ILC). This multi billion dollar project which involves an
approximately 30 km electron positron collider operating at a center of mass energy of
500 GeV is still in the R&D stage. It is gaining momentum as the international
collaboration focuses on the goal of a full conceptual design and cost model, to be
supported by relevant R&D, in 2006. Simulations have demonstrated that major
increases in subsystem component reliability are needed before an acceptable overall
machine reliability can be achieved. Starting with the well-defined needs of the ILC as a
basis for evaluation of all accelerator and detector electronics, we propose to evaluate the
emerging industry standards and make specific implementation choices for de facto
project standards.
The telecommunications industry has recently collaborated to field a standard
(Advanced Telecom Computing Architecture (ATCA) in which modular systems are
designed for a downtime of less than five minutes in a year. We intend to apply these
standards with an appropriate choice of IO bus technology to create a common system for
transporting signals from the custom on-detector readout electronics to the off-detector
processing PCs.
We have compared the available IO buses (Ethernet, USB, CAMAC, VME, PCI) and
have identified the PCIe (Peripheral Component Interconnect express) design as the most
promising for future large detector communications. We propose to design the readout
for the ILC SiD forward colorimeter detector using PCIe and the ATCA standards and
related micro ATCA (mATCA). The system will consist serial to parallel data FPGA
concentrator connected to an end point controller. Further we propose a Wave Form
Digitizer with high resolution and high speed ADCs to process the pulse shapes followed
by limited on detector FPGA processing to perform operations such as zero suppression.
Then an End Point Controller (EPC) will produce standard packets to be transferred over
the 4 lane PCI express IO bus at a rate of 1 GB/s. This low voltage LVDS signaling
serial bus can then be easily converted to a light signal carried over optical fibers to PCs
that would then further process the signals.

On Detector

Off Detector

Waveform Digitizer
FPGA (doing minimal
processing of the signal)

Optical fiber:
Up to 5Gb/s
Off detector PC
processing farm

End Point Controller
(formats standard
packets for PCIe)

From the End Point Controller to the PCs all would be low-cost mainstream
reliable modern electronics compliant with the PCIe/ATCA standards.

2
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Through connections we have established with Intel on their development of copper to
fiber adapter for the PCIe. The transmission rate will be up to 5 Gb/s per fiber and the far
end can plug into PC adapter cards such as Infiniband, PCI express/ASI, Storage systems
etc. This will be mainstream technology thus keeping the costs down. The estimated cost
for the high end performance of 20 (4x 5.0) Gb/s link is estimated at $150 in 1 K quantity
We intend to develop the essential modules for applying these standards here at Yale.
After this readout has been proven to be an effective solution for the forward calorimeter,
the setup will then be available as a test facility for electronics development for the other
sub-detectors for the SiD. We have already started discussions with the hadron
calorimeter group about using this standard. Application of this standard to all subdetectors at an early stage of the SiD development will insure compatibility between subdetectors and facilitate the overall development of the electronics for each sub-detector.
We will be carrying out this development work in co-operation with the new ILC group
at Brookhaven National Laboratory. Our close proximity to BNL, their interest in SiD
detector development and personal connections with members of the group make this a
very fruitful relationship.

3. Broader Impact
The standards that we are developing will be widely applicable beyond the ILC
SiD. It is likely that this will also be useful for the ILC accelerator controls and it is
highly probable that other large research projects such as ITER will use this standard. We
have already been in touch with US ITER project office and they have expressed strong
interest.
Yale will become the central facility at the international level where designers of
research electronics will be able to come to test the compatibility and interoperability of
their system with the ATCA/PCIe standards. Such facilities do not exist at any laboratory
or university because of the expense. Having a central facility for testing will minimize
the effort and costs for such tests. It will not be limited to the ILC. It is intended that
small working groups with laboratories and industry will be formed to develop
demonstration prototypes of typical applications in various fields.
In summary, it is time to establish a new standard for the data buses needed for
laboratory experiments in order to profit from advantages of speed, reliability and lower
cost of newer technology. Establishing this new standard will also bring quicker design
and staging of experiments; multiple vendor choices in procurement to gain economic
advantage; high availability (up-time) of running experiments through easy substitution
of failed modules; shorter time-to-market for vendors and in-house designers through
conformance to standard design rules and practices. The PCI express IO bus combined
with the ATCA design protocols appears to be the best choice for bringing data transfer
in laboratory detectors into the modern era. We propose to establish a facility whereby
this technology can be applied to prototypes of future physics detectors as well as to
traditionally packaged modules in accelerator and detector central controls, distributed
controls, data acquisition, front-end instrumentation, and high-speed communications and

3
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timing systems.

4. 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 for the first year.
4.1 Work Plan Year 1
•
Study the design of a complete PCIe/ATCA compliant system for reading
out the forward SiD calorimeter and DHCAL.
•

Develop an FPGA VHDL code to accept serial stream data and convert to
parallel bus for transmission via an end point controller with the far end to be
plugged directly into a PC.

•

Explore porting our CAMAC wave form digitizer designs using ADCs
(10-16 bits sampling rates =>150 MHz) and FPGA with VHDL code for zero
suppression and feed parallel data to an end point controller.

•

Collaborate with Intel to implement fiber optics transmission of the signals
from the End Point Controllers to PCs

•

Work with ILC Detector and Accelerator Control standards group

4
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5.

Budget Estimates for the 1st year
Yale Budget for Instrumentation STANDARDS

Subscriptions for Specifications of Industry Standards - PICMG
1 or 2 Undergraduates: 12 hours/week + summer
Micro ATCA Crate and modules
Engineering

$
$
$
$

1,750
5,000
6,000
10,000

IP Cores for the Design of PCIe Logic in FPGA's
Xilinx Corp. PCI Express Development Board
PLX Corp. PCI Express Development Board
Electronic Components

$
$
$
$

7,000
3,000
450
5,000

Travel

$

1,800

$

40,000

Total =

Budget Explanations
PICMG is the initiator of ATCA Specification / Standards
PCI Express is a new high speed serial data bus in Intel's PCs
ATCA (Advanced Telecom Computing architecture) is a new standard for telecommunication
gear.
FPGA: Field Programmable Gate Arrays: Program it for user logic
IP Core: Intellectual Property Cores for the design of PCIe logic and algorithms

6. Principal Investigators
Satish K. Dhawan, Senior Research Scientist has been at Yale since 1967. BSEE from
India, MS University of Iowa, EE Columbia University, PhD in Experimental physics
from University of Tsukuba, Japan. He has been part of the NIM (Nuclear Instrument
Standards), CAMAC and FASTCAMAC standards for the past 40 years. He developed
large amount of Instrumentation for the Yale University experiments at BNL, Los
Alamos National Laboratory, SLAC, CERN, Fermilab and PSI in Switzerland.
Waveform digitizers and FASTCAMAC were developed jointly with companies under
DoE SBIRs.
Relevant publications:
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Introduction to PCI Express – A New High Speed Serial Data Bus. Satish Dhawan. Presented at the IEEE
Nuclear Science Symposium, San Juan, Puerto Rico. Submitted to IEEE Transaction on Nuclear Science
An Introduction to FASTCAMAC (60 Megabytes/sec in CAMAC?), S.K. Dhawan, C. Hubbard, T. Radway,
and R. Sumner, in Fusion Technology 1996, Proceedings of the 19th Symposium on Fusion Technology,
ed. C. Varandas and F. Serra (Elsevier, Amsterdam, 1997), p. 961-964.

D.G. Crabb, S.K.
Dhawan, N. Hayashi, and A. Rijllart, IEEE Trans. on Nucl. Sci., 43 (3), 2128 (1996).

Precision Deuteron NMR Signal Measurement with the NA47 Polarized Target,

A Quad 500 MHz waveform digitizer with differential trigger for use in the muon g-2 experiment. S.
Dhawan, et., al. Nucl. Inst. & Method. In Phys. Res. A450 391-398 (2000).
ZEUS GTT FARM. In preparation to be submitted to NIM.

Homer A. Neal, Associate Professor of Physics at Yale since 1999. BA in physics from
Cornell University, PhD in physics from Stanford University. He has worked on the
Stanford Linear Accelerator Center Large Detector (SLD), followed by several years as a
CERN scientific associate at the European Laboratory for Particle Physics (CERN)
working on the OPAL experiment, and while at Yale he has headed the Yale effort on the
BaBar detector experiment at SLAC, worked on detector design for the ILC, and the
Compact Muon Solenoid experiment at CERN which involves both detector and software
development.
Relevant publications:
Linear collider physics resource book for Snowmass 2001, T. Abe et al. [American
Linear Collider Working Group Collaboration], SLAC-R-570
Resource book for Snowmass 2001, 30 Jun - 21 Jul 2001, Snowmass, Colorado
Optimizing the Design of a Small Central Tracker, H. Neal, Proceedings of the
International Workshop on Linear Colliders, Sitges, Spain, April 28th, 1999.
Radiation monitoring and beam dump system of the OPAL silicon microvertex detector,
H. Neal et al., Nucl.Instrum.Meth.A403:351-362, 1998.
Performance of the SLD Central Drift Chamber, H. Neal et al.
Nucl.Instrum.Meth.A367:111-114, January 1995.
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Vertex Detector
Contact person
Henry Lubatti
lubatti@u.washington.edu
(206) 543-8964
Institution(s)
Fermilab
SLAC
Washington

New funds requested
FY06 request: 9,376
FY07 request: 17,611
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ILC Detector R&D Project
Vertex Detector Mechanical Structures
December 15, 2005

Personnel and Institution Requesting Funding
Henry J. Lubatti, University of Washington
Colin Daly, University of Washington
Tianchi Zhao, University of Washington
Mark Tuttle, University of Washington
Collaborators
1. Fermi National Accelerator Laboratory (Fermilab)
William Cooper
Marcel Demarteau
2. Stanford Linear Accelerator Center (SLAC)
Su Dong
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Henry J. Lubatti
lubatti@u.washington.edu
(206) 543-8964
Project Overview
We are requesting funding to work with Fermilab Si-detector group (Bill Cooper, Marcel
Demarteau, et. al.) on the design and analysis of mechanical support structures for an ILC
Vertex Detector and contribute to their evaluation of a beam pipe consistent with vertex
detector and machine-detector interface requirements. We are an interdisciplinary group
consisting of members of the Physics Department (H. Lubatti and T. Zhao) and
Mechanical Engineering Department (C. Daly and M. Tuttle) who have worked together
on many detector design projects.
This proposed work will continue a long and productive history of collaboration between
our group at the University of Washington and the D0 Si-Det group with whom we
collaborated on designs and FEA analysis of carbon fiber support structures for the D0
Run 2b silicon vertex detector and subsequently, when Run 2b project was cancelled, the
design, analysis and fabrication of the D0 vertex detector Layer 0 support structure and
cooling system. We also designed and fabricated a substantial portion of the installation
tooling for this new Layer0 structure. We have available the UNIGRAPHICS CAD-CAM
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system which was used to make all solid models and fabrication drawings for mandrels
and tooling needed for carbon-fiber lay-up and assembly of C-F parts. We will continue
to work with our Fermilab colleagues to install the new Layer0 during the next collider
shut-down. The proposed work would continue our very productive collaboration with
Bill Cooper and colleagues.
The proposed vertex detector will require a support structure that will hold and maintain
the position of the sensors, both within a sensor and among the full array of sensors, to a
reproducible precision of better than 5 µm from one cool-down to the next. When the
vertex detector is at operating temperature, variations in sensor geometry should be
negligible during any period of less than a month.
Vertex detector sensors are expected to be arrayed in ladders within barrel sub-assemblies
and wedges within disk sub-assemblies. For any ladder or wedge, the number of radiation
lengths represented by material other than silicon and its readout should be less than
0.5% at normal incidence to the silicon surface. Over the range of possible incidence
angles, additional support material to combine ladders into a barrel or wedges into a disk
should add not more than 2% of a radiation length. Structures to support the combined
assembly of one five-layer barrel and seven single-layer disks (per barrel end) should
total not more than 1% of a radiation length at normal incidence and not more than 1.5%
of a radiation length at the worst angle of incidence.
The work proposed here will be carried out in close collaboration with personnel at
Fermilab (Bill Cooper and colleagues). The Fermilab Group is the lead group for the
work proposed here. UW team will concentrate on those aspects related to their proven
competence in finite element analysis and design and fabrication of advanced carbon
fiber/epoxy structures.
Broader Impact
In addition to the impact this work will have on the development of a precise and
effective vertex detector for the ILC, it has the potential for impacts that go beyond the
ILC experiment. Development of new techniques for fabricating low Z compact vertex
detectors will certainly have an impact on the broader field of collider physics, both for
high and intermediate energy experiments. Developing new ways to assemble
geometrically complex carbon fiber structures could have an impact, and be useful, to our
engineering colleagues who are developing high performance carbon fiber structures.
This work will also have an impact on undergraduate education because we plan to
engage undergraduate physics and engineering majors in this work, both as independent
research students and as hourly workers. We have a tradition of involving undergraduates
in all of our research efforts and believe that this is our most effective way of having a
broader impact that touches the greatest number of people.
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Results of Prior Support
Since 1990, the University of Washington group (a collaboration of the Physics and
Mechanical Engineering Departments) has been involved in the design and fabrication of
several particle detector subsystems. These have included the muon subsystems for the
SDC detector at the SSC, the end cap muon subsystem for ATLAS at the LHC and the
Run2b upgrade to the innermost two layers of the silicon detector system at D0. The
latter was de-scoped to be just the addition of a new layer0 (Figures 1 and 2) to the Run2a
system and this device has been completed and awaits installation during the next
Tevatron shutdown. All of the D0 work has involved the design, FEA analysis (Figure 3)
and fabrication of very lightweight, stiff and precise carbon fiber/epoxy structures. As a
result, the UW group has developed a major core competence in this area. Another new
major resource is the FAA Centre for Excellence for Advanced Materials in Transport
Aircraft Structures that has been established at the University. The major thrust of this
center is R&D on advanced composite structures.
Publications from prior support
“Electrical properties of carbon fiber support systems”, W. Cooper, et. al., Nuclear
Instruments and Methods, A 550 (2005), 127-138.
“ATLAS Drift Tube Production in Seattle”, IEEE Trans. Nucl. Sci., Vol. 51, p 15681574, Aug. 2004, T. Zhao, H.J. Lubatti, W. Kuykendall, R. Davisson, et.al.
Facilities, Equipment and Other Resources
The University of Washington Physics Department machine shop is one of the largest
physics department machine shops in the United States. We have available four CNC
mills, one of which has a travel of 72” x 32” x 32”. We also have two CNC lathes
(turning centers), a wire EDM machine, a die-sinker, five conventional lathes and five
conventional mills, all with digital readout. In addition, we have clean-room facilities
with temperature control available, a Brown and Sharp Coordinate Measurement System
(resolution 204 µm) and a Smart Scope (magnification x250, resolution 1µm) for
precision measurements. The machine shop is staffed with six experienced machinists
and tool & die makers. The joint work with Mechanical Engineering gives us access to
that Department’s composite materials laboratory, which has available for our use a hot
press and oven. That laboratory also has a large universal tension/compression testing
machine that will be used to study the mechanical behavior of candidate materials and
structures. For example, we are able to measure the orthotropic properties of various
carbon fiber lay-ups. We also have access to a larger oven in the Department of Material
Sciences, which we used for fabrication of the D0 silicon vertex detector layer 0
installation tooling. We estimate, in this project, approximately 100 hours of machine
shop time per year, with the Physics Department contributing two-thirds of the cost on a
cost-share basis. We have high performance PC workstations with the required
CAD/CAM (Unigraphics) and FEA (Ansys) software and personnel with long experience
with these systems.
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FY2006 Project Activities and Deliverables
During the first year of R&D, designs, materials, and procedures for fabricating ladders
and wedges will be evaluated and tested, as will be those for fabricating, assembling, and
supporting a barrel and a disk. 3-d CAD and FEA models will be created for ladders and
disks and the support structures. These will be used to evaluate candidate designs and
used to iterate towards a final design concept. This work will be done in very close
collaboration with FNAL personnel. FEA analysis on the beam pipe will also be done to
assist in the design of the pipe and to understand its mechanical interaction with the
vertex detector.
Deliverables at the end of the first year will consist of the following:
1.
2.
3.
4.
5.
6.
7.
8.

at least one prototype ladder
at least one prototype wedge
a design for the support structure of at least one disk
a design for the support structure of a barrel
analysis of deflections under gravity of an assembled barrel
analysis of deflections under gravity of an assembled disk
analysis of expected thermal distortions between room temperature
and operating temperature for a ladder, a wedge, a barrel, and a disk
analysis of beam pipe deflections and stresses

FY2007 Project Activities and Deliverables
During the second year of R&D, designs will be iterated and measurements of design
performance will be made. Deliverables at the end of the second year will consist of the
following:
9.
10.
11.
12.
13.
14.

measurements of ladder deformations between room temperature and
operating temperature
measurements of wedge deformations between room temperature and
operating temperature
a prototype support structure for a barrel
a prototype support structure for a disk
measurements of deformations between room temperature and
operating temperature of the prototype barrel and disk
a design for the structure to support a barrel and all disks

Budget Justification: University of Washington
The proposed structure design will be done in close collaboration with FNAL personnel
and this will require travel by C. Daly, Senior Engineer, to several working meetings at
FNAL to develop the design and to ensure integration of the structure with other detector
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components such as silicon detector chips, cables etc. H. Lubatti and T. Zhao will cover
their travel through the NSF base grant.
Materials and supplies includes carbon fiber prepreg and related lay-up supplies. In the
second year, we will need to renew software licenses for CAD and FEA systems, for
which we receive University rates that are shared with several groups.
Hourly student labor and shop costs relate to construction of the prototypes listed above
and are costed based on D0 Si-detector fabrication experience.
Budget (two year)
Institution: University of Washington
Item

FY2006

FY2007

Total

Other Professionals
Jr. Engineer*
Sr. Engineer+
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel**
Materials and Supplies++
Materials/Supplies
Shop Charges
Total Direct Costs
Indirect Costs

$$$1,000
$1,000
$111
$1,111
$$3,000

$2,700
$$1,000
$3,700
$841
$4,541
$$3,000

$2,700
$$2,000
$4,700
$952
$5,652
$$6,000

$1,300
$2,300
$7,711
$1,665

$3,000
$3,500
$14,041
$3,570

$4,300
$5,800
$21,752
$5,235

Total Direct and Indirect Costs

$9,376

$17,611

$26,987

Notes
Fringe Benefits calculated at 11.1% for hourly and at 27.1% for professional staff
Indirect Cost of 55.5% applied to Sr. Engineer salary/fringe benefits and all travel
* @ .05 FTE
+ Prof Colin Daly and Prof Mark Tuttle will not receive support during initial two years
** Travel to Fermilab for Sr. Engineer (approx. 4 trips, incl. car, per diem, etc)
++ Includes hours for machine shop as follows:
Year 1 - 100 hours @ $66/hour of which 65% of cost will be contributed by the Physics
Dept.
Year 2 - 150 hours @ $66/hour of which 65% of cost will be contributed by the Physics
Dept.
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Budget Justification: Fermi National Accelerator Laboratory
Collaborating institutions, Fermilab and SLAC, are not requesting funding from this
source.
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Figure 1: Layer 0 Upgrade Assembly for the D0 Detector at FNAL

Figure 2: Detail of Cooling Manifold Assembly
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Figure 3: FEA deflection analysis of the L0 structure
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Vertex Detector
Contact person
Gary Varner
varner@phys.hawaii.edu
(808) 956-2987
Institution(s)
Hawaii
Tokyo
Institute of Nuclear Physics (Poland)
KEK
Pittsburg
Nova Gorca Polytechnic (Slovenia)
FNAL

New funds requested
FY06 request: 57,200
FY07 request: 58,600
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Pixel-level Sampling CMOS Vertex Detector for the ILC
Principal Investigator: Gary Varner
High Energy Physics Group
Department of Physics & Astronomy
University of Hawaii at Manoa
Precision vertex reconstruction at the ILC requires a detector capable of exquisite spatial resolution while withstanding signiﬁcant low momentum charged particle ﬂuxes and modest radiation
damage. Lessons can be learned from the development of an ultra-thin CMOS pixel detector device for the high-occupancy environment of a Super B-Factory. The Continuous Acquisition Pixel
(CAP) detector is based upon a Monolithic Active Pixel Sensor (MAPS) architecture fabricated
in a commercially available CMOS process. What distinguishes the CAP is pipelining within each
pixel cell that allows for great robustness against large hit rates, while maintaining excellent spatial
resolution. These characteristics, in addition to options to expand the pixel-level signal processing,
make it an ideal technology for a future International Linear Collider (ILC) vertex detector.
We propose to evolve the CAP architecture and verify the suitability of this MAPS technology
for the ILC through a sequence of two prototype devices.
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BACKGROUND

Already the world’s highest luminosity collider,
the KEKB accelerator [1] can now produce in excess of one million B meson pairs per day. Upgrade
plans call for increasing this luminosity by a factor
of 30-50, providing huge data samples of 3rd generation quark and lepton decays. Precise interrogation of SM predictions will be possible, if a clean
operating environment can be maintained. Extrapolation of current occupancies and radiation damage to this higher luminosity mandates the switch
to a more robust vertexing technology than doublesided silicon strips. Initial prototype device development indicates that the Continuous Acquisition
Pixel (CAP) [2–4] is capable of meeting these requirements.

A.

Continuous Acquisition Pixel [CAP]

The Continuous Acquisition Pixel project was initiated by Varner [5] to explore improving the rate
handling capability and resolution of the innermost
layers of vertex detector for Belle at higher luminosities [6, 7]. As the success of this project has been
demonstrated, it has been widely suggested during
public presentations that this technology could be
well matched to an ILC vertex detector. Of note
is the sampling ﬂexibility and in-pixel processing allowed by the use of a high quality CMOS process.
This is seen in Fig. 1, where readout can be tailored
to beam structure and thus reducing power draw,
an essential feature for making an ultra-thin detector work without adding signiﬁcant mass for cooling.
We describe below this progress and results from
testing to date.
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2
500ns

A Continuous Acquisition Pixel [CAP]

Abort Gaps
Orbit
10us

Pixel Reset
Pre−sample N
CDS pair

Post−sample N
Pre−sample N+1

Super KEKB
Not to scale!
train

ILC Sampling

train

200ms

Readout

2.8k bunches, ~1ms long

FIG. 1: The CAP architecture allows optimization of the sampling functionality to be made based upon the collision
environment. In both the Super B Factory and ILC cases, this optimization involves taking advantage of the machine
bunch structure to minimize power consumption – a necessity for operating an ultra-thin silicon detector.

B.

Choice of Technology

Until recently, the state-of-the-art in precision vertexing with pixels has been deﬁned by the success
of the CCD-based SLD detector [8] and the hybrid (sensor and ASIC readout electronics – bumpbonded together) devices developed for the ATLAS [9] and CMS [10, 11] detectors. However, despite the utility of these two types of pixel detectors
for their particle physics experiments, they are not
well matched to an ILC detector. Such LHC-type
hybrid pixel detectors are too thick and have poor
transverse resolution in each plane, which degrades
the vertexing performance below Super-B [7, 12] and
ILC requirements. While CCDs have impressive performance, as of yet their radiation hardness is insufﬁcient [13] and their readout times are too long, or
equivalently occupancy too high.
In the last few years groups in Strasbourg [14],
LBNL [15], Hawaii [3] and others [16] have reported
promising initial results with prototypes of so-called
Monolithic Active Pixel Sensors (MAPS), which are
thin, radiation-hard monolithic pixel detectors based
on CMOS technology. A comparison between the
standard Double-Sided Strip Detectors employed in
Belle and a MAPS detector is shown in Fig. 2.
In MAPS the silicon epitaxial layer upon which
the readout electronics are fabricated is used as the
detection medium. This has the distinct advantage of providing a very thin detector with no need
for bump-bonding or high-voltage biasing. Despite
these promising initial results, no group has yet operated a MAPS-based detector in a running exper-

Current DSSD

MAPS
10Pm

300Pm

Because of large
Capacitance, need
Thick DSSDs
-- MAPS can be VERY
Thin

Key Features:
•Thermal charge collection (no HV)
• Thin - reduced multiple-scattering, J
conversion, background J target
• NO bump bonding – fine pitch possible (8000x
geometrical reduction)
• Standard CMOS process - “System on Chip”
possible

FIG. 2: A comparison of current silicon tracking technology with that proposed for the upgrade. In MAPS only
the top ∼ 10µm are used, so devices can be made very
thin. Because of the large capacitances involved with the
Double-Sided Strip Detectors, a thick detector must be
used to provide a suﬃciently large charge signal.

iment. Indeed, before doing so, the following key
issues need to be addressed:
1. Radiation Hardness
2. Readout Speed
3. Full-sized Detector
4. Thin (50µm thick) Detector Construction
To address these fundamental issues, a systematic
development program has been established by the
proposer.
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occupancy corresponds to




The CAP Architecture

The operating principle of the Continuous Acquisition Pixel (CAP) architecture is illustrated in
Fig. 3. The fundamental unit is a 22.5µm square
pixel cell with a 3-transistor readout circuit (shown
at the upper left part of the ﬁgure). Ionization electrons diﬀuse onto the gate of transistor M2, which
forms the collection electrode. Since the collected
charges are small, they are not transferred directly
to the readout bus, but rather the threshold shift of
M2 is detected by a sense current applied via individual pixel addressing through transistor M3. Transistor M1 resets the electrode potential at the end of
each readout cycle.

1
9µs

2k

pix
mm2

0.01

hits
pix


 2M

hits
mm2 · s

(1)

which corresponds to a severe 16 MHz single silicon
strip hit rate.
II.

RESULTS OF PRIOR SUPPORT

The results shown below have largely been supported by the US-Japan Foundation, with funds coordinated through KEK and Fermi National Accelerator Laboratory. Additional salary support for
participation by members of the University of Hawaii
High Energy Physics Group is provided through
DOE Contract DE-FG02-04ER41291.
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CAP Version 1
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Array of pixels
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High-speed

In order to gain experience with the capabilities
and limitations of the MAPS technology, a ﬁrst generation device, designated CAP1, was developed by
the Hawaii group as shown in Fig. 4.
Column Ctrl Logic

analog
& storage

Pixel Array: Column select – ganged row read

Low power – only significant
draw at readout edge

FIG. 3: Illustration of the Continuous Acquisition Pixel
(CAP) detector operating principle, with the fundamental sensing circuit at the upper left, sampling cycle at
the upper right, and ﬂow out of the chip at the bottom.
Details are provided in the text.

The inset diagram in the upper right shows a sampling cycle. Immediately after reset, a sample is
taken. During the integration time, leakage current
is collected, leading to an expected diﬀerence compared with a sample taken at the end of integration.
The detection of a charge particle passage is made
by observing a larger than expected shift, as seen as
the dotted line. In its simplest form, this CAP cycle
is repeated indeﬁnitely at high rate.
In KEKB, the beam circulation time is 10 µs. Collisions occur for 9 µs and there is a 1 µs-long “abort”
gap when no beam particles are present. In the
simplest CAP variant, frame samples are integrated
during the 9µs live time and read out during the
1µs abort gap. The data from the most recent two
cycles are stored and transferred continuously, thus
the designation “continuous acquisition.” Operation
in this mode provides great robustness against background. Extrapolating current backgrounds, an occupancy of well below 1% is expected [18]. A 1%

1.8
mm

132col*48row ~6 Kpixels

Control/
Readout

TSMC 0.35Pm CMOS
FIG. 4: Die photograph of the CAP1 detector. The active
area is approximately 1 x 3 mm, which for a pixel size
of 22.5µm square, represents an array of 6,336 pixels
arranged in 132 columns by 48 rows. Sample data from
this device are shown in Figs. 5, 6 and 11.

Fabricated in the TSMC 0.35µm CMOS process [17], it consists of an array of 132 by 48 pixels,
each 22.5µm × 22.5µm.
A critical feature is the use of Correlated Double
Sampling (CDS) to remove the intrinsic channel dispersion, as well as noise/quantum uncertainty due
to reset. This process is illustrated in Fig. 5, which
shows data taken with a radioactive source and an
8 ms sampling time. First diﬀerences are formed
between samples from just after and just before a
beam cycle that has produced a trigger of interest.
A channel-by-channel leakage current correction is
then applied.
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-

)
8ms integration

Frame 1 - Frame 2 =

- Leakage current
Correction
~fA leakage current (typ)
~18fA for hottest pixel shown

Hit candidate!
FIG. 5: Graphic illustration of the Correlated Double Sampling and leakage current subtraction steps used to cleanly
identify hit candidates in the CAP pixel detector.

Here when the diﬀerence is taken between successive sample frames, some peaks can be seen. Some of
these are due to “hot” channels, i.e. channels that
are known to have high leakage current. Of these
more than 6,000 pixels shown, the worst case leakage
current is only 18fA. These are removed in the second step, when the channel-by-channel leakage current subtraction is made. After this, the hit candidate is clearly visible. The 8ms integration time for
the test arrangement shown in the ﬁgure is almost
1,000 times longer than we plan to use at KEKB,
there the leakage current will be negligible.
Figure 6 is an example of an event where a high
energy particle traverses a stack of four CAP pixel
detectors.

Charged Particle Track

FIG. 6: Detected event where a high energy particle traverses four CAP pixels. Note that the detectors are
slightly misaligned.
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Before irrad.

# of pixels

CAP1 Readout and Radiation Hardness. A
crucial feature of deep sub-micron CMOS is its resistance to radiation damage. This was the key to
earlier work by Varner [19] with others that resulted
in an improvement of the radiation hardness of the
Belle silicon vertex detector readout electronics. In
order to evaluate radiation hardness and readout
speed, the CAP1 was mounted into a readout board
as seen in Fig. 7.

200 Krad

Leakage Current [fA]

IEEE Trans. Nucl. Sc. 48,
1796-1806,2001

All LVDS digital I/O
Power/control over
standard CAT5
ethernet cables
300-600Mbaud link
On board ADC

~1mm x 3mm

FIG. 8: Test results of the leakage current dependence
of the CAP architecture, where the various curves represent observed leakage currents after a given 60 Co MeV
γ irradiation and subsequent annealing. The inset shows
the leakage current evolution of all 6336 pixels at no and
200kRad irradiation.

FIG. 7: Readout conﬁguration for the CAP1 detector.

This choice of form factor proved very versatile, as
all power and control could be provided over a single
set of standard unshielded ethernet cable. All signals in and out are completely diﬀerential, to reduce
radiated emissions. Even with a long cable, single
pixel noise values of 16e− were observed.
A series of radiation tests were performed with
this set-up and are plotted in Fig. 8. Here the leakage current is plotted versus radiation dose for various periods of annealing, where the zero irradiation
and 200kRad points are highlighted in the inset ﬁgure, demonstrating the clear evolution and spread in
leakage current of all 6336 pixels as a function of irradiation. The accelerated dose rates are conservative
when compared with an example from the published
literature [20], made in the same fabrication process,
shown as data points for comparison. These points
correspond to slow exposure rates that are more like
those that will occur in actual operation. (Practical
limits on access to radiation sources precluded following the methodology of Ref. [20], though it will
be considered for a ﬁnal detector design.)
Even if we take the worst-case numbers from our
measurements and extrapolate to the short (i.e.
9 µs) integration times planned for Super Belle, the
impact of these leakage currents will be minimal. A
larger concern is the possible reduction in the charge
collection eﬃciency, a topic that is being actively
pursued. Recent results indicate [21] no charge collection eﬃciency loss up to at least 1MRad of 1 MeV
γ exposure, which is the relevant damage benchmark
for a B-factory environment.

B.

CAP Version 2 (Pipelined)

A limitation observed during the testing of CAP1
was the readout rate that was actually achievable.
While the small die could be read at the necessary
100kHz (10µs) frame rate, scaling to a larger detector indicated problems. A solution to the problem
is to place pipeline storage inside each pixel, to decouple the sampling rate from the triggered readout
rate. Therefore, in CAP2 a small, 8-deep pipeline
was placed inside each pixel, as seen in Fig. 9. Here,
the TSMC 0.35µm process was used again.
Storage cells
Sample1

Col1

Sample2

Col2

VAS
Output Bus

Pixel Reset

Vdd
Sample8

Col8

REFbias
Sense

22.5 Pm x 22.5 Pm
FIG. 9: Schematic diagram (left) and pixel layout drawing (right) of a CAP2 pixel, with an 8-deep pipeline.

On the left, the standard 3-pixel cell is augmented
with an array of 8 selectable storage cells. The outputs are independently accessible, completely decoupling storage from reading operations. On the right
is the actual pixel cell layout, with various mask layers of diﬀerent colors, indicating complete utilization
of the available pixel area.
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4 F2s / Pixel Sensor

S2 area

CAP targets !

B-Board / DAQ

FIG. 10: Various photographs of the June 2004 beam test at the KEK PS π − 2 beamline. This compact test set-up
readily ﬁts in two suitcases and all of the power and signal cables were provided over standard network cables.

Beam Test Results

250Pm Si

1mm Alumina substrate
1mm plastic

(in mm)

C.

L4

L3

L2

In order to evaluate the performance of CAP1 and
CAP2 beam tests were performed at KEK and Fermilab. The same basic setup was used in both cases
and seen in Fig. 10. The two views on the right show
the array of 4 pixels located on the beamline; at the
top, a clear view showing the co-alignment of the
detectors and the bottom indicating the small footprint and required cabling plant. In the lower left
ﬁgure may be seen the compact PCI crate containing
the Backend (B-board) readout controller and embedded CPU. This test assembly is compact and selfcontained, which makes it easy to deploy for beam
tests of opportunity.

FIG. 11: Detector layout and spatial resolution results
from a beam test of the CAP1 detector.

Many results have been reported from these
tests [2, 3]. These include measurements of charge
spread, SNR and noise level. A spatial resolution of
just under 11µm at KEK as seen in Fig. 11. At top
left is the detector layout. At top right is shown a
residual self-determination method that uses Layer
4 [L4] and L2 to project onto L3 and compare with
the L3 independent determination. The resultant
residual histograms in the two axes perpendicular
to the test beam are shown at the bottom left.

These resolutions are consistent with GEANT
simulations of the detector spacing and materials
used, which indicates that multiple-scattering dominates over the intrinsic resolution for this detector
conﬁguration with the relatively low momentum π
beam used.

4.6 cm

3.6 cm

3.4 cm

(in mm)

x-plane

z-plane

“hit”

Residuals for 4GeV/c pions:
- <11Pm (in both planes)
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One of the lessons learned from CAP2 was
that with only 4 metal routing layers, insuﬃcient
power distribution caused signiﬁcant baseline stability problems. To address this and to provide additional storage within each pixel, a third generation
of CAP detector, designated CAP3, was fabricated.

Indeed, the CAP3 detector is large enough to be
considered for the basic building block of a complete
pixel vertex subdetector, as drawn in Fig. 14 and in
the process of preliminary mechanical design.
SVD2.0 Ladders

Layer 1

TSMC 0.25Pm Process

120Kpixel sensor (128x928 pix)
5-deep double pipeline

Scaling to high L (5x1035):
0.5-1% occupancy

32 CAP3/ladder
6 ladders/L1 layer
23 Mpixels
20-30kBytes/event (after L3)

36 transistors/pixel
5 sets CDS pairs

5 metal layers

FIG. 12: CAP3 pixel cell block diagram and layout.

In Fig. 12 is seen the schematic representation
(left) and layout diagram (right). Fabrication was
moved to the TSMC 0.25µm process allowing an increase in the number of routing layers to 5, which
improves power distribution and allows for 10 storage cells (8 for CAP2) within each pixel.

FIG. 14: Engineering 3D model of a CAP3 ladder conﬁguration, consisting of 6 ladders, each of which have 4
CAP3 sensors axially by 8 sensors in width. Experience
gained in support and heat conduction will be valuable in
considering a larger ILC detector array.

Half ladder scheme

CAP3

5-layer flex

Pixel Readout Board (PROBE)

PIXRO1 chip
128 x 928 pixels, 22.5Pm2

~120 Kpixels / CAP3
0.25 Pm process

21 mm

Active area

Side view

End view
Double layer, offset structure

Length: 2x21mm ~ 4cm

20.88 mm

r~8mm
30o

e-

r~8mm

17o

e+

# of Detector / layer ~ 32

928 x 128 pixels = 118,784
~4.3M transistors

>93% active without active edge
processing

FIG. 13: Illustration of the 3rd generation of Continuous Acquisition Pixel detector. This “full size” device
consists of almost 119,000 pixels. On the left, scale is
given by comparison to coins. On the right, a zoomed in
view of the bonding pads, spliced together with the view
from the far end of the array, to indicate the small dead
space involved.

a. A full-sized CAP Detector. The most recent
(third) generation CAP detector (CAP3) is shown in
Fig. 13. These devices permit exploration of all of
the outstanding issues, including processing the sensors to reduce the thickness for evaluation of heat
extraction and mechanical support of thinned devices.

FIG. 15: Planned data ﬂow from pixel detector to Belle
Data Acquisition system. A key element in this chain is
the PIXRO1 chip, which is common to an ILC readout
scheme.

b. Full readout chain. A crucial element of
making a functional pixel detector subsystem is the
ability to broadcast the data with low noise and
power from the detector. The space allocated for
this, at the interface between the detector and accelerator, is extremely congested and careful planning
and monolithic integration are required to make such
a system viable. A compact readout-ﬂow scheme
is illustrated in Fig. 15. CDS pairs are broadcast
from the CAP3 detector and are analog-diﬀerenced
and multiplexed in the nearby pixel readout chip
(PIXRO1) [6] onto a single, high-speed analog ﬁber
link to the electronics hut. Preliminary SPICE results indicate promising performance.
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III.

PROPOSED ACTIVITIES

We propose to design, fabricate and test two generations of evolutionary descendants of the CAP architecture tailored to the planned ILC operating environment.

8
sense to develop experience through the completion
and commission of a working pixel vertex detector
system under demanding operating conditions.

2.
A.

While the operating environments in the inner detection layers at Super B and the International Linear Collider are diﬀerent, the requirements on thickness, data volume, low-power consumption and the
instantaneous occupancy are actually quite similar,
as may be seen in Table I. In these comparisons integration time is dependent upon the reset and sampling times needed, which is in turn related to the
machine bunch structure shown in Fig. 1. In both
cases the electronics operation is optimized to reﬂect
the machine structure available, as described below.
For the ILC, there are two options listed for some
parameters, with the ﬁrst for technologies capable
of storing samples within a bunch train (Column
Parallel CCD (CPCCD) with storage or CAP) and
the second with longer integration time (higher occupancy) corresponding to devices without in-pixel
storage (standard CCD or DEPFET).
Of the comparisons listed, it is interesting to note
that the data rate and radiation tolerance requirements are actually more severe for Super Belle than
for the ILC [22]. That is, any detector capable of
successful operation in the Super B environment is
a viable option for the ILC vertex detector.

1.

T-943 at Fermilab

ILC Prototype

Optimizing CAP architecture

We plan to pursue two generations of ILC-speciﬁc
CAP design, designated LCAP1(2), optimized for
the ILC beam structure. As the CAP architecture
is quite ﬂexible, it can be tailored for the machine
operational environments, as mentioned earlier in
Fig. 1. The ﬁrst generation will explore issues of
maximum sample storage depth. A second generation will follow-up with lessons learned, as well as
exploring ultra low-power operation, a major concern for reducing support infrastructure.
Discussions have begun [24] on possible joint collaborative eﬀorts to make a variant of the CAP architecture that is tailored to the ILC requirements.
These discussions have aﬃrmed that a device suitable for a high-luminosity Belle could also serve as a
functioning prototype for a future ILC vertex detector. Given the long and uncertain development time
table for completion of the ILC detector, it makes

Varner is spokesperson for the T-943 experiment
at Fermilab, which has the charge of evaluating the
ultimate resolution of high sensitivity, pipeline operation MAPS devices. Evaluation of both generations
of LCAP detector will be performed at the Meson
Test Beam Facility [25], where it will be necessary
to have very high energy, minimum ionizing particles
(120GeV/c protons) to conﬁrm that the single-point
resolution meets the µm-level ILC requirement.

B.

Task Sharing

In addition to members in Hawaii, the Belle pixel
group consists of physicists and engineers from the
KEK laboratory, the University of Tsukuba (Japan),
the H. Niewoniczanski Institute of Nuclear Physics
in Krakow (Poland), the University of Pittsburgh,
the Nova Gorica Polytechnic Institute (Slovenia),
the University of Melbourne (Australia) and the
University of Tokyo.
CAP Pixel. While Varner is the leader of this
project, he is well aware that successful completion
of a project of this scale requires multi-institutional
resources. A breakdown of task sharing for the Belle
pixel eﬀort is provided in Table II.
These institutional responsibilities are a logical
continuation of current activities within the Silicon
Vertex Detector group. The Krakow group has built
the readout chain for the current and original SVD,
with KEK providing mechanical, integration and infrastructure support. Melbourne built most of the
production silicon ladders that have been used in
Belle and will be available for production work once
they have concluded their ATLAS endcap silicon assembly. Radiation and environmental monitoring
will be performed by Nova Gorica Polytechnical,
with support from the Univ. of Tsukuba. Hawaii
will focus on detector design and ladder mechanical
structure. The Tokyo and Pittsburgh groups will focus on pixel vertex detector testing, evaluation and
simulation.
All these groups have expressed interest in extending this eﬀort toward an ILC vertex detector. To
the list of institutions above, Ray Yarema’s group
at Fermilab has also joined this development eﬀort.
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TABLE I: Comparison of Super B-Factory and ILC pixel vertex detector operating conditions. For the ILC there are
often two parameters listed with a slash between, referring to the possible choice between candidate technologies. As
no single technology has demonstrated itself capable of meeting all of the design and environmental requirements, it
is expected that this R&D eﬀort should remain active for the next few years, with a decision to be made in 2010 at
the earliest [23]. Evolution of the CAP technology to meet these requirements shows real promise.
Parameter
ILC
Super-B
Notes
Integration time
BX collision timing
# bunches/integ. time
Expected occupancy
# pixel channels (Million)
Duty cycle (high power)
Readout cycle
Pixel readout rate (raw)
Radiation requirements

25µs/1ms
≤ 10µs
Belle (trigger dep.)
300 (150) ns
2 ns
75(150)/2.8k
1-5k
CPCCD or MAPS/DEPFET for ILC
∼ 1%
∼ 0.5 − 1%
Belle extrapolation (max.)
100’s to 1k
10-50
5 layers versus single
few %
5-10%
within acceptance
between trains
continuous
500/10 Gpix/s 200-1000 Gpix/s
Belle 10kHz trigger
0.5kGy/yr
few 10kGy/yr
neutron dose not considered

TABLE II: CAP Pixel Collaboration.
Institution

Resource

Contact

INP, Krakow
Readout Elec.
H. Palka
KEK
Infrastructure T. Tsuboyama
Nova Gorica Poly Rad. monitor
S. Stanic
Univ. Hawaii
Detector
G. Varner
Univ. Melbourne Production
G. Taylor
Univ. Pittsburgh
Analysis
J. Mueller
Univ. Tokyo
Testing
H. Aihara
Univ. Tsukuba
Environ.
Y. Asano

The Fermilab group brings the resources of an excellent engineering group to collaborate on the design for an ILC-speciﬁc pixel detector. The details
of task sharing are under discussion at this time and
will be guided by the ﬁnancial support that can be
garnered.

IV.

BROADER IMPACT

As one of the founding mentors, Varner was instrumental in establishing the Quarknet program in
Hawaii. Being separated from the US mainland and
Asia by thousands of miles of open ocean, it is essential to expose high-school teachers and local, underserved students to the excitement of frontier physics
though our local research activities. Our annual
Physics Open Houses are very well-attended and being able to involve and interest the community at
large is crucial.
The current UH QuarkNet program had its ﬁrst

teacher workshop last summer, with 10 teachers participating in a mix of lecture and hands-on lab sessions. The lectures provide particle and cosmic-ray
physics education for the teachers, earning UH graduate credits, which in turn allow for their own career
(and payscale) advancement providing an incentive
to participate. The lab sessions involved component assembly and instruction in the operation of
the cosmic-ray detectors. We propose to add to this
program a “work at Fermilab” component beginning
next summer, including participation in hardware
fabrication, operation of equipment in the beam test
and summer lecture and curricular development.
The current UH QuarkNet program provides
opportunities for teachers’ professional development using the Hawaii State Department of Education (HDOE) Professional Development Credits
(PDERI) program. Teachers can earn PDERI credits which advance them on their pay scale by showing
evidence of the success of their activities with their
students. This is done via a portfolio submitted by
the teachers to external evaluators in the HDOE. For
teachers, QuarkNet provides resources and partnership opportunities that the teachers have no access
to otherwise. In addition, the intellectual development opportunities in QuarkNet, with hands-on activities and conceptual material that can be directly
transferred to curriculum (lab exercises, science fair
projects, class discussion of the latest ideas in particle astrophysics, etc.).
The ﬁnal portfolios that teachers prepare for these
credits under QuarkNet provide tangible and quantitative evidence of the eﬀectiveness of the program,
and we intend to track the development and impact
of our proposed activities through these portfolios,
through periodic review and summaries.
Public support for funding of the ILC in the long-
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haul depends upon educating the educators, the next
generation of students, and the general public in the
exciting discovery possibilities at the ILC, and the
very interesting technical challenges (some being addressed in Hawaii!) to meet them. This type of
hands-on hardware exposure for the young and inquisitive researchers is sorely needed as scientiﬁc collaboration sizes have increased.
V.

FACILITIES, EQUIPMENT AND OTHER
RESOURCES

Considerable expertise and engineering resources
are available at the University of Hawaii and our
activities are well supported. We have two fulltime machinists available through the Department
of Physics and Astronomy machine shop, as well as
the support infrastructure described below.
A.

Instrumentation Development Laboratory

cuit boards, and FPGA/CPLD ﬁrmware. Assembly benches and prototyping facilities, with available and well-trained student technician support, are
maintained. Test instrumentation in NIM, 6U/9U
VME, CAMAC, FASTBUS, compact PCI and LabView/GPIB are available. Silicon pixel and custom
detector development are facilitated by a Cascade
motorized probe station, Agilent parameteric analyzer, K&S wire-bonder, all located inside an assembly clean room. SMT assembly/inspection stations
are complemented by a BGA rework station.
The ID-Lab provides expertise in IC and board
design, as well as software and ﬁrmware. Lab chief
engineer Kennedy is coordinating the pixel readout
system design. Engineering doctoral fellow Martin
will complete the PIXRO1 and LCAP1 design as
part of her dissertation work. A particularly valuable asset is mechanical engineer Rosen, who designed the current Belle beampipe and will lead the
mechanical design of the pixel ladder structure.
Excellent laboratory space is provided by the University, with over 2000 square feet available to the
ID Lab, as can be seen in Fig. 17.

The CAP progress demonstrated up to this point
would have been impossible without the support
of an entire engineering team at the University of
Hawaii. With strong support from the High Energy Physics Group, the Instrumentation Development Laboratory [26] develops world-class instrumentation such as the CAP pixel.
Dedicated to the development and support of
high-performance instrumentation for world-class
research in High Energy and Particle Astrophysics,
the ID Lab is available to the University of Hawaii
research community at large.

clean room

pixel
test
area

BGA rework

FIG. 17: Pictures of the excellent laboratory space and
equipment available for CAP pixel development.

B.

FIG. 16: Some of the engineers, post-docs, graduate
and undergraduate students, and visiting researchers who
make the University of Hawaii Instrumentation Development Lab. successful.

As can be seen in Fig. 16, the lab serves as host
to a diverse group, bringing together talent from
throughout Asia, Europe and North America.
Electronics design support consists of workstations and software for the design of ASICs, cir-

Hawaii Faculty, Researchers and Students

Faculty members Browder and Trabelsi are active
participants in this project. Senior researcher Parker
is a wealth of information on silicon fabrication and
processing. The CAP pixel project is the primary
task of post-doc Barbero. Student Uchida has participated in all beam tests, with student Sahoo to
join and gain hardware experience.
Our current DOE grant supports all of these group
members. Pending this award, new student Rorie
will join the eﬀort and start detailed studies of detector optimization.
a. Other Facilities In addition to the full-time
machinists and shop mentioned, the university also
provides computing support and access to a highperformance computer farm.
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VI.

FY2006 PROJECT ACTIVITIES AND
DELIVERABLES

In the ﬁrst year the target will be to develop a
ﬁrst generation of ILC-speciﬁc sampling architecture. Our current studies show that down to quite
small storage cell capacitances, as shown in Fig. 18,
the kTC noise looks manageable. The current design
exercise is to explore the maximum packing density
possible, to maximize the number of storage cells,
which reduces the eﬀective occupancy for a given
integration period.

11
VII.

FY2007 PROJECT ACTIVITIES AND
DELIVERABLES

In the second year we expect to have feedback not
just from the LCAP1 prototype, but also for subsequent generations of Super Belle CAP pixel detector. In the latter case the experience with handing
very thin devices and operating at high speed and
low power will be valuable in shaping the direction
of the next generation of demonstrator prototype,
which would be designated LCAP2.
The development cycle and deliverables are identical to those for FY2006, with the report being delivered serving as a critical milestone at which to
assess whether to take this development forward toward a full-sized detector prototype or instead recommend pursuing another strategy based upon concurrent development eﬀorts by other groups.
VIII.

PROPOSED BUDGET AND
JUSTIFICATION

A summary of the proposed total budget is given
in Table III. The budget is broken out by ﬁscal year
and also by salary, travel, equipment fabrication,
material & supplies and miscellaneous costs (shipping, document).
FIG. 18: Contribution to noise due to storage cell capacitance. For small storage cells, this term can become
important though this can represent a very small storage
element.

The ﬁrst ASIC design is designated LCAP1
(Linear Collider CAP #1) and the development
timescale is matched to a ﬁscal year. From experience with three generations of CAP detector, this
is a reasonable interval in which to perform the tasks
outlined below:
1. design – 3 months
2. fabrication – 3 months
3. eval board – 2 months
4. ﬁrmware/software – 2 months
5. test/document 2 months
The deliverables are a set of fabricated die after 6
months, a functioning die on test board, available for
radiation, noise, resolution and other testing within
10 months. Finally, a publication documenting results of these tests round out the year development
cycle.

TABLE III: Total budget by ﬁscal year, all values in K$.
Item

FY06 FY07

total

Salaries & fringe
Travel
Equipment fabrication
Other direct costs

$17.0
$4.5
$29.8
$1.2

$17.0
$4.5
$31.2
$1.2

$34.0
$9.0
$61.0
$2.4

Indirect costs

$4.7

$4.7

$9.4

TOTAL

$57.2 $58.6 $115.8K

b. Operations. We also request half-time salary
support for one graduate student who will pursue
the proposed research in partial fulﬁllment of his
dissertation requirements. A student, J. Rorie, has
already been identiﬁed, and has expressed interest
and willingness to participate in the research if the
funds are available. The student will take his PhD.
qualifying exam in the spring of 2006.
We also request support for two part time undergraduate research assistants to help in performing
the equipment fabrication for the work described.
Required engineering resources are costed as part of
speciﬁc equipment tasks listed below.
c. Travel. Travel is requested for the proposer
and other participants to perform the measurements
of detector performance as part of the ongoing T-943
beam test experiment at Fermilab.
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d. Equipment. We describe here the major fabricated equipment costs, with ASIC fabrication
through MOSIS.
Costs for the ﬁrst ILC detector prototype are
listed in Table IV. This prototype builds heavily
on the systems developed previously. Some electrical engineering design time is required for an improved portable data acquisition system and to establish the data link. Student labor costs are not
included here. Budgeting is based upon completion
of the task within FY2006.
TABLE IV: ILC CAP “LCAP1” prototype budget.
Item

TABLE V: ILC CAP “LCAP2” prototype budget.
Item

Est. Cost

LCAP2 ASIC fabrication
Engineering (mechanical)
Engineering (electrical)
ICs, parts & materials
Board fabrication
misc. cabling, housing
Test structure machining

$17K
$2K
$5K
$2K
$2.5K
$1.5K
$1.2K

Estimated total:

$31.2K

Est. Cost

LCAP1 ASIC fabrication
Engineering (mechanical)
Engineering (electrical)
ICs, parts & materials
Board fabrication
misc. cabling, housing
Test structure assembly

$12.4K
$2.5K
$7.5K
$2K
$2.5K
$1.5K
$1.4K

Estimated total:

$29.8K

Common to both these tasks, additional nonrecurring engineering costs support the design and
printed-circuit board layout capacity of the Instrumentation Development Laboratory. Stuﬃng and
testing of the boards is supported by student labor
captured separately.
Costs for a second-generation ILC detector prototype are tabulated in Table V. This prototype will
be an evolution based upon lessons learned with the
LCAP1 prototype. It is assumed that a deeper submicron process will be used, consistent with evolving
industry trends. Student labor costs are again not
included here. Budgeting is based upon completion
of this task in FY2007.
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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 − . Ensuring that the mass spectrum be limited
by the beam energy spread, and not by momentum resolution, requires that

σ (1 / pt ) ≈ 2 × 10 −5 GeV −1 [1]. The momentum-resolution target 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 proposals of the LCRD groups are coordinated with those of the NSF-based
UCLC groups, and 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
mature candidates are a large-volume TPC, an axial drift chamber, and an all-silicon
tracker, although the axial drift chamber seems to be falling out of favor at this point. The
baseline designs, established in March 2001, employ disks of silicon strips in the forward
region. This choice, however, was not motivated by studies (other than closed-form
calculations of tracking errors expected under ideal circumstances), and a broad and
open-minded R&D effort is called for. Groups contributing to the joint LCRD/UCLC
proposal are considering, in addition to the basline choice of silicon strips, CCD and
active pixel layers, and both GEM- and straw-tube based forward tracking.

Physics 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.

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 plan to develop the
design for a low-mass silicon strip detector optimized for the environment and physics
context of the Linear Collider. One will address pattern recognition in such a device.
They will start by developing stand-alone pattern recognition in a CCD vertex detector,
and then incorporate reconstruction algorithms for use with an axial-only silicon strip
tracker. Another group will develop a long shaping-time readout chip that limits its
period of operation to the small fraction of time that beams are present in the machine,
and work with an international group to develop and test a prototype two-meter-long
silicon detector ladder.
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The silicon drift detector is an attractive option because it is compact and offers 3-D
space points, which should make pattern recognition more robust in the presence of
background. One project will further develop this technology. The group will continue
developing the necessary simulation and reconstruction algorithms. On the hardware
side, they will work to increase wafer size, extend the drift length, reduce the channel
count and bring the wafer thickness to 150 microns. Finally, they plan to develop a
CMOS-based front-end chip.
Achieving the resolution goals with a relatively compact silicon central tracker requires
precise control of detector alignment and distortions. A “real-time” tracking device
alignment system will be important at the Linear Collider, particularly for a low-mass,
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 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.

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.

[1] “Impact of Tracker Design on Higgs Mass Resolution and Cross Section”, H. Yang
and K. Riles, presentation at the Santa Cruz Linear Collider Retreat, June 27-29, 2002,
http://tenaya.physics.lsa.umich.edu/~hyang/talks/trackres-ucsc.pdf; see updated report at
http://tenaya.physics.lsa.umich.edu/~keithr/LC/HiggsTrackSummer2002.pdf .
[2] J. Brau et al., “International Study on Linear Collider Detector R&D”,
http://blueox.uoregon.edu/~lc/randd.pdf; “The Detector List”,
http://blueox.uoregon.edu/~jimbrau/LC/rdpriorities .
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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” Concept, or LDC) and extending
down to the forward-most edge of the tracking acceptance 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 60 microns level resolution and radiation hardness up to 2 Mrad. We intend to evaluate the system for use in the
1
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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 luminosity measurements, implications of
forward tracking on particle flow algorithms, and the interplay of design choices of the TPC
on overall detector performance in the forward region with supplemental tracking. We have
made substantial progress in our first three years of activity in the LCRD working group.
This progress is described in detail in the later section on Previous Research.
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 W W and W Z production, dominant background channels
to many new physics and intermediate mass Higgs decays. 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. 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 “Large Detector Concept” (LDC),
an outgrowth of the previous North American “LD” design as well as the detector outlined
in the TESLA 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 was envisioned that there will be a layer of tracking between the
TPC endplate and the endcap EM calorimeter (see Figure 1). This was 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, and hence fewer space point hits, or lever-arm for the TPC. In the latest discussion
of the LDC this detector has been called the ETD, or Endcap Tracking Detector. We retain
the term FCH in this report as it more familiar at the moment. As an application of GEMbased tracking, we are investigating the design of an FCH using GEM tracking chambers.
2
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Figure 1: 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].)
(Other proposed technologies include straw tubes and silicon strips.) Both Sawyer and van
Kooten are part of the editorial team in charge of Conceptual Design Report for the LDC,
and with Aurora Svavoy-Navarro of LPNHE-Paris and Klaus Monig of DESY are responsible
for studies of the other tracking elements augmenting the TPC.
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
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 sub-detector 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.
3
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Figure 2: Figure 2: The second prototype 10 cm x 10 cm GEM tracking chamber, designed and
developed by students at Louisiana Tech.
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 developed a current monitor for the GEM detector, which we plan to use as part of
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 was procured from F. 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
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
4
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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 under-represented groups in research project. A previous 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 under-represented 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.
Indiana University has been a QuarkNet center from the very first year of its inception in
1999 with the participation of 150 high school students and 10 high school teachers. They
have been involved in learning the concepts of particle physics and participating in hands-on
construction activities such as cosmic ray telescopes operating at six Indiana high schools.
The particle physics group has also had excellent success in attracting and mentoring undergraduate students as part of a Science, Technology, and Research Scholars program partnering
outstanding students with faculty through all their four years of their stay at Indiana University.
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). In
2005, we were awarded $27,000 as a sub-contract through the combined International Linear
Collider University-based Linear Collider Detector program, funded jointly through the DoE
and the NSF.
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 reported 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
5
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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. Members
of both Louisiana Tech and Indiana’s ILC groups participated in the Snowmass Linear Collider
workshop, and one of us (Sawyer) attended the ECFA Linear Collider Workshop and follow-up
LDC meeting in Vienna in November, 2005.
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 400um. 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 16 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 [8]. The GEM connectors for this board were purchased from Felco
Electronics.
We evaluated the HELIX-128 readout board for the GEM detector. A single board computer
was programmed to download board parameters through a serial interface. Unfortunately,
the HELIX board failed to maintain or reproduce the parameters programmed through the
serial interface. We observed that he HELIX board preamplification stage changed with time.
An alternative readout scheme, currently being used at Jefferson Lab on a similar detector,
is being adapted for use until the HELIX board problem is understood. A preamplifier card
from the Jefferson Lab electronics has been installed on the Louisiana Tech GEM detector
prototype. The response time of the preamp card is sufficient for our application. The preamp
card will be altered to include additional amplification and then used in conjunction with the
front end electronics from Jefferson Lab for a complete readout system. A faster readout
scheme is still sought due to the slow (microsec) front end electronics response times.
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
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.
A charge collector has been designed using Autodesk for the 10 cm × 10 cm prototypes, and
6
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Figure 3: A sample GEM detector hit. The top trace shows the Jefferson Lab-built preamp signal,.
while the bottom trace shows the signal read directly from the third GEM foil.

Figure 4: A sample of several different ionization sources measured by the second prototype detector.

7
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constructed for us at CERN. 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 laidd down on 1.7
mm thick G-10. The next charge collector boards will have 5 µm copper traces laid 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
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.
One of our students has been designing and machining the ionization chamber and a high
voltage distribution board for the GEM foils within the gas chamber. Ionization chamber
frames for the second 10 cm × 10 cm active area prototype have been designed and machined
from FR4 in the Louisiana Tech machine shop. Based on that experience, the design is being
ported to a programmable milling machine which has become available in the Louisiana
Tech machine shop. Machining time for either a 10 cm × 10 cm or a 30 cm × 30 cm
size ionization chamber will be drastically reduced after this infrastructure is in place. A
substantial effort has been taken to redesign the HV distribution board used in the original
GEM prototype detector. The previous HV network contained too many sharp edges which
would be responsible for low noise spark discharges. The new HV network is contained on
a PC board most of which is within the gas chamber. This should substantially reduce the
leakage current. The 30 cm x 30 cm GEM foils which have recently arrived from 3M will be
framed and HV tested for use.
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. The first of the
30 cm × 30 cm foils were received as this progress report was being written.
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 and its contribution to particle
flow algorithms in the endcap regions.
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
8
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Figure 5: The latest prototype 10 cm x 10 cm GEM chamber, with the top removed to show the
re-designed HV distribution.
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 is being used for
detailed studies for the LDC conceptual design report.
While the Mokka-based simulations are getting underway, we have also obtained preliminary
results using the SGV [14] fast simulation framework. These results were shown at the
Snowmass Linear Collider workshop in August, 2005; and at the LDC meeting in Vienna in
November, 2005. We have used SGV to study the dependence of the momentum resolution
on the number of FCH hits and there relative spacing between the TPC endplate and the
endcap calorimeter. The main result of these studies has been that some number of precision
hits are needed in this region, but the gain in precision between a few evenly spaced hits and
several hits is marginal at this level of simulation. Since SGV has limited ability to simulate
the effect of material (bremsstrahlung only) the effect of the FCH on particle flow will await
the more detailed Mokka studies.
9
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Figure 6: Momentum resolution vs momentum for θ = 8 deg (left) and vs theta for p = 100 GeV/c
electrons (right). In each case the green data points represent no FCH hits, the yellow data points
2 layers of precision hits, the blue point 10 layers.
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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.
Co-PI Van Kooten, joining the effort this year, is a member of the particle physics group at
Indiana, is currently a member of the D0 Collaboration at Fermilab, and has a great deal of
experience in the simulation, construction, and commissioning of tracking systems in the D0
(built and installed parts of the scintillating fiber tracker), OPAL, and Mark II detectors. He
was co-convenor of the American Higgs Physics Working Group for five years, and his physics
research has included new particle searches, including searches for supersymmetric particles.
FY2005 Project Activities and Deliverables
In year one of our renewal request, we will build a prototype GEM-based tracking detector
using the new 30 cm × 30 cm GEM foils from 3M. We will carefully test this chamber’s
performance compared to the 10 cm × 10 cm 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.
During the first year, our new collaborator, van Kooten, will begin applying the Mokkabased simulations to studies of particle flow and overall detector performance in the forward
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direction. Together we will contribute to the writing and editing of the LDC conceptual
design report.
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, and
its impact on other subdetectors.
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
As a result of the LCDRD review process, we have been granted funding for Year One of
$27,000, with the assumption of flat (same in then-year dollars) funding in Years Two and
Three for budgeting purposes. Our budget request for materials and supplies for Year One
will be based on the purchase of readout planes for a 30 cm x 30 cm prototype chamber, to
be ordered from CERN ($3,000), machining time for the prototype components ($500), and
costs of prototyping the readout electronics ($1100). We will also need clean room time for
GEM detector assembly, for which we request 15 hours at$60/hour ($900). Because of the
budget reduction, we will not be able to buy additional GEM foils, but will have to rely on
those purchased with the last year’s funding through our DoE supplement.
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),
power supply for the HELIX128 readout ($100), gaslines, bottles and cabling ($900); bringing
the total equipment, material, and supplies budgets to $1,500. (This is lower than originally
estimated, and we will begin seeking additional support immediately to cover cabling and gas
costs.)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 at Louisiana Tech. In order to not impact the
amount of time that can be spent at a test beam in Year Two, we increase the total travel
budget to $7,000. We request continued support for one Ph.D. student ($12,500).
For Year Three, we request funds for replacement GEM foils ($1000), machining time for
test chamber walls ($500) and supplies. We request continued support for one Ph.D. student
($12,500). We request travel funds of $7,000 to cover the predicted increased number of trips
12
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needed to collaborate on the Technical Design Report for the Large Gaseous Detector. This
budget is essentially unchanged from the original request, with the exception of the reduced
graduate student stipend and associated indirect costs reduction.
In all years, indirect (F&A) costs are computed at 48% of total salaries and wages only.
Three-year budget, in then-year K$
Three-year budget, in then-year $
Institution: Louisiana Tech University

Item

FY2005
FY2006
(Granted) (Proposed)
Other Professionals
0
0
Graduate Students
$ 12,500
$ 12,500
Undergraduate Students
0
0
Total Salaries and Wages
$ 12,500
$ 12,500
Fringe Benefits
0
0
Total Salaries, Wages and Fringe Benefits
$ 12,500
$ 12,500
Equipment
0
$ 600
Travel
$ 3,000
$ 7,000
Materials and Supplies
$ 5,500
$ 900
Other direct costs
0
0
Total direct costs
$ 21,000
$ 21,000
Indirect costs(1)
$ 6,000
$ 6,000
Total direct and indirect costs
$ 27,000
$27,000
(1) Includes 48% of salary and wages only

FY2007
(Proposed)
0
$ 12,500
0
$ 12,500
0
$ 12,500
0
$ 7,000
$ 1,500
0
$ 21,000
$ 6,000
$ 27,000

Total
0
$ 37,500
0
$ 37,500
0
$ 37,500
$ 600
$ 17,000
$ 7,900
0
$ 63,000
$ 18,000
$ 81,000

Budget justification: Indiana University
The budget request for year two and three is to cover hourly salaries of undergraduate students
to work on simulations of the forward tracker. An amount of $10,250 each year would cover
summer salary of one full-time student plus one or more students during the academic year.
We plan at least two ILC-related trips, one to one ILC conference ($1,000), plus trips to
simulation workshops ($1,000) in each year. In year three, we add a travel request of $2,000
to cover the predicted increased number of trips needed to collaborate on the Technical Design
Report for the TPC-based detector. We would also contribute towards beam tests in years
two and three ($1,500 each year).
Three-year budget, in then-year $
Institution: Indiana University
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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
–
–
–
–
–
–
–
–
–
–
–
–
–

FY2006
0
0
$10,250
$10,250
0
$10,250
0
$3,500
0
0
$13,750
0
$13,750

FY2007
0
0
$10,250
$10,250
0
$10,250
0
$5,500
0
0
$15,750
0
$15,750

Total
0
0
20,500
20,500
0
20,500
0
$9,000
0
0
$29,500
0
$29,500
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5.7

Tracking

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

FY05 award: 27,000
New funds requested
FY06 request: 85,013
FY07 request: 174,263
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STATUS REPORT
Development of a Micro Pattern Gas Detector Readout for a TPC
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
Unprecedented tracking performance, in both multi-track separation and momentum
resolution, is required to meet the experimental physics goals of the International
Linear Collider (ILC). A time projection chamber (TPC) may provide the best
combination of detector segmentation and continuous track measurements, leading
to optimal multi-track separation and noise immunity. However, as described below,
the segmentation of current technology TPCs is insufficient for precision
reconstruction of ILC events. In addition, obtaining spatial resolution that is
required to meet the momentum resolution goal is challenging with the current
technology. This prototyping project is part of a world-wide coordinated study to
develop a TPC readout with the segmentation and resolution required for the ILC
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 multi-proportional-wire-chamber (MWPC)
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 1 cm pads, effective 4 cm longitudinal separation, and a twopad FWHM pad response function. The solid angle segmentation would be about
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10 steradian at a detector radius of 1 meter. Thus, the pad 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 3mm 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 pad
response function width less than 2mm is required to take advantage of increased
readout segmentation.
Spatial resolution, which determines charged particle momentum resolution, is also
limited in MWPC 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 MWPC 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-wide study TPC study
Research groups in Europe, Canada, and Asia, as well as the Cornell/Purdue group
in the United States, have joined to form the LC-TPC group [7] and are currently
studying gas-amplification devices in prototype TPCs. The LC-TPC group meets
regularly at the international and regional workshops. Groups from Victoria [8],
DESY [9], Karlsruhe [10], and Aachen [11] have been studying GEM gasamplification. The Berkeley/Orsay/Saclay [12] group has been studying
Micromegas gas-amplification. The Carleton [13] 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 group, joined by Carleton
and Berkeley/Orsay/Saclay has made comparative measurements [14] with wire,
GEM and Micromegas gas-amplification devices operated in a common TPC. As
described later, the Cornell/Purdue group is also making comparative measurements.
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Results from the individual groups and recent reviews [15] 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. Measurements of different
gas-amplification devices are difficult to compare because they are taken by
different groups under various conditions. In addition, there are sometimes
discharge problems in the gas-amplification devices that must be understood.
Significant development and operating experience, involving many groups, are
required before a full-size design for a detector incorporating a GEM or
Micromegas can be finalized.
Groups within LC-TPC will continue to study the MPGD devices in small TPCs for
the next one or two years. At the same time, LC-TPC is beginning the design stage
of a large collaborative prototype [16], with radius about 80 cm to study issues
associated with operating a TPC employing a system of the MPGD devices. A
magnet with 85 cm bore and 1.5T field is being assembled with EUDET funds at
DESY to provide a facility for this next phase in ILC TPC development [17].
EUDET will provide the TPC field cage and other infrastructure. LC-TPC
participants will provide the endplates, readout devices and the electronics. To stay
on schedule for the construction of the final TPC for an ILC detector, the design
must be completed in 2006, the construction in 2007, and commissioning in 2008.
Thus, the design and construction are concurrent with this proposal.
The Cornell/Purdue program
Current efforts at Cornell and Purdue utilize a prototype at Cornell (see "Status")
with a goal of directly comparing the response and reliability of different gasamplification devices while minimizing the systematic differences of readout
electronics and other experimental conditions. These measurements address critical
design choices for the TPC in both the LDC and GLD concepts. These
measurements will compliment similar measurements being made with the MPI
prototype TPC at KEK.
An important distinction of the Cornell/Purdue prototype, when compared to the
other small prototypes, is the readout electronics. Other groups are using prototype
or decommissioned electronics from the STAR and Aleph TPCs. These electronics
typically have lower dynamic range. The Cornell/Purdue group has a background in
small-cell drift chambers and did not have access to electronics suitable for reading
out a TPC. The necessary purchase of commercial electronics has provided a
readout system that, although limited to fewer channels, has higher dynamic range
and improved noise suppression. Using these electronics, we are capable of making
measurements that may not be possible with other electronics.
The readout system described above allows the Cornell/Purdue group to perform
comparative measurements of ion feedback. Ion feedback presents a serious
limitation to operating a TPC. Positive ions drifting back into the drift volume cause

590

time-dependent distortions to the electron drift path. In MWPC gas-amplification
TPCs, the ion-feedback is controlled by a gating grid. The gating grid adds
complexity, internal stresses and material to the TPC endplate that we seek to avoid
at the ILC. Although the GEM and Micromegas devices have reduced ion-feedback,
it must be demonstrated that the natural suppression is sufficient to eliminate the
need for a gating grid. The Berkeley/Orsay/Saclay group has made measurements
of ion feedback [18] with Micromegas gas-amplification. Aachen has made similar
measurements with triple-GEM gas-amplification [19]. In both cases,
measurements were made with a small drift length and with the primary ionization
created by an intense source. Feedback was measured via the current through the
drift volume cathode. In contrast, Cornell/Purdue plans to measure ion-feedback on
individual tracks by measuring individual ion signals on the drift field termination
grid (shown below in figure 4). These measurements will directly compare MWPC,
GEM and Micromegas gas-amplification devices and provide input to the critical
design choice of whether it necessary to implement a gating grid in the TPC for
both the GLD and LDC concepts.
Longer range studies will involve the large prototype being planned by the LC-TPC
group. Plans of the Cornell/Purdue group to build at least one endplate have been
encouraged by LC-TPC. This effort would draw on the Cornell group's experience
in building large drift chambers (see "Experience"). There are important issues
regarding the tiling of the TPC endplate with MPGD devices that must be studied
with the large prototype. The tiling of GEM modules may follow a different design
than the tiling of Micromegas modules because, in the case of the GEM, the gasamplification devices can be separated from the pad board. This allows a rather
large pad board to be associated with several GEM tiles. This is not the case for the
Micromegas where the gas-amplification device must be inherently bonded to the
pad board. In both cases, we must devolope a procedure for locating the modules
with a precision of 50µm because track-based alignment will be affected by
magnetic field distortion uncertainties [20]. At the same time, the endplate structure
must be low mass to reduce the interactions of electrons and photons before
entering the forward calorimeters. Finally, inactive areas between modules must be
minimized. Cornell/Purdue will work with other LC-TPC groups to design the
endplate and industrialize the manufacture of the readout modules.
We anticipate that the development of a large prototype endplate will require a twostep process. A preliminary design will be machined at Cornell. After evaluation of
the preliminary design and design revisions, a final endplate will be fabricated at a
commercial machining facility. Experience in building the CLEO III endplates and
the CLEOc inner drift chamber lead to cost estimates for the commercial machining
and certification of an endplate of this size of about $80K.
Purdue will be involved in the design and prototyping of readout modules used for
populating the endplate. Development will be done in cooperation with other
interested LC-TPC groups and will lead to a design that can be transported to other
institutions.
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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.
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 infrastructure at Cornell 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 geographic proximity of Ottawa and Ithaca.
Expertise
The Cornell experimental group has extensive experience building and
commissioning drift chambers for the CLEO experiment [21]. For the CLEO II drift
chamber [22], the Cornell group developed thin structures for inner and outer
segmented cathode readouts. In the design stage of the CLEO III drift chamber [23],
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 [24], installed in
1999, has been extremely reliable with superior spatial resolution and low mass.
Most recently, the Cornell group constructed and commissioned a 6-layer inner drift
chamber for the CLEOc program [25]. 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 [26-40]. 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 [37] and GEM+Micromegas
detector have been built. The latter has achieved the best signal-to-noise
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performance in a beam line of any MPGD to date [38] 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 micromachined large area LEM (large scale GEM) was built and successfully tested at
Purdue [41]. Electrode-less GEMs and Micromegas, which have greatly reduced the
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 on readout pad board in
preparation for installing in the TPC..
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 [42,43,44]. More recently, Purdue
has collaborated with 3M to develop the first mass-produced Micromegas. These
have been delivered [45] and are being prepared for testing in the Cornell/Purdue
TPC (see "Status Report") as shown in Figure 1.
Work described in this section and in “Status Report” has been supported at Cornell
by NSF cooperative agreement PHY-0202078, 4/1/2003 – 3/31/2008, entitled
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"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".
Status Report
In December 2004, the Cornellgroup commissioned a TPC, shown in Figure 2, with
a 64 cm drift field and 10 cm square readout aperture. Cornell purchased a lownoise high voltage system that provides 20kV for the drift potential as well as
biasing voltages for the gas-amplification devices. Cornell also purchased a VME
based DAQ system with low-noise power supplies to improve the signal sensitivity
for prototype detectors. TPC signals are digitized with commercial flash-ADCs with
8 channels/unit, 105 MHz sampling rate, +/- 200mV input range, and 14 bit
resolution. Cornell initially purchased a total of 32 channels.

Figure 2: Time Projection Chamber at Cornell University. The drift cage
has an inner diameter of 14.6 cm and length of 64 cm.
The TPC accepts interchangeable readout sections. A MWPC gas-amplification
readout, shown in Figure 3 was used for initial tests in January 2005, with
demonstration results shown at LCWS05 [46]. A single-GEM, operated with a gas
gain of 100, was tested in April 2005, with results shown at Snowmass [47]. The
single-GEM demonstrated the low-signal sensitivity that will be necessary to
complete the ion-feedback measurements. A double-GEM was tested in
October 2005, with results shown at Vienna [48]. For the initial tests, a coarse pad
pitch, 5mm by 10mm, was chosen because it allowed us to demonstrate the
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Figure 3: TPC Readout Module. A MWPC 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.

Figure 4: TPC field cage termination. The instrumented field cage
termination plane is visible in front of the double-GEM gas-amplification
readout module.
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TPC operation with the minimum number of channels. Measurements are made
with zero magnetic field using cosmic rays.
Resolution measurements are limited by the 5mm pad pitch of our present readout.
While the width of the pad response function provided by MPGD gas-amplification
is a fraction of the pad width, measurements of the intrinsic resolution can be made
only with tracks near the boundaries between pads. Using the double-GEM, shown
in figure 4, measured signal widths are fully contained in 2.5mm for small drift
distance and increase to 4mm with larger drift distance. We measure the point
resolution, for signals with widths smaller that the pad width, by selects tracks with
at least 4 layers having significant sharing of charge between 2 pads. The resolution,

Figure 5: Point resolution as a function of drift distance. Tracks were
selected with charge sharing hits in at least 4 rows. The resolution is
derived from the RMS by correcting for (number of hits/dof)1/2 .
shown in figure 5, is expected to increase with drift distance due to diffusion.
Measurements indicate that the readout modules and readout electronics perform as
expected. However, more detailed comparisons of gas-amplification devices are
limited with the 5mm pad width. Charge sharing is limited to two pads and the track
selection severely limits the efficient.
The TPC and initial readout and HV electronics described above were procured and
assembled using Cornell funds not derived from this grant. GEMs were purchased
and tested using Purdue funds not derived from this grant
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We are currently preparing for more sensitive resolution measurements and the ionfeedback measurements. Acquisitions include additional FADC channels and the
additional of a positive HV supply that is part of the of the integrated HV system.
The latter will provide more flexibility in biasing the gas-amplification devices and
further noise reduction. Recently released first year funding from this grant will be
used for other upgrades to this project. New readout boards with a sufficient
number of 2mm pad rows will allow precision resolution measurements. The ionfeedback measurements require a pulsing bias control and fast-recovery
preamplifiers for the instrumented field cage termination plane. These are being
designed and built at Cornell.
Completion of the 1st year deliverables: comparative measurements including
signal width and operational stability of MWPC, double-GEM and Micromegas
gas-amplification devices, using the 5mm pad readout, is ongoing.
FY2006 Year Project Activities and Deliverables
Activities funded under the second project year will include the continuation of the
studies using the small chamber at Cornell and, as described in "Project overview",
collaborative work with LC-TPC in the design and construction of the large
prototype.
Using the small chamber at Cornell, we will then study several 3M-produced
MicroMegas and GEMs and CERN-produced GEMs. For each of the tested gasamplification 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. We will complete the ionfeedback measurements in the second project year after initial testing in the first
year.
These measurements will use the 2mm pad readout boards that will be procured in
the first project year. A expansion of the DAQ system by 16 channels in the second
project year will allow full utilization of the small channel readout boards.
During calendar year 2006, the LC-TPC will collaborate to design a large prototype.
This schedule is accelerated compared to the expectations described in the original
grant request. The Cornell /Purdue group has been encouraged by LC-TPC to
design an endplate, tiled readout modules and plan for the distributed effort to
assemble those modules. The design will be coordinated with the design of the TPC
field cage at DESY. This will be a visible contribution to the ILC TPC development
and is the only US participation in this critical component of the LDC and GLD
concepts. The design period will begin in the first project year and continue into the
second. Construction will begin during the second project year.
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Our deliverable in the second project year, using the small TPC at Cornell, will be
precision resolution measurements in zero magnetic field and the ion-feedback
measurements. Our deliverable for the LC-TPC large prototype program will an
integrated design of an endplate and readout module tiling system.
FY2007 Project Activities and Deliverables
In the third year of this project, measurements with the small TPC at Cornell will
continue but will require no further equipment expansion. Data analysis will
continue at both Cornell and Purdue.
The major activity will be construction of the large prototype endplate and readout
modules during calendar year 2007. Construction will begin during the second
project year and be completed in the third.
The deliverable will be the completion of the large prototype endplate.
Budget Justification: Cornell University
The FY2006 equipment budget provides for an expansion of the small TPC DAQ
system by 16 channels which will allow full utilization of narrow pads. Alternative
readout electronics that were discussed in the original proposal were determined to
be of questionable reliability and not compatible with the present VME
infrastructure. Thus, it would be not cost effective to purchase the alternative FADC
channels units.. These costs are $10K.
The FY2006 equipment budget also includes materials for construction of a
preliminary design of the endplate and readout modules for the large prototype.
These costs are $20K, which include aluminum stock and commercial heat treating
and coordinate measuring services. We anticipate that machining can be done at
Cornell at no cost to the project.
The FY2006 material and supplies budget includes gas for the small TPC program
at Cornell at a cost of $10K. Also included is maintenance of existing equipment
and/or the purchase of items not yet foreseen at a cost of $5K.
The FY2007 equipment budget provide for the majority of the costs associated with
building the final endplate for the large prototype TPC. These include commercial
machining and coordinate measuring services.
The FY2007 material and supplies budget includes gas for the small TPC program
at Cornell at a cost of $10K.
FY2007 Travel costs are for shipment of the endplate to DESY and travel and
extended travel for personnel to DESY.

598

There are no indirect costs for capital materials. Materials and supplies and travel
have overhead applied at 58% in FY2006 and 59% in FY2007.
Two-year budget, in then-year K$
Institution: Cornell University
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

FY2006

0
0
0
0
0
0
30.000
0
15.000
0
45.000
8.700
53.700

FY2007

0
0
0
0
0
0
80.000
20.000
10.000
0
110.000
17.700
127.700

Total

0
0
0
0
0
0
110.000
20.000
25.000
0
155.000
26.400
181.400

Budget Justification: Purdue University
Purdue is requesting funding to support two undergraduate students each year at 20
hours per week, 40 weeks per year. The students will work exclusively on this
project.
The materials and supplies budget, in each of FY2006 and FY2007, is for the
purchase of GEMs and Micromegas. These will be used for the development of a
design, as well as the production, of readout modules for populating large prototype
endplate.
Travel costs in FY2007 are for travel to DESY for installation of the endplate.
There are no indirect costs for capital materials. Materials and supplies and travel
have overhead applied at 52.5% for FY2006 and FY2007.
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Two-year budget, in then-year K$
Institution: Purdue University
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

FY2006

0
0
16.000
16.000
.063
16.063
0
0
10.000
0
26.063
5.250
31.313

FY2007

0
0
16.000
16.000
.063
16.063
0
10.000
10.000
0
36.063
10.500
46.563

Total

0
0
32.000
32.000
.126
32.126
0
10.000
20.000
0
52.126
15.750
67.876
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STATUS REPORT
Linear Collider Tracker Alignment
System R&D and Simulation Studies
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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) R&D for a silicon tracker alignment system based on
frequency-scanned interferometry; and 2) detailed simulation and evaluation of key physical processes that govern the design of the tracker. The research proposed here builds on
extensive work by our group in both areas. While the R&D work is most closely relevant to
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 Impacts
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 is now writing a senior thesis based on the work
described here. Nyberg has received partial support from the NSF Research Experience for
Undergraduates (REU) Program. Five other undergraduates, Jennifer Lindahl, Tim Bodiya,
Phil Szepietowski, Peter Troyan, and Ramon Armen, have worked 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 provide 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
1
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and rewriting a handbook for physics majors used in recruiting. As an adviser, 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 delivered a pair
of “Saturday Morning Physics” lectures to the general public in spring 2005. These lectures
were videotaped for web archiving[1] and are shown repeatedly on a local community cable
television channel.
Results of Prior Research
Since 1998, 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 American linear collider central
tracking working group since 1998, sharing leadership responsibilities in different years with
Dean Karlen, John Jaros and Bruce Schumm.
Assistant Research Scientist Haijun Yang began linear collider studies in fall 2000. He has
carried 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[2, 3, 4, 5,
6, 7, 8, 9, 10, 11, 12, 13] and at the Snowmass 2001 & 2005 meetings[14, 15, 16]. 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 Xband accelerator designs, but that further improvement could be attained with the smaller
beam energy spreads of S-band accelerators. More recent work on slepton and neutralinos[8]
indicated 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[17].
At the Stanford Linear Collider Workship in March 2005, Yang presented[12] updated studies of the Higgsstrahlung and slepton processes, incorporating new ILC beam parameters
with much smaller energy spread than had been used in earlier warm-technology simulations.
Consistent with earlier studies, he found[12] that with the smaller spread, one can gain significantly in Higgs mass precision with improved track momentum resolution over present baseline
detector designs. In contrast, slepton mass precisions benefit little from improved tracking
resolution, thanks to intrinsic smearing from beammstrahlung and initial-state radiation. In
addition, Yang presented a new study on the effects of improved momentum resolution on
measurement of Higgs branching ratios. As he had found earlier for Higgs cross section
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measurements, the precision of Higgs branching ratio measurements are quite insensitive to
tracking resolution.
The unprecedented excellent track momentum resolutions contemplated for linear collider
detectors demand minimizing systematic uncertainties in subdetector relative alignments. At
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.
During the last 2 21 years, we have investigated the capability of a novel precise alignment
scheme based on Frequency Scanned Interferometry (FSI), first developed by the Oxford
group for the Atlas Detector[18]. 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, two New Focus Velocity 6308 tunable
lasers (λ = 665-675 nm – one laser is borrowed), 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 environmental conditions are carefully controlled. Precisions under uncontrolled conditions (e.g.,
air currents, temperature fluctuations) were, however, an order of magnitude worse with the
single-laser measurements. Hence this year we commissioned a dual-laser FSI system (with a
2nd laser borrowed from New Focus) that employs optical choppers to alternate the beams
introduced to the interferometer by the optical fibers. By using lasers that scan over the same
wavelength range but in opposite directions during the same short time interval, we are able
to eliminate major systematic uncertainties, a technique pioneered by the Oxford ATLAS
group.
A number of significant technical complications had to be overcome in implementing the duallaser system, primarily the reduction by half of the light seen by the interferometer photodiode
from each chopped beam, the reduction of useful Fabry-Perot transmission peaks, and the
difficulty in handling “edge effects” at chopped-beam transitions, all leading to increased statistical uncertainties in FSI distance determinations, despite the decrease in systematic uncertainties. With refinement of our beam-chopping method and with improved analysis software,
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however, we were able to overcome these hurdles. As a result, we recently achieved precisions
of 200 nm under highly unfavorable conditions, using the dual-laser scanning technique. This
achievement marks a major milestone in our R&D plans[16]. Results from our alignment
studies have been presented by Yang at four linear collider workshops[9, 10, 11, 13], and an
article concerning our single-laser benchtop FSI appeared recently in Applied Optics[19]. An
article on the dual-laser results is in preparation.
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 Experiment & 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)
• NSF Subgrant 206381B - 5.8 (U. Oregon) “Linear Collider Tracker Simulation Studies
and Alignment System R&D,” 8/15/05-7/31/06, $40,2500 (Linear Collider)
Research Plan
With the international decision on ILC technology[20] 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 detector
R&D, we will address overall detector constraints on alignment system design, including
detailed layout of sensors and lines of sight, along with the material budget. In our simulation
studies, we will confront specific tracking system designs with ever more realistic detector and
event reconstruction imperfections.
1) Alignment System
Now that we have achieved several key milestones in our alignment research and development,
using off-the-shelf commercial components, we plan to move on to out next goals. In the very
near future we will explore and better quantify the conditions under which the dual-laser
FSI system achieves adequate and better-than-adequate precision. We will introduce more
extreme environmental disturbances, including multi-component vibrations. Soon afterward
we plan to start addressing a major milestone in this research: miniaturization of the FSI
optical components, as preparation for building a partial prototype of the alignment system.
It should be noted that we have temporarily borrowed from the manufacturer a second scanning laser for our current studies. We cannot retain this “demo” model indefinitely and
are concerned that its performance has degraded significantly over the last six months, with
increasing frequency of mode hopping during scans. In order to carry out long-term development, we will need to purchase a second laser, and we request funds for this purpose in year
1.
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. Once we have multiple fiber interferometers, we
can verify with a benchtop movable-stage test that 3-D reconstruction of positions of tracker
element mockups can be achieved.
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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 next year 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 and the availability of funds
to move to infrared technology. The faster the ILC effort moves, the sooner we will have to
confront this important technology decision.
It should also 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.
2) 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.
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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,”[21] 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[22] 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.
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 stateof-the-art electronics facility, allowing in-house design of multi-layer printed circuit boards
and of application-specific integrated circuit (ASIC) chips. Its facilities include regular and
double-density, 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 Windows PC’s, for our
group’s small linux cluster, 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.
FY2006 Project Activities and Deliverables
We will continue tracker alignment R&D. Specifically, we will quantify our robustness with
the dual-laser FSI system against environmental disturbances. We will also start the key
tasks of miniaturizing the optical components of the system and demonstration with multiple
interferometers of 3-D position reconstruction. 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.
During the first year we will also carry out simulation studies of the tracking performance
requirements imposed by measurements of slepton production, specifically imposed by desired
precision on sparticle masses in the near-degenerate realm. 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
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focus on the SiD detector design, but we expect to address gaseous detectors in part too.
FY2007 Project Activities and Deliverables
We will complete a multi-interferometer, dual-laser demonstration FSI system on our benchtop to address remaining critical technology and methodology issues, with incorporation of
miniaturized optical 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.
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.
(FY2008 Project Activities and Deliverables)
(For completeness and reference we describe here our plans and resource needs beyond year
2, in preparation for technology decisions to be made near the end of FY2008.)
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 the critical 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.
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.
Budget justification:
In the following budget, we request in all years half-time support for Assistant Research
Scientist 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 expect to
request funds for prototyping a system with many 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$
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Institution: University of Michigan

Item
Other Professionals
Asst. Research Scientist (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

FY2006
0
25
11
8
44
12
56
25
6
2
7
96
51
147

FY2007
0
26
12
8
46
12
58
15
6
2
8
89
47
136

Total
0
51
23
16
90
24
114
40
12
4
15
185
98
283

(FY2008)
15
27
13
8
63
17
80
10
6
2
9
107
57
164

(Grand total)
15
78
36
24
153
41
194
50
18
6
24
292
155
447
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Project Overview
Silicon microstrip tracking is all but guaranteed to play an essential role in any detector that
will instrument an interaction region of the International Linear Collider (ILC). Whether
reconstructing the Higgs, or measuring supersymmetric masses, the capabilities of the ILC
machine place stringent demands on the accuracy of the detector. Solid-state tracking is
unparalleled in its ability to provide precise space points for traversing minimum-ionized
tracks. This, combined with the large areas associated with Linear Collider tracking systems,
point to microstrip sensors as a likely component of any Linear Collider detector [1]. Indeed,
all three current detector concepts – GLD, LDC, and SiD – incorporate silicon microstrip
systems with active areas in excess of 10 5 cm2 .
Thus, there is an urgent need to put forth designs for microstrip systems that can provide
excellent momentum resolution while instrumenting relatively large areas within the tracking
volume. Since no existing microstrip detector is optimized to do this, this requirement places
silicon microstrip development on the critical path of ILC detector R&D.
For microstrip detectors, this R&D hinges upon the development of readout systems (both
analog and digital) that take advantage of the characteristics of the ILC beam spill. Although
the selection of beam delivery parameters is not yet finalized, the beam is expected to be
delivered in roughly 1 msec spills of bunches that cross every 250-500 nsec, with spills repeating
at 5 Hz.
This spill structure is rather beneficial for microstrip tracking. If the readout electronics can
be activated within 1 msec, a duty cycle of approximately 10 −2 can be achieved, eliminating
the need for active cooling, and the associated complexity and material burden. On the other
hand, the relatively relaxed bunch spacing allows for the use of long shaping-time electronics,
with its attendant low-noise performance. This allows, in turn, either for the instrumentation
of long daisy-chained ladders of sensors, eliminating complexity and material by minimizing
the number of readout channels, or for the achievement of ultra-fine point resolution for
shorter ladders.
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The goal of the microstrip R&D work being done at SCIPP is the development of a prototype
readout system optimized for a generic Linear Collider Detector. This system would be
complete, from the front-and analog amplification through the discrimination and digitization
phases, data processing and buffering, and readout into a remote DAQ system. We hope to
be able to provide a proof-of-principle of the complete system in a test beam run in late 2007
or early 2008.
Status Report
Work at SCIPP geared towards developing silicon microstrip readout optimized for a Linear
Collider Detector began with the development of a simulation that modeled the full process
of charge deposition and transport, amplification and digitization, and off-line cluster and
centroid finding. This simulation was used to guide the design of the front-end LSTFE2
ASIC that is currently undergoing tests at SCIPP. The 3 µsec shaping time chosen for the
prototype ASIC was confirmed by the simulation as having a workable operating point (high
efficiency with low noise occupancy) for ladders of up to 2 meters in length. In addition,
the simulation suggested that, due to the intrinsic limitations of the statistics of charge
deposition, a time-over-threshold analog readout would provide performance equal to that of
a precise digitization of the charge integral. In addition, it was found that the inclusion of a
second, lower-threshold comparator (read out only in the neighborhood of a high-threshold
comparator crossing) would allow for the reconstruction of the pulse-deposition centroid to
better than 7 µm rms for a 50 µm pitch sensor. For example, Figure 1 shows the expected
resolution for a 167cm ladder, as a function of the setting of the lower threshold. These inputs
from the simulation were incorporated in the design of the LSTFE2 ASIC.
The LSTFE2 chip was submitted in the 0.25µm mixed-signal RF process offered by TSMC,
and was received back at SCIPP in mid-August 2005. The design appears to have full functionality, and we are learning much from its study.
Figure 2 shows the response of the preamplifier and shaper chain as a function of the size
of an input calibration step, with one times minimum-ionizing corresponding to approximately 3.5 mV. The large gain, resulting in saturation just above minimum ionizing, is a
feature of the chip design, for which pulse-height information will be derived from time-overthreshold. Linear response is maintained through the minimum-ionizing region to provide
adequate resolution for reconstructing the centroid of clusters of neighboring channels with
minimum-ionizing-level signals that cross the low threshold. Larger pulse heights are signatures of slowly-moving particles, for which the tracking system would want to provide a
measurement of dEdX. The pulse-development simulation has shown that, since the deposition varies rapidly with particle velocity in this (‘1/β 2 ’) region, the essentially logarithmic
time-over-threshold measurement for large pulse heights provides ample resolution for the
dEdX determination. On the other hand, the large gain results in the presentation of a
sizable signal to the high-threshold comparator, limiting the effects of process variation in
comparator performance, and preserving the critical noise performance of the comparator
discrimination.
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Figure 1: Pulse-development simulation prediction of the resolution of a 167 cm microstrip ladder,
as a function of the lower threshold comparator setting.
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Figure 2: Response of the LSTEF2 preamplifier/shaper combination. One time minimum-ionizing
corresponds to a calibration step of approximately 3.5 mV.
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Figure 3: Test board with LSTFE2 chip mounted.
One of the central elements of the design, and perhaps the most challenging, is the fastswitching capability. To achieve the goal of a 1% duty cycle (for 1 msec spills at 5 Hz), the
chip must be stabilized and ready to process signals within about 1 msec of switching it back
on. The approach used to achieve this fast turn-on, given the relatively long time constants
associated with the 3 µs shaping time, was to maintain the chip’s bias levels just before
the chip is powered down at the end of the spill, and through the 200 msec high-impedance
power-off phase. With a minimal excursion to restore, the chip should recover to its proper
bias levels within the msec spec.
However, the recovery time of the LSTFE2 chip, when operated as designed, is observed to
be about 20 msec; although this would provide a substantial power saving relative to DC
operation, it is much longer than that expected for the design. Bench tests have shown that
this is due to leakage currents that allow the bias levels to erode when the chip is powered off.
If current is injected into the preamplifier stage at the level needed to cancel these leakage
currents, the expected power-on time of 1 msec is achieved.
Thus, one step immediately in front of us is to determine the source of the leakage current.
Two sources are suspected: the protection diodes and the deep n-well structures used to
form capacitors. We are currently preparing a new board to be brought to a Focussed Ion
Beam (FIB) facility in Silicon Valley, where the protection diodes will be severed, allowing
us to determine if there are other sources of leakage that need to be addressed in our next
submission of the LSTFE ASIC.
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Figure 4: Interface board and commercial FPGA board used to read out the LSTFE2 chip and to
develop the back-end digital data architecture strategy.
Other studies that lie in the near future include characterization of the noise and timing
performance, and examination of the performance when bonded to a daisy-chained ladder
of silicon-sensors of length approaching 2 meters. A field-programmable gate array (FPGA)
based data acquisition system, with analysis software, is in place to quickly do the noise
characterization once the FIB studies are prepared. Figure 3 shows the test board that
services the chip, while Figure 4 shows the FPGA system that processes bias levels and
calibration signals, and acquires and buffers data from the chip for readout into a computer.
Figures 5 and 6 show progress to date in developing modules for a daisy-chained microstrip
sensor ladder. Each module incorporates four 8 cm sensors, for a total length of 32 centimeters.
A system of connectors has been developed that allows an arbitrary number of modules to
be chained together. We plan to begin our studies with ladders between 1 and 2 meters,
depending on the noise performance of the chip.
We have also made progress in the design of the digital architecture that will eventually
be incorporated into the front-end ASIC. Because the analog readout scheme (time-overthreshold) is an efficient way to encode the relevant information, there is no need to establish
time buckets within the msec-long spill. Instead, the entire train of leading and trailing edges,
including a channel ID and time stamp for each edge, can be written into an on-chip buffer
that can be read out at the end of the spill through an optical fiber operating in burst mode.
Beginning from a similar program developed for a SCIPP medical physics application, we
6
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Figure 5: Prototype long ladder (33cm per module), with the LSTFE2 readout board attached.

Figure 6: Detail of connector system that has been developed to connect individual modules.
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have written FPGA code that implements this procedure. We have added a feature that
enables the readout of low-threshold comparator leading and trailing edges only within a
short time window for channels neighboring a channel (‘nearest neighbors’) for which the
high-threshold comparator experienced a transition. This limits the overall data rate from
the low-threshold comparator, recording their leading and trailing edges only when necessary
for constructing a precise centroid. This code has been implemented in a simulation of the
data stream expected for the innermost layer of the SiD tracker; we are currently training
two undergraduate thesis students (Conley and Horn) who will work with postdoc Kroseberg
to download and test/debug the code on the actual FPGA.
For a low-threshold comparator setting of half that of the high-threshold comparator, the
overall readout rate of the SiD detector (if implemented with long sensor ladders) is dominated
by electronic noise, and would be about 50 GHz. The nearest-neighbor back-end logic, by
suppressing the readout of low-threshold crossings that are close in time or location to a
high-threshold crossing, would allow this to be dramatically reduced. Figure 7 shows the
simulated readout rate per 128 readout chip, per beam spill, assuming the nearest-neighbor
logic is in place, for the highest occupancy (inner) layer of the SiD tracker, as a function
of the setting of the low-threshold comparator. Scaling this up to the number of channels
expected for the long-ladder SiD tracker, and accounting for the number of spills per second,
this would correspond to an very modest overall data rate of approximately 0.5 GHz. Were
the SiD tracker constructed of 10cm ladders, this would increase by roughly a factor of 10 –
still a tractable data rate, although strategies for multiplexing of signals from separate ladders
into optical fibers for transmission off the detector would need to be developed.
Finally, it should be emphasized that the need for silicon strip tracking is not confined to
the central region of the SiD tracking; it is almost certain that both the central and forward
regions of all three detector concepts will employ microstrip tracking. The design under
development as SCIPP, including both the front end amplifier-comparator chain as well as
the digital architecture, is equally applicable to all the detector concepts.
FY2006 Project Activities and Deliverables
With a working chip in the lab, and extensive testing underway, the primary focus of Fiscal
Year 2006 work will be the refinement of the LSTFE ASIC design based on test results. Thus,
the funds we are requesting are geared towards providing technical support to carry out the
testing program, and then funding another fabrication run.
We plan to do a complete characterization of the existing ASIC during the first part of FY
2006, finishing in March 2006. This characterization will include the following studies:
• Mapping of the turn-on behavior as a function of external control parameters (shaper
current, temporal relation of switching signals), and determination of the source of leakage
currents.
• Characterization of the noise performance as a function of load capacitance, for capacitances
corresponding to a range of detector lengths between 10 cm and 2 meters.
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Figure 7: Expected data throughput for most occupied (inner) channel of the SiD detector, assuming they are instrumented as single ladders with the LSTFE system. Data rate shown is per pulse
train, for a 128 channel chip.
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• Determination of the timing characteristics of the circuitry, as a function of pulse height,
over the range of pulses expected from minimum ionizing signals passing through a 300 µm
thick sensor.
• Characterization of the noise and timing performance when reading out a physical long
ladder, studying the effect of propagation delay, dispersion, and attenuation as a function of
distance between the point of excitation and the readout.
With this information at hand, it will take approximately three months to refine the design of
the LSTFE2 ASIC, and submit the LSTFE3 design. We plan to submit the LSTFE3 by July
1, 2006, with delivery expected in late summer. The goals of this design will be to further
refine the noise performance, eliminate leakage currents that compromise the turn-on time,
and increase the channel count from 8 to 128 channels.
Simultaneous to the development of the front end ASIC, we intend to test and refine the
back-end digital architecture via the FPGA system. The FPGA data accumulation logic is
directly transferable to the LSTFE amplifier chip once it had been perfected in firmware.
Thus, overseen by the project’s senior physicists, the two undergraduates that will program
the FPGA will do most of the digital electronic engineering necessary for the project. Although we will request no funding from this source for this work, we expect to have the digital
logic finalized and fully tested by the end of calendar year 2006. A deliverable for fiscal year
2006 will be to have the prototype algorithm downloaded and running on the FPGA, and to
begin the process of characterizing the performance of the algorithm and its implementation.
Subsequent implementation of the digital logic on the LSTFE ASIC would be done in consulation with SCIPP affiliates in the Electrical Engineering department; this is a relatively
pro-forma step, however, and is not needed for a proof-of-principle.
By the way, should this approach to microstrip readout electronics be chosen for one or
more detector designs, we would need to develop a burst-mode data transmission system that
could read out the on-chip data buffers in a small fraction of the time between spills. We have
had discussions with SCIPP-affiliated engineering senior faculty, recently hired into our new
School of Engineering, that are expert in data transmission, and it is felt that this step would
not be particularly demanding: we could expect that, under the guideance of those faculty
members, it is felt that a Master’s level engineering student could design an adequate system
in two quarters. Thus, at some point, we may want to request funding for such a student.
Again, though, this is a relatively pro-forma step, and not necessary for the proof-of-principle.
Given the current availability of funding, then, we expect that this would take place after the
two-year period of this grant request.
FY2007 Project Activities and Deliverables
Testing the refined LSTFE3 chip, again relying on SCIPP technical staff, should be more
straightforward than for the earlier LSTFE2 chip, and should be completed by December,
2006. We envision a final submission to finalize the LSTFE design in April, 2007, after a
four-month design and layout period. The finalized LSTFE chip would arrive back at SCIPP
in June 2007.
10
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During this period, we would be preparing for a test beam run; current research into planned
test beam facilities suggests that this run would probably take place at either FNAL or
CERN. We have discussed the possibility of doing a coordinated test-beam run within the
international SiLC collaboration, which would prove most efficient if timelines mesh. Since
no group is far enough along yet to target a specific date for a high-energy test beam run,
concrete plans have yet to form. Currently, we are targeting late 2007 for this testbeam run,
with a follow-up in mid 2008 to answer any questions that arise as the test beam data is
analyzed. The testbeam run would concentrate on efficiency, occupancy, and temporal and
spatial resolution, as a function of incident angle, for tracks of energy above the multiple
coulomb scattering dominated regime. This would allow us to present a proof-of-principle in
late 2008, as requested by the ILC Detector R&D Panel.
References
[1] B. A. Schumm, General Thoughts about Tracking for a Linear Collider Detector, to appear
in the proceedings of the 2005 International Linear Collider Physics and Detector Workshop,
Snowmass, Colorado, 14-27 Aug 2005; physics/0511038, November, 2005.
Budget justification:
The core of the proposed program for FY 2006 involves the design, fabrication, and characterization of the LSTFE front-end ASIC. Analog engineer Spencer is funded from the base
program, and thus requires no support from this source. A minimal run of the TSMC 0.25 µm
mixed-signal RF process is $21,000. Two months of work (to be spread out half-time over four
months) of our test engineer (specialist Max Wilder) for the testing/characterization work
is about $8,800. We are also asking for approximately $4,000 for miscellaneous laboratory
supplies. Miscellaneous lab items that we have purchased in the past include data acquisition
boards, electronic components, connectors, FPGA chips and supporting infrastructure, and
probe tips; we expect a similar rate of unanticipated needs for such equipment to continue
through FY 2006. Including fringe and indirect costs (see below), this yields a total request
for FY 2006 of $53,000.
The core of the proposed program in FY 2007 remained largely the same as that of FY 2006,
as we expect one more stage of refinement for the LSTFE ASIC. Accounting for inflation
and maturation in staff salaries, we are budgeting $9,000 for two months of time for our
test engineer. We expect unanticipated laboratory material needs remain at about the same
level, and are asking for approximately $3,500 in miscellaneous laboratory supplies. Our total
request for FY 2007 remains at $53,000, the same as that for FY 2006.
For FY 2006, of the requested $53,000, a total of $17,429 has been budgeted to allow for
the campus’s 49% indirect cost rate. In addition, campus employees in the career technician
track have a fringe benefit rate of 22.5%, leading to a budget allocation for FY 2006 of $1,976.
These figures remain about the same for FY 2007, with $17,429 again allocated for indirect
costs and $2,035 allocated for fringe benefits.
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Two-year budget, in then-year K$
Institution: University of California at Santa Cruz
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

FY2006
9
0
0
9
2
11
21
0
4
0
0
36
17
53

FY2007
9
0
0
9
2
11
21
0
4
0
0
36
17
53

Total
18
0
0
18
4
22
42
0
8
0
0
72
34
106
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5.13

Tracking

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

FY05 award: 27,000
New funds requested
FY06 request: 61,500
FY07 request: 63,600
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STATUS REPORT
Continuation of Reconstruction Studies for the
SiD Barrel Outer Tracker
Personnel and Institution(s) requesting funding
Frederic Blanc, Richard Clancy, 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. Finish development of
simple (Kalman) fitter to properly take into account material scattering in detector, and
compare with results from existing weight-matrix fitter. Incorporate elements of light-weight
fitter into pattern recognition studies, and 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.
Contribute to the improvement of base tracking classes in org.lcsim, the Java/JAS-based
Monte Carlo (MC) reconstruction package, to make them more functional for tracking developers and those doing detailed physics analysis studies. Bring experience gained working on
CMS tracking detector in next two years to SiD track reconstruction, as the detectors and
problems faced are very similar.
Status Report
Project Leader’s FY05 activities related to this project:
• Attended 2005 International Linear Collider Physics and Detector Workshop and Second
ILC Accelerator Workshop at Snowmass; presented talk at SiD Track/Vertex Parallel
Session.
• Member of Organizing Committee, American Linear Collider Physics Group Detector
Simulation Workshop at University of Colorado, January 9-11, 2006.
• Finished porting code used for previous studies from hep.lcd to org.lcsim framework.
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The talk presented by Wagner at the Snowmass workshop was mostly a repeat of previous
work, which dealt with pattern recognition in the SiD outer barrel in the presence of large
backgrounds. However, there were several new results included. One of these was a measurement of the two-track resolution of the outer barrel, determined by embedding the hits for
two pT = 50 GeV/c at fixed angles with respect to each other near the core of a qq event.
The results of this study are shown in Figure 1, and demonstrates that the inefficiency seen in
previous studies is due to the track stub which is projected out from the pixel vertex detector
latching onto the entire wrong track in the outer detector.

Figure 1: Two-track efficiency studies from Snowmass 2005.
√
Another study reported at Snowmass used two muon tracks embedded in s = 500 GeV qq
events to simulate a pT = 41 GeV/c Z 0 → µ+ µ− decay. This study allows one to sidestep
the MC truth question of whether or not a track is correctly reconstructed if it shares hits
with another track, or just happens to lie within errors of an expect track, and just ask if the
Z 0 is properly reconstructed. Figure 2 shows that other than in the angular regions near the
jet axes, the efficiency for reconstructing both tracks is > 99%, and this efficiency averages to
99.1% over all φ (in this study no background hits were embedded, but all hits from the qq
events were included).
The FY05 funding ($27K) spent so far (∼ $4K) has gone for travel to Snowmass and registration for the Simulation Workshop, and one month’s employment of an undergraduate
(Richard Clancy) who worked on this project as a volunteer during Summer 2005. The remaining FY05 funding will pay for approximately 25% of the effort of a senior Colorado
post-doc (Frederic Blanc). Blanc began working on this project in November 2005, shortly
after the FY05 funds became available. Most of Blanc’s time so far have been spent learning
Java (he is an experienced C++ programmer), installing JAS3 and org.lcsim software and
2
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Figure 2: Z 0 → µ+ µ− reconstruction efficiency studies from Snowmass 2005.
running tutorials, but he is now (January 2006) in a position to begin contributing significantly to this work. The simulation workshop will provide an opportunity for Blanc and
Wagner to interact with the other SiD tracking developers and define goals for short-term
activity.
FY2006 Project Activities and Deliverables
Release beta version of track finding package for other groups to test. Compare simulation
of SiD strip detector hit response to that determined from CMS cosmic-ray magnet-on tests,
as both the CMS and SiD tracking detectors (inner pixel and outer strips) and magnet fields
(4T vs 5T) are very similar. Also investigate whether tracking improvements being developed
for CMS, such as simulated annealing fitters, are appropriate for SiD tracking. This synergy
between SiD and CMS tracking is made possible by Wagner’s recent joining of CMS and
heavy involvement with the CMS tracking effort (he is now co-convener of the LPC tracking
group).
FY2007 Project Activities and Deliverables
Participate in final optimization of SiD detector for LOI/TDR using developed tools. Continue to develop track finders and fitters in org.lcsim framework and to support others using
these tools.
Budget justification: University of Colorado, Boulder
The majority of the funding being requested is for half of a post-doc’s salary for the remaining
two years. It is expected the remander of this post-doc’s salary will come from the CU base
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DOE grant (as is the case with Blanc now), and that they will spend the remander of their
time on one of that grant’s funded projects (most probably CMS, but possibly BaBar 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.
The Travel request assumes one US conference or workshop and one foreign conference per
year, and includes the travel of the the Project Leader for the work proposed.
Inflation is calculated at 4% per year, benefits are calculated at 21.6% of salary for the postdoc and 0.9% for the undergraduate, and indirect costs are calculated at 49% of direct costs.
These rates are those used in the CU base grant.
Two-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

FY2006
23.4
7.8
31.2
5.1
36.3
2
3
41.3
20.2
61.5

FY2007
24.3
8.1
32.4
5.3
37.7
2
3
42.7
20.9
63.6

Total
47.7
15.9
63.6
10.4
74.0
4
6
84.0
41.1
125.1
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5.15: Calorimeter-based Tracking for
Particle Flow and Reconstruction of Longlived Particles with SiD Detector
(renewal)
Tracking
Contact person
Eckhard von Toerne
evt@phys.ksu.edu
(785) 532-1644
Institution(s)
Kansas State
Fermilab
SLAC
Iowa
Northern Illinois
Bonn (Germany)

FY05 award: 18,000
New funds requested
FY06 request: 18,000
FY07 request: 18,000
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STATUS REPORT
Calorimeter-assisted Tracking for Particle Flow and Reconstruction of Long-lived Particles with the SiD Detector
Personnel and Institution(s) requesting funding T. Bolton1 , D. Onoprienko1 , E. von
Toerne1,2
1 Kansas State University, Manhattan, KS
2 Bonn University, Germany (no funds are requested for Bonn University)

Collaborators Collaborators
M. Demarteau et al., FNAL
N. Graf et al., SLAC
U. Mallik et al., University of Iowa
D. Chakraborty, Northern Illinois University
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader E. von Toerne
evt@fnal.gov
(785)532 1644
Project Overview The high energy physics group at Kansas State University participates in
the Silicon Detector (SiD) design study [1]. The SiD has excellent prospects for the application
of particle flow algorithms, resulting in improved energy and momentum measurements.
One interesting design aspect for the SiD is the reconstruction of long-lived particles [2],
such as KS0 and Λ0 . Charged tracks from these decays might be hard to reconstruct because
standard pattern recognition relies on Vertex detector hits as seeds for tracks. Tracks from
the decay of long-lived particles usually lack the vertex detector hits necessary to generate a
track seed and these tracks are therefore not reconstructable with the standard tracking.
Our program nicely complements standalone tracking efforts at SLAC which use pattern
recognition in the outer tracker but have to assume that the tracks come from the primary
vertex and are inefficient for tracks originating from secondary vertices[3]. In summary, tracks
from the decay of long-lived particels are not reconstructable with the methods outlined above.
Our Algorithm (Garfield Trackfinder) reconstructs tracks by extrapolating ECAL cluster
(MIP-stubs) into the tracker volume. This calorimeter-assisted tracking is crucial for the
reconstruction of long-lived particles with the SiD, such as KS0 or Lambdas1 , or more exotic,
long-lived particles like supersymmetric particles which occur in gauge mediated supersymmetry breaking scenarios A decay of such a particle produced in pair-production at the ILC
is shown Fig 2. The algorithm uses ECAL clusters as the start point of pattern recognition.
1

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.
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Left: Simulated KS0 → π + pi− decay in an hadronic event. The KS0
decay vertex is located in the 9 o’clock position between the first and second outer
tracker layer. Right: Reconstructed K0s mass peak in hadronic Z 0 decays. (Both
plots are from a Z 0 -pole sample)

Figure 1:

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. Further information can be found here [4]).
Status Report
Status of the algorithm 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
[5, 6, 7]. A recent update was given at LCWS[8, 9] and at Snowmass[10].
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
CVS and through the package’s homepage [11]. Figure 1 (left) shows a reconstructed event
with Garfield tracking and a reconstructed K0S decay and the KS0 mass peak reconstructed
with our algorithm.
Recent work went into porting our code to org-lcsim which has now been completed. Figure
3 shows a reconstructed KS0 decay with the org-lcsim tools. Org-lcsim is the LCIO compliant
2
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Figure 2: Pair production of e+ e− → χ02 χ02 , χ02 → χ01 µ+ µ− with a long χ02 life
time.

version of the java-based ILC software. In our FY05 proposal we listed this milestone under
2006 deliverables which has now been completed earlier.
Our algorithm also been improved to run stable in busy events up to multi-jet final states at
500 GeV such as e+ e− → tt → 6 jets. However the yield of reconstructed KS0 → π + π − is not
yet satisfactory in busy events while it is good in our benchmark events (hadronic Z decays
at the Z-pole).
Our efficiency studies (that were performed by scanning a few dozen events) showed that the
algorithm failed in step one: reconstructing the Mipstub within the ECAL cluster. Since at
the current stage we are using a typical ECAL clusterer (which in org-lcsim is NearestNeighborCluster) it became obvious to us that we need a better MipStub finder. Dima Onoprienko
is currently implementing an idea for such a finder that would suit our needs (high efficiency,
good direction resolution, good to mediocre purity). We will also implement existing MipStub
finder from other PFA groups.
Implications for Particle Flow Only little energy really is transported by k0s and
Lambda. We estimate 2% of the total energy in hadronic events comes from the decay
KS0 , Λ0 → charged tracks. This not necessarily means that KS0 and Lambdas are unimportant. The following rough calculation hall illustrate this point. We assume for a moment that
we do not reconstruct track from the decay of long-lived particles. If the ECAL clusters from
the decay products always remain in the mother jet the energy measurement is not affected
at all. This however is unlikely since the particles will be deflected by SiD’s large magnetic
field and the cluster created by the tracks might be far off and end up in another jet.
Assuming a 50% accuracy on the measurement of the KS0 +Lambda fraction this would contribute 1% to the total energy uncertainty on the jet energy. With 30% over sqrt E and a
typical jet energy value of E=100 GeV, we obtain roughly a jet energy uncertainty of 3%
3
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based on Calorimeter performance. The effect from KS0 +Lambda decays would then increase
the energy uncertainty to 3.3, which is a relative increase by 10%. It is in roughly that order
of magnitude (probably lower) in which KS0 and Lambda decays could affect particle flow.
This possible effect can be mitigated by algorithms that can reconstruct the tracks or that
improve the track - cluster matching. Further studies are necessary to quantify this.

Figure 3: Event display for a linear collider event based on the org.lcsim framework. Shown is a KS0 → π + π − decay reconstructed with our algorithm.

FY2006 Project Activities and Deliverables In fiscal year 2006 we will further investigate 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 also want to improve particle flow techniques using the Garfield tracking algorithm. This
is done in several ways:
• By identifying clusters that come from charged tracks.
• By complementing the standard tracking algorithm, we increase the tracking efficiency
(two track finder find more tracks than one).
Deliverable will be the release of our particle flow tools. We will also start a detailed study
of the physics reach for long-lived (≈10−8 s lifetime) particles with the SiD detector concept.
This study will continue into FY2007.
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FY2007 Project Activities and Deliverables
In FY2007 we will continue to study the physics reach for long-lived particles. We will also
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.
Permitting time and resources, we will also implement 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 the completion of our physics reach studies.
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Budget justification: This section provides an explanation and breakdown of our requested
budget for fiscal years FY06 and FY07. A context for the requests has been provided in the
previous section.
Personnel
We request partial funding (15%) for post-doctoral research associate Dima Onoprienko. We
also ask for funds to pay hourly students for participation in research projects in FY2006 and
FY2007.
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.
Onoprienko will attend the simulation workshop in Boulder (Jan. 06).
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.
Two-year budget, in then-year K$
Institution: Kansas State University
Item
FY2006 FY2007
Other Professionals
7.3
7.6
Graduate Students
0
0
Undergraduate Students
1.8
1.5
Total Salaries and Wages
9.1
9.1
Fringe Benefits
2.4
2.5
Total Salaries, Wages and Fringe Benefits
11.5
11.6
Equipment
0
0
Travel
2.0
1.9
Materials and Supplies
0
0
Other direct costs
0
0
Total direct costs
13.5
13.5
Indirect costs
4.5
4.5
Total direct and indirect costs
18.0
18.0
Numbers might not add up due to rounding.

Total
14.9
0
3.3
18.2
4.9
23.1
0
3.9
0
0
27.0
9.0
36.0
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References
[1] Silicon Detector Design study (SiD), http://www-sid.slac.stanford.edu
[2] See for example, John Jaros, plenary talk, ALCPG meeting 2004 in Victoria.
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5.17: Development of thin silicon sensors
for tracking
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Tracking
Contact person
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494-5197
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FY05 award: 22,500
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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 required to provide excellent momentum resolution and pattern recognition in a compact
volume and thereby 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
1
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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 selected MICRON in 2003 to produce thin silicon
sensors. MICRON delivered in 2004 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. We also
received double sided silicon pixel sensors on 6 inch wafers in 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 readout chip developed for the CMS pixel detector at the LHC.
Last year we received modest funding from the Linear Collider R&D. The funding was used
to partially support a graduate student to characterized the thin silicon sensors and to set-up
a system to measure the response of thin silicon strip detector with an infrared laser.
Sensor Characterization
The DC characterization was performed on 150, 200 and 300 µm thick sensors and it included
measurements of the capacitance to ground and the leakage current as a function of the bias
voltage. Strip-by-strip scans were also performed to measure the leakage current (Ileak ), the
interstrip capacitance (CIS ), the coupling capacitance (CC ), the interstrip resistance (RIS )
and bias resistance (Rbias ) at a bias voltage above the depletion voltage. The electrical
performance of the thin silicon strips is summarized in Table 2. The depletion voltage of
the sensors was 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. The leakage current is usually dominated by the
bulk current and it is expected to increase with the sensor thickness. In fig. 1 we compare
the leakage current for 150µm and 300 µm thick sensors. The current of the 150 µm at
Vbias = 2Vdepletion passes the required specifications. At larger Vbias the current is larger and
similar to that measured in 300 µm devices indicating that the leakage current is presumably
dominated by other effects such as surface current. Strip-by-strip scans verified that sensors
were passing the specification of CC > 10 pF/cm and CIS < 1.2pF/cm. The bias resistance
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of the 200 and 150 µm thick sensors was within the specification of Rbias = 1.5 ± 0.5 MΩ. It
was below specs for the 300 µm thick sensors.
All seven 150 µm thick sensors pass the specification we had set including having a leakage
current below < 50 nA/cm2 at a bias voltage equal to twice the depletion voltage. These
results 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.
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 ), coupling capacitance (CC ), interstrip resistance (RIS ) and bias resistance
(Rbias ). We assign a grade to the sensors according to 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 A
> 10
<1.2
>1
1.5 ± 0.5
#, Grade B
< 10 % variation
300µm 3, Grade A 12 ± 0.9 0.9 ± 0.03
>1
0.5 ± 0.2
2, Grade B
200µm 3, Grade A 17 ± 1.7 0.5 ± 0.02 > 10
1.8 ± 0.10
2, Grade B
150µm 7, Grade A 16 ± 1.3 0.62 ± 0.03 > 10
1.8 ± 0.10
0, Grade B

S/N measurements
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 experimental setup for the S/N measurements uses a laser illuminating a microstrip
sensor wire-bonded to the SVX4 readout chip connected to a PTA/PMC based DAQ system[4]
developed for Run IIb of the Tevatron. A custom made printed circuit board hosts a SVX4
ASIC and a sensor. The 1064 nm laser used in the setup has an absorption length in silicon
of about 1 mm. Only 51 channels out of 128 channels of each sensor are connected to the
readout chip. Fig 2 shows the custom made circuit board with the SVX4 chip wire-bonded
to a thin sensor and the the laser measurement system.
After setting the laser to focus at the sensor surface, a laser scan was taken as a function of
the strip position. Fig. 3 shows an example of the laser scan between strips. The laser moves
from channel 50 to channel 53 of a 300 µm thick sensor in steps of 5 µm. Since the p+ implant
3
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Figure 1: IV measurement for 300 and 150 µm thick sensors.

strip is covered by metal layer of 8 µm, most of the laser light is reflected as shown by the
three valleys, one for each p+ implant, in the charge collection measurements presented in
Fig. 3. Once the laser is located between two strips, most of the deposited charge is collected.
To study the S/N ratio we locate the laser between two strips to maximize the charge collection. The noise in each channel is estimated from the Gaussian dispersion (σ) of the pedestal
for that channel. In the current set-up, the common mode is the dominant component to the
noise since the grounding of the sensor hybrid was not implemented. When proper shielding
will be installed, we expect the common mode noise to be significantly reduced. The differential noise is determined by subtracting the common mode noise. The total signal was defined
as the sum of the charge in the hit strips after a pedestal is subtracted. The bias voltage was
set to 100 V which is above depletion voltage for all sensors. In table 2 the signal and the
noise in ADC counts for various sensors are presented. The error on the signal is typically
less than 1 % and the error on the noise is typically less than 3%. The signal-to-noise (S/N)
ratio are about 10.5, 8 and 5.4 for 300, 200 and 150 µm sensors respectively. The noise for all
4
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Figure 2: The laser measurment system with the sensors mounted on the adaptor board and
connected to the readout chip.

sensors is about 2 ADC counts and it is independent on the thickness in agreement with the
DC characterization. The S/N is about a factor of 2 smaller for 150 µm than 300 µm sensors.
This is consistent with expectations and demonstrate the utility of thin silicon. Nonetheless,
the S/N performance is disappointing even for 300 µm thick sensor. Study of the SVX4 ROC
indicate that noise of this chip is N=400+45 × C, where C is the capacitance of a strip to
ground. For our sensors the total capacitance is about 4 pF and therefore the expected noise
is about 570 electrons. Assuming a most probable charge of 72e-h pairs/µm we expect a
S/N of about 38, 25 and 19 for 300, 200 and 150 µm thick sensors. We are investigating the
discrepancy between the expectations and the results of the S/N measurements. In summary,
the results from the DC characterization already at hand are extremely promising but further
studies need to be performed to understand the poor S/N observed.
Table 2: The signal, noise and S/N measured with the laser system.
Sensor ID Signal (ADC) Noise (ADC) S/N
300 µm
22
2.1
10.5
200 µm
15.2
1.9
8
150 µm
10.2
1.9
5.4

Future R&D for thin silicon sensors
We will use the laser test stand already in place at Purdue to continue studies of the S/N
of thin silicon sensors with the SVX4 chip. We will also irradiate the sensors with the Co60
source available at Purdue University to understand possible degradation in the detector
performance due to gamma rays. 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.
5
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Figure 3: Typical response of a strip detector for a few channel where a laser moves across two
strips in steps of 5µm. The green line is channel 50, the blue line is channel 51, the red line is
channel 52, and the pink line is channel 53. The purple line is the sum of all four channels

The mechanical aspect of thin silicon are frequently overlooked but they are equally challenging and will require as much time to develop as the sensors. 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.
The detector facility at Purdue University, P3MD, contains two fully equipped clean rooms
for the design, testing and assembly of detectors for High Energy Physics. These clean rooms
6
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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 the Forward Pixel Detectors.
There is also an exceptional pool of talented undergraduates who work on R&D and detector
construction projects.
Results from Prior Research
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.
FY2006 Project Activities and Deliverables
In the first year we will irradiate the sensors with x-rays and measure the DC properties of the
sensors after irradiation, We will continue the studies of 300, 200 and 150 µm thick sensors
with the SVX4 chip before and after irradiation. The DAQ system is already operational.
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.
FY2007 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 within 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.
7
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The second year deliverable will be a systematic study of the mechanical issues associated
with thin silicon strips.
Systematic studies will also 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 second 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 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.
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
No equipment is required during the first year.
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 as a function
of temperature. 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 vendors.
Equipment breakdown:
1. Precision alignment tooling: $1.5K
Vacuum holders for sensor/ROC assemblies and holders forupport frames that precisely align the modules to the support frames. The 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
The 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) The cost estimate is based on previous purchases.

8
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4. Metrology: $2.0K This involves modifications to allow mounting of 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 originally built by BTeV for their pixel studies
but modified to allow for operation at cryogenic temperature for CCDs studies.
We also request funding to setup the beam test at Fermilab. This will include $ 6.2 K
to duplicate the PCI based DAQ:
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
We anticipate using an already exisitng telescope at Fermilab to performe thiese measurments.
Two-year budget, in then-year K$
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

FY2006
23.1
10.3
2.75
.47
0.0
2.5
20.3
9.47
0.041
68.97

FY2007
24.3
10.8
2.89
.5
11.9
2.5
21.3
9.96
0.043
84.20

Total
47.4
21.1
5.64
.97
11.9
5.0
41.6
19.43
0.084
153.18
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PROJECT DESCRIPTION

1

Development of Bulk Micromegas with ASIC Readout
Personnel and Institution(s) requesting funding
M. Gold, J. Matthews, D. Loomba, M. Hoeferkamp, University of New Mexico
Collaborators
Doug Fields, Bernd Bassalleck, University of New Mexico
Marco Battaglia, John Kadyk , Lawrence Berkeley National Laboratory
Daniel Snowden-Ifft, Occidental College
Project Leader
Michael Gold
mgold@unm.edu
505-277-2616
Project Overview
A TPC for large radius tracking complimenting a silicon vertex detector in the inner radius
is a potential solution for tracking at the ILC. However such a TPC requires a larger number
of radial measurements with better point and two-hit resolution than is typical of TPCs with
MWPC readout. Consequently much R&D is going into alternative gas amplification and
readout technologies based on GEMS or Micromegas.
Micromegas are recognized as having a number of potential advantages: high gain (∼ 104 ),
~ parallel to the axial B,
~ fast (∼ ns) signal rise-times, highly uniform
amplification field E
1
gain, and limited ion feedback . A number of methods for producing Micromegas-based
detectors are being pursued, for example a pixel sensor with integrated grid in an all silicon
process. In these processes the Micromega mesh is created by electro-deposition. These
methods are generally very complex technically and are therefore difficult to manufacture for
large detectors.
Here we propose to follow a simpler approach based on inexpensive, commercially available
woven wire mesh. Wire micronic (“cloth”) mesh (1 mil wires with 400 wires/inch) is available
in bulk (roll) quantities in various metals (e.g. Fe, Cu, Ni, Au) at very low cost (for example,
< $20/square foot from TPW Inc., Berkeley CA). (See Figure 1.) This technique has been
demonstrated and proposed for solar neutrino detection2 . Here, the mesh is stretched and
suspended over an anode board with 50µm spacers made by conventional lithography. A
further innovation which greatly simplifies the fabrication, is to first laminate the mesh onto
the anode board which has been covered with a photo resistive film which is later etched
to produce the spacers 3 . In both these studies, the signal was read off of the mesh. We
would like to replicate this fabrication technique, producing anodes with copper pads and
interconnects to allow the attachment (by wire or bump bonding) to readout chips on the
back. We propose to use the Atlas pixel ASIC that is currently being re-optimized for TPC
1

Nucl.Instrum.Meth.A535:226-230,2004
Nucl. Instrum.Meth.A500”133-143,2003)
3
I Giomataris et al., “Micromegas in a Bulk”,arXiv.org:physics/0501003
2
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Figure 1: Micronic Mesh: 1 mil wires with 400 wires/inch
readout at LBNL. This proposal is therefore in collaboration with the LBNL group of M.
Battaglia, which is carrying out R&D on VLSI readout of micro-pattern gaseous detectors
using the Atlas pixel chip. (The LBNL activity is carried out in collaboration with CERN,
Purdue and NIKHEF.)
There are additional advantages of this approach beyond the ease and cost of fabrication
already discussed and the obvious advantages of mechanical simplicity. The fabrication process decouples the production and testing of the ASIC from that of the anode boards which
has numerous advantages. The mass of the readout plane should be minimal. Furthermore,
anode boards produced by standard lithography can be produced with any desired readout
pattern. For example, smaller pixel-pads can be used at the inner radius to improve forward
tracking.
There are a number of R&D items beyond the development of the fabrication technique that
we hope to address. A major concern is the reported occurrence of breakdown and static
discharges across the amplification gap. To address this issue we propose to study breakdown
frequency for various gas mixtures and amplification gaps. Less critical but important concerns are the minimization of potential dead regions (due to the spacers) and minimization
of material, while maintaining a uniform amplification gap and overall mechanical integrity.
Other issues are the electrical properties of the readout plane, compatibility with the ASIC,
and the attachment of the ASICs.
Broader Impact
The University of New Mexico is a Minority Institution in a majority-minority state. For example, the racial makeup of Albuquerque’s public schools is 52% Hispanics, 11% Native American, and 34% White. For disadvantaged students, the University of New Mexico provides a
tremendous opportunity. In this proposal we have requested support for one undergraduate
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per semester. This will provide one or two students with an opportunity to do particle detec3
tor research and expose them to state-of-the-art hardware and software techniques in particle
physics. This fits into a broader commitment within the Department of Physics to enhance
the quality of our undergraduate program by providing research experience to as many of our
undergraduates as possible.
The detector technology proposed here has promising applications to other areas of physics,
including neutrino experiments, neutrino-less double beta decay, dark matter and KK axion
search experiments. These experiments can be done in the near future, before the ILC
becomes operational. This is a major advantage for R&D, particularly in these times of tight
science budgets.
Results of Prior Research
Gold and Matthews have been continuously supported by the DOE High Energy Physics
Division since coming UNM in 1991. (“New Mexico Center for Particle Physics (NMCPP)”,
DE-FG0392ER40732). Currently, Gold is a collaborator on CDF and Auger, and Matthews
is a collaborator on Auger. In the past, both made major contributions to the CDF SVX-II
upgrade. Matthews was a member of the original TPC experiment. Gold and Matthews
(together with UNM post-doc John Strologas) have recently joined newly proposed 4th ILC
detector design group 4 . In FY06, support for travel and a student was requested for ILC
detector R&D by Gold and Matthews as part of the DOE grant continuation.
Hoeferkamp is a shared department engineering resource who has been in the department for
over ten years. He has extensive experience with silicon detectors (SVX-II, Phenix) and pixel
detectors (Atlas). He has done some work, and is familiar with, the Atlas pixel chip. Fields
and Bassalleck have experience with the Phenix silicon detectors and will contribute their
expertise in micro-electronics and instrumentation as well as access to their silicon sensor
laboratory.
Gold and Loomba are members of the (NSF supported) Drift-II dark matter search experiment. The Drift-II experiment is a negative ion TPC operating in the Boulby underground
laboratory (UK). Loomba was recently awarded a five year NSF CAREER grant (“Development of a New Generation of Gas-based Detectors for the Directionality Signature from Dark
Matter”). Gold and Loomba have submitted an NSF grant for for both Drift operation and
TPC R&D with MGPD gas amplification and readout. The request is for 36 months, $ 536K
and was submitted along with a companion proposal by Dan Snowden-Ifft of Occidental College. Snowden-Ifft will provide his TPC expertise and provide support for the construction
of the Drift-style TPC in Y2.
Over the past year, Gold and Loomba together with UNM graduate student Johanna Turk
have contributed to Drift operation, construction of a second TPC, and data analysis.
We developed a wave form and pulse shape analysis for Drift. The analysis includes the
determination of pedestals and noise from the digitized (wire) waveforms and a hit-finding
algorithm. So far, we have used this analysis to track the gain by reconstructing the Fe-55
absorption peak in the Drift-II TPC (Figure 2a).
We began preliminary work with GEMs beginning in the summer of 2004 (funded by Loomba’s
UNM startup and NMCPP funds). Here we highlight our activities thus far: The Loomba and
Matthews visited Karlen’s group in Victoria in June 2004 to acquire knowledge about the TPC
4

contact John Hauptman, hauptmaniastate.edu
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(a) reconstructed Fe-55 peak in low pressure CS2

(b) Fe-55 spectrum in Ar/C02 using single
GEM

and GEMs. Loomba also visited Jerry V’avra at SLAC to discuss the GEM-TPC R&D. We
have acquired 10 framed and 2 unframed GEMs, and 4 readout strips with 200 µmpitch (10cm
by 10cm) from Fabio Sauli’s group at CERN. We also have 4 GEMs of the same dimensions
from the 3M Corporation, courtesy of John Geissinger. All of these items are being handled
in a Class 1000 clean room available in the Physics and Astronomy department at UNM. A
custom vacuum vessel with 12 feed-through ports has been purchased to house the TPC, in
addition to a rotary chemical pump. The vessel has been tested for leaks and holds vacuum
(over 3 days, we could not measure a change at 100 mTorr). We have borrowed 10 boards
(160 channels) of 200 MHz waveform digitizers from Dr. Ed Kearns at Boston University.
These were designed and built for the MACRO experiment and were recently used in the
KAMLAND experiment. The specifications of these WFDs match or exceed our needs. All
10 boards are now at UNM along with a custom-made VME crate to house them (with beefed
up power supplies), and a clock fan-out to distribute signals from an external clock. For the
WFDs a GHz function generator (clock), a National Instruments (NI) VME controller board
and a PC for data acquisition are also on loan from the NMCPP. The DAQ software (NI’s
LabWindows) has been written and tested. The front-end electronics to readout the 2D strips
are being designed. Two preamplifier/shaper units are being considered, one is from Cremat
5 and the other from Brookhaven National Lab. 6 Both have low-noise (Cremats at 250 eand the BNL at 80-120 e-) with adjustable shaping times up to 4 s. The BNL preamps are
highly integrated (16 channels per board), cheap ( $40/channel), and have the lower noise
level and, if they perform as specified, we will purchase a few boards in the Fall of 2005 to
be used in our initial studies. Miscellaneous hardware items exist in the NMCPP that can
5

http://www.cremat.com
De Geronimo, G., O’Connor, P., Grosholz, J., A generation of CMOS readout ASICs for CZT detectors, IEEE
Trans. on Nuc. Sci., 47: 1857-1867, 2000
6
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be borrowed by the PI for this project. These include electronics modules (NIM, CAMAC,
5
etc), oscilloscopes, GHz function generators, a xenon flashlamp, and a nitrogen laser. We
have built a small test assembly that has an adjustable drift region and a holder for the
GEMs and readout boards. We have begun making measurements with the GEMs. With our
test assembly, adjusted for a 1.5 cm drift region and containing a single 3M GEM, we have
obtained an Fe-55 spectrum in 70/30 Argon/CO2 at 1 atm (Figure 2b). Note that the escape
peak is clearly resolved. The gains and energy resolution we obtain range between 600-700
and 25-30%, respectively. We are currently incorporating additional GEM stages and the 2D
readout board in our setup.
Facilities, Equipment and Other Resources
• Test TPC: As part of the Drift-II R&D, we have funding to build a small TPC. We
have obtained the mechanical design from Carlton, courtesy of Dean Karlen. 2
• Gas System: custom made vacuum vessel for housing the TPC with 12 feed through
ports and 1 UV transparent window; (While primarily for testing a low-pressure TPC
(for Drift) this is also convenient and economical for pumping down and back filling.);
dry vacuum pump and miscellaneous vacuum related hardware; parts for the DRIFT-II
gas system.
• GEMs: ten framed GEMs, 2 unframed GEMs, and 4, 10 cm by 10 cm 2D readout
boards with 200 µm pitch; all have dimensions of 10 cm by 10 cm, and were purchased
from Fabio Sauli’s group at CERN; four 10 cm by 10 cm unframed GEMs from 3M Corp
(courtesy of J. Geissinger).
• Clean rooms: Unlimited access to ∼ 100 square-foot class 1000 clean room; Class 100
clean room equipped for silicon sensor testing.
• Misc: VME crate with a VME controller; Keithly pico-Ammeter; power supplies, tools,
and additional lab space; A PC for the data acquisition system; A GHz function generator (needed for the waveform digitizers); Oscilloscopes and miscellaneous electronics
modules for NIM and CAMAC; A nitrogen laser, xenon flashlamp, and miscellaneous
optical lenses; radioactive sources; high precision probe station for measuring capacitances and other electrical properties; 10 boards of the 200 MHz MACRO waveform
digitizers, a custom-built VME crate and clock fan out hardware (courtesy of Dr. Ed
Kearns at Boston University).
• Shops: Machine and electronics shops are available in the Department of Physics and
Astronomy. The machine shop is staffed by two full-time personnel and has facilities for
light fabrication including a computer-controlled milling machine, CAD/CAM system,
and standard machine tools and equipment. The electronics shop in the Department
is staffed by one full-time electronics technician and includes a CAD system for circuit
layout and design and standard bench electronics for circuit analysis.
• TPC As part of the Drift II R&D, we have received funding to build a small TPC. We
have obtained the mechanical design from Carlton, courtesy of Dean Karlen.
FY2006 Project Activities and Deliverables
During the first year we will learn how to construct this type of bulk Micromegas. We plan
a trip to Saclay to directly observe the fabrication process they have developed.
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Figure 2: Mechanical design for TPC (courtesy of Dean Karlen)
We then will develop this technique in collaboration with LBNL. Initially, we will be testing
the mesh lamination and board etching process. We will then extend this process to boards
which have anode readout pads and additional structure designed for connecting electrically
to readout electronics on the back of the board. Tests with the Atlas pixel chip will be carried
out at LBNL, which will host a member of the UNM group.
FY2007 Project Activities and Deliverables
During the second year, we will build and test additional small prototypes specifically designed
for readout with a suitable ASIC such as the modified Atlas pixel chip. Assuming tests with
the Atlas pixel chip done in year one are successful, the Atlas pixel chip DAQ system will be
duplicated and installed at UNM. (This approach will minimize costs in the early phase of
the project.)
Tests will be performed using the small TPC that we are constructing for Drift II based on
the Carlton design. We will measure a number of properties of the Micromega:
• gain and gain uniformity;
• spatial resolution as a function of drift distance;
• stability tests (discharges)
We will also design and fabricate a large prototype scaled to the size of the ILC TPC. We
will test this prototype in a low cost cubic meter TPC designed for Drift II (Figure 3).
Budget justification: Institution 1
• one graduate student: stipend of $1500/month for 12 months = $18000/year in Y1; 12
months support requested in each year with 2.5% cost of living increase in each year;
Graduate Student Tuition for 6 credits/semester ($1129/6 credits) for 2 semesters, plus
3 credits for the summer ($565/3 credits) with 5% inflation increase each year
• one undergraduate: stipend of $10/hr for 10 hours per week for 15 weeks per semester
for each year.
• Other Professionals: Electrical Engineer (Martin Hoeferkamp), at approx. 2 months Y1,
followed by 1 month thereafter ($5000/month in Y1, plus 2.5% cost of living increase
each year) . Hoeferkamp is a shared department engineering resource paid by soft money.
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Figure 3: Drift style cubic meter TPC is cost-ed at $ 5K for frame, central cathode and field cage.
• Fabricated Equipment: $20k Y1 for fabrication of prototype readout boards. $15k Y2
additional prototype fabrication and DAQ hardware for ASIC readout ; $5K for construction of a Drift IIb design TPC (based on Drift IIb costing of construction of frame,
central cathode and field cage).
• Travel: 1 foreign trip in Y1 for travel to CERN/Saclay to study Micromega fabrication
techniques; 2 two-week trips per year for graduate student to visit LBNL; 6 domestic
trips per year for collaborative work at LBNL/UNM
• Fringe: 26.5 % professional, 1% students
• Materials and Supplies: $5k/year for electrical and mechanical shop
• Overhead: 50% on campus rate applied
Two-year budget, in then-year $
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
Total direct costs
Indirect costs
Total direct and indirect costs

FY2006
10000
20825
3000
33825
4060
37885
20000
5500
5000
68385
22780
91165

FY2007
10300
21450
3000
34750
4265
39015
20000
4000
5000
68015
22552
90567

Total
20300
42275
6000
68575
8325
76900
40000
9500
10000
136400
45332
181732
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PROJECT DESCRIPTION
TPC signal digitization simulation and reconstruction studies
Personnel and Institution(s) requesting funding
D. P. Peterson, Laboratory for Elementary-Particle Physics, Cornell University
Collaborators
none
Contact Person
Dan Peterson
dpp@lns.cornell.edu
(607)-255-8784
Project Overview
This project involves improvements to the simulations of the response of a TPC and
studies of improving charged particle track reconstruction. The project is equally
relevant to the LDC and GLD concepts.
Full efficiency for charged particle reconstruction is required for precision particle
flow analysis [1]. A TPC for the linear collider must be designed to provide this
efficiency over a large solid angle in an environment of high density jets and high
noise occupancy. Reconstruction efficiency can be improved with higher readout
pad segmentation to the limit of the signal charge width, about 1mm. While it is not
even demonstrated that this maximum segmentation would be sufficient to provide
full efficiency under all conditions, there are other limitations to such a high pad
density: cost, material, heat, and complexity, that may force a larger pad size. Thus,
it is necessary to optimize the readout geometry for reconstruction efficiency.
Simple models of the TPC response are not sensitive to the hit distortions resulting
from noise. In the simple models, TPC hits are simulated as 3-dimension space
points derived from the intersection of the tracks with cylindrical surfaces
corresponding to the radial centers of the layers of pads. Charge depositions are
treated independently; multiple hits can be created in the same cell regardless of
separation. Thus, there is no straight-forward way simulate the effects of
overlapping hits.
The goal of this project is to model the charge spreading and signal overlap to
provide sensitivity to the effects of overlapping tracks and noise. Charge is spread
over neighboring pads and then accumulated in a simulation of the pulse train
observed by the readout electronics, usually a flash-analog-to-digital-converter
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(FADC). The pulse train is analyzed to find the unambiguous threshold crossings in
the same way that real data is analyzed. Thus, signal overlap is fully simulated.
Having full knowledge of the effects of signal overlap is required for critical design
questions facing the concepts that include TPC tracking, GLD and LDC. In
particular it is necessary to determine the azimuthal and radial segmentation
required for full tracking reconstruction efficiency. Tracking reconstruction is
affected by beam-related ionizing particles entering the detector. Knowledge of the
effects of signal overlap is required for a full analysis of the effects of these
particles and, therefore, is critical for the design of the machine-detector interface.
This study currently uses the older (sio) data format. Further developments will
require adopting the LCIO [2] data format and access routines which will allow
access to larger samples and more complicated events. The next step will be to
fully integrate this FADC simulation into existing event generation frameworks. It
has not yet been determined which framework we will use first. This will allow the
digitized data to be stored directly and will facilitate the addition of noise hit
distributions derived from beam background calculations such as those being
performed at DESY [3].
Up to this point, all development has been done by D. Peterson. Further
development will require support for a graduate student to perform the LCIO and
framework tasks as described above.
Broader Impact
This project will result in an increase in the sophistication of the simulation of the
TPC response. After the simulation is adapted to use the LCIO data format and, to a
greater extent, after the simulation is integrated into an existing framework, it will
be disseminated for use by the ILC community. In that way, the project will
enhance the infrastructure for research.
Results of Prior Research
GEANT models of track trajectories through matter and magnetic fields are quite
sophisticated. They simulate energy loss, scatter and decay. However, the output is
parameterized as only space points representing the intersections of the track
trajectories with surfaces as shown in figure 1a. In the past two years, a procedure
has been developed for converting these space points into simulated pad response.
In the first step of this procedure, "charge centers" are created at locations
corresponding to the center of the sections of the trajectory that project onto each
pad in the detector. In the second step, "charge" is assigned to the "central cell" (the
cell onto which the track segment projects) and to "neighboring cells" according to
an input pad-response-function. The charge has attributes of pulse height, drift time,
and pulse shape. Note that in this procedure, charge is assigned to a cell not only
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due to the trajectory section that projects onto the cell, but also from the trajectory
sections that project onto neighboring cells. Also, while the original space points do
not simulate the response from the tops of curling tracks, this procedure naturally
simulates this response because it uses the sections of the track trajectory through
the affected cells.
In the third step, the multiple assigned charges in each cell, including charges due to
tracks and noise, are accumulated in a simulation of FADC readout. Each charge
creates measured pulse height in affected time buckets according to attributes of
that charge. Overlapping charges add in the affected time buckets. The effect of
overlapping tracks is completely simulated.
In the fourth step, the resultant FADC output is analyzed to detect the unambiguous
threshold crossing. This is actually the beginning of reconstruction as the procedure
is exactly what would be used for real data. The unambiguous threshold crossings
on each pad are "hits", with attributes of pulse height and drift distance. This is the
input to track reconstruction. An example is shown in figure 1b for 1cm pads in a
1.9m outer radius TPC.

Figure 1: The intersection of a track trajectory with cylindrical surfaces (a) are
transformed into multiple "hits" on each pad (b) with attributes of pulse height
and drift distance.
The simulated event in figure 1 is used to illustrate the procedure. All tracks are
projected onto one endplate. There is no noise and the pad size (10mm) is larger
than what would be used at the ILC so that individual pads are (almost) visible.
Events become more complicated with the addition of noise and smaller pads.
Figure 2a shows a section of the same event using 3mm pads and with the addition
of 3.6% (by volume) random single-pad noise. The confusion resulting from several
overlapping tracks, as well as noise, can be seen in figure 2b.
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Figure 2: (a) A section of the TPC readout with 3mm pads for an event with 3.6%
(volume) noise. There are multiple hits on most pads. As part of the track pattern
recognition procedure, only hits within a narrow interaction-point-projecting
section of the chamber are selected. (b) A section from the readout is expanded.
Color coding indicates pulse height, with red being the highest and blue the lowest.

Figure 3: The FADC pulse height spectrum from one pad in the TPC readout. The
spectrum is separated into 8 lines for display. This is taken from a region of
overlapping tracks. The resulting overlapping signals are visible (indicated by the
circle) and only slightly separated in time. Recognized threshold crossings are
indicated by the pink arrows. Signals from the two tracks are not resolved. (Other
markings in the figure are diagnostics for the FADC pattern recognition.)
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Reconstruction of tracks from the resulting charge/time signals is far more
complicated than the reconstruction using the track-surface intersections (figure 1a)
as input. As described above, reconstruction first requires pattern recognition of the
threshold crossing in the FADC, as shown in figure 3. The hits on individual pads
(figure 2b) must be clustered to determine the precision hit position information.
Preliminary results for this project were shown at LCWS04, Paris, April-2004 [4].
Results indicating the pad segmentation sufficient for full pattern recognition were
shown at ALCPG, Victoria, July-2004 [5]. Most recently, at ECFA, Vienna,
November-2005 [6], results were shown for the noise tolerance for the specific case
of random noise hits and a particular pad size.

Figure 4: (a) Reconstruction efficiency as a function of pad size. (b)
Reconstruction efficiency as a function of noise density. In both cases the TPC has
outer radius 1.9m and the magnetic field is 3Tesla.
From the results shown in figure 4, a 3mm pad size is sufficient for full
reconstruction efficiency. This is for a particular event topology (e+e-Æ HZ) and a
particular chamber (1.9m outer radius, 3T field). These studies should be repeated
for the current concepts and for various events types. The results indicate that the
reconstruction is degraded above 1% noise occupancy. This is for random singlepad noise. Reconstruction may be more difficult with correlated noise due to
overlapping events or multiple small curling tracks coming from scattered beam.
Studies of TPC performance have been done using a modified version of the current
generation of the CLEO track reconstruction algorithm. This generation of the
CLEO track reconstruction algorithm was substantially written by DPP and has
been used in every CLEO publication in the last 5 years [7].
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Work described in this section 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.
Facilities, Equipment, and Other Resources
The Cornell University Laboratory for Elementary-Particle Physics (LEPP) has
extensive computing resources and support staff used largely for CLEO datacollection, calibration, and analysis code development as well as CESR accelerator
machine operations and simulation. In addition, these resources support the particle
physics theory group, the development of the Energy Recovery Linac, and the
ongoing Cornell/Purdue ILC TPC development program (project 5.7). Proposed
studies will use the existing computing facilities at Cornell University.
FY2006 Year Project Activities and Deliverables
During the first project year, we will create a simple framework to access LCIO
data through the provided FORTRAN access functions. On completing the access
to LCIO, we will immediately be able to analyze larger data sets to determine the
track reconstruction efficiency with respect to several variables: momentum,
longitudinal angle, decay length, and jet density.
We will begin the integration of the simulation into an existing analysis framework.
The deliverable for FY2006 will be openly available code allowing the user to input
LCIO formatted space points corresponding to the intersection of tracks with
surfaces and output LCIO formatted digitized FADC response. A second
deliverable will be an expanded study of the track reconstruction efficiency.
FY2007 Project Activities and Deliverables
Completion of the integration of the simulation into an existing framework will be a
deliverable for FY2007.
During the second year we will further optimize the reconstruction algorithm.
Budget Justification: Cornell University
The budget for each of FY2006 and FY2007 provides 1 full year support for a
Cornell graduate student as well as funds for that student to travel to one domestic
workshop.
Current costs for a graduate student, for the year beginning September 2005, are
academic year stipend: $18237, summer stipend: $7623, 50% of tuition: $15650,
health insurance: $1346. The tuition payment and health insurance are treated as
"other direct costs", not fringe benefits.
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Cost for FY2006 and FY2007 shown in the table are for, respectively, 1 and 2 years
beyond the September 2005 academic year. Tuition is inflated by 4.5% per year.
Stipends and health insurance are inflated by 9% per year.
The $2000 travel cost is for the student to attend one domestic workshop.
The stipends and travel costs are subject to overhead.
Overhead is 58% for FY2006 and increases to 59% for FY2007.
Two-year budget, in then-year K$
Institution: Cornell University
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

FY2006

0
28.187
0
28.187
0
28.187
0
2.000
0
17.821
48.008
17.508
65.516

FY2007

0
30.724
0
30.724

30.724
0
2.000
0
18.689
51.413
19.307
70.720

Total

0
58.911
0
58.911
0
58.911
0
4.000
0
36.510
99.421
36.815
136.236

[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] LCIO webpage: http://lcio.desy.de/
[3] "Background Studies for the LDC TPC", A. Vogel, ECFA 2005, Vienna,
15-November-2005, https://ilcsupport.desy.de/cdsagenda/fullAgenda.php?ida=a0575
[4] “TPC Detector Response Simulation and Track Reconstruction”, D. Peterson,
LCWS 2004, Paris, 19-April-2004,
http://indico.cern.ch/conferenceDisplay.py?confId=a04172
[5] “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/
[6] "TPC digitization and track reconstruction: efficiency dependence on noise",
D. Peterson, ECFA 2005, Vienna, 15-November-2005
https://ilcsupport.desy.de/cdsagenda/fullAgenda.php?ida=a0575
[7] CLEO has published 120 articles (total) in the years 2001:2005, not listed separately.
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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 an Energy Flow algorithm in three
dimensions. [53] The Energy Flow (or Particle 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 ) ≈ 0.12 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.
If realized, a detector for the LC will likely be the first with a calorimeter designed
specifically for Energy 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 NLC and TESLA calorimeters have ~30 layers of ~0.25 cm2 cells
totaling ~25 radiation lengths in the ECal and ~40 layers of 1-10 cm2 cells totaling ~4.8
interaction lengths in the Hcal. [55, 56]
The Energy 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.
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
667

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, and lead tungstate crystals. 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. [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 are engaged in developing, 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

1
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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.
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 particles 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 strong electric fields 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 transport, processing and acquisition. The development of an
integrated readout layer comprised of the scintillator, photodetector and front-end electronics
will thus be crucial in carrying the scintillator hadron calorimeter design forward. Research
into this integration will be a focal point of our future work described later in this proposal.
Simplifications obtained by reducing the dynamic range of the readout may also be part of
the solution. Monte Carlo studies have shown that this is indeed possible as scintillator cells
with an area in the 6-10 cm2 range are good candidates for one (digital) or two-bit (semidigital) 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) that 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.
Status Report
To date we have received three grants for work related to the project described here. The
project titled “Design and Prototyping of a Scintillator-based Hadron Calorimeter” was ini2
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Figure 1: Single hadron energy resolution as a function of the incident energy.
tially 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
“Planning Grant” while in 2004 we were awarded a one year $50K DOE/NSF grant. The
LCDRD submission resulted in a $31.5K award for 2005. 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
(g) Radiation damage
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
3
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Figure 2: The different species of cells and grooves investigated.
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 (≈ 30-80V) and insensitivity to magnetic fields. On the 1mm 2 sensor surface there
are 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).
Furthermore the small size of the sensors implies that they can be mounted directly on the
scintillator tiles (see Fig. 4). This 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].
4
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Figure 3: Pixellated surface of the SiPM sensor (left) and photoelectron separation observed with
a SiPM (right).

Figure 4: The SiPM sensor (left) mated with a 1 mm WLS fiber and embedded in a 3 cm x 3 cm
tile (right).

5
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Figure 5: Prototype geometry.
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:
(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 5 mm thick scintillator tiles sandwiched between
2 cm thick steel absorber plates mounted on a movable table. In reality the absorber is split
into three parts: 1.6 cm absorber plate and two 0.2 cm 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: 3 cm x 3 cm, 6 cm
x 6 cm and 12 cm x 12 cm (see Fig. 5). The 3 cm x 3 cm 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 1 mm 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
mounted on a G-10 plate which also has the reflective VM2000 glued to its inner, tile-facing
side.
Commissioning: To be ready for beam in time will require an enormous commissioning effort
from the collaborating institutions and will make ever increasing demands on our manpower
resources. Already in Oct-Nov 2005, we have been involved in the integrated commissioning
tests of the HCAL and tail-catcher/muon tracker (TCMT) cassettes in the DESY electron test
beam. In addition to verifying the full electronics and data acquisition chain, a few million
events were collected which are now being analyzed to better understand the behavior of the
devices (see Fig. 6). While extremely useful for exposing HCAL cassettes in ones or twos
6
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Figure 6: Pulse height distribution in the HCAL(right) and TCMT(left) for the same event in a 3
GeV/c electron beam
the electron beam cannot be used to commission a large fraction of the cassettes together
especially when they are inside the stack. Thus efficient triggering on cosmics will be the key
to commissioning the approximately 40 layers of the scintillator HCAL. To this end we are
fabricating large area trigger counters which will allow the simultaneous commissioning of a
large number of HCAL layers.
Current and Planned R&D
Prototype Operation: The scintillator hcal prototype will be exposed to hadron test beams
at CERN and Fermilab during the 2006-2007 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
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
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.
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Figure 7: General schematic for the integrated PCB.
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
silicon photodetectors and carry the necessary electronics and signal/bias traces (see Fig. 7).
Design and prototyping of this integrated readout board will continue to be one of the key
elements of our R&D program for the 2006-07 period. We are undertaking this task with
technical assistance from Fermilab electrical and mechanical engineering. Work has already
begun on prototyping 1 mm thick, 25 cm x 25 cm PC boards. The board size was chosen
as it potentially fits sixty-four (8x8) of our scintillator tiles. For the full detector the most
economical solution for the front-end will probably be a custom ASIC which encompasses the
following functionalities: preamplification (gain of ≈ 10), multiple thresholds (discriminators
or time over threshold possible), nano-second time resolution, electronic charge injection and
temperature monitoring.
For our R&D studies however, we are currently not interested in producing a custom ASIC.
The reasons for that are two-fold. First, it is clear that the current funding situation does not
allow the development of a custom ASIC to be installed in these boards. Second and even
more importantly, a lot can be done before the need for a custom ASIC becomes urgent. Thus
a staged approach will be taken. The first boards will not carry any chips. They will carry
only the photodetectors and the signal and bias traces. This configuration will allow us to
study and optimize the SiPM-PCB interface, signal/bias routing and cross-talk between the
traces. Once these boards are functioning satisfactorily, an existing ASIC will be introduced
into the board. There are a number of options (e.g. CALICE ECAL and CMS Muon chips)
in our hand that serve this purpose adequately and will help us understand power dissipation
issues in such an integrated design. The final goal for this R&D will be a few 25 cm x 25 cm
planes which can be put in the hadron test beam sometime in 2007.
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
8
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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.
Photodetectors We will continue to keep abreast of relevant developments in silicon photodetectors. Of special interest to us is the study and characterization of large-area, enhanced
blue-sensitivity SiPM’s which are now coming on the market. Their potential value lies in
the prospect of a fiber-less operation. The elimination of the fibers from the tile, if at all possible, would significantly simplify assembly of a scintillator HCAL. There are however, very
significant issues like optimal tile-photodetector coupling, uniformity of tile response and the
extremely high dark rate for large-area SiPM’s that would need to be addressed before any
conclusions can be drawn. We have been in negotiations with vendors for the production of
a few 3 mm x 3 mm (compared to the 1 mm x 1mm sensors we are currently using) SiPM’s
with acceptable room-temperature noise characteristics. If available at a reasonable price we
will study their characteristics in detail and assess the possibility of directly coupling these
photodetectors to the tiles without the use of a fiber.
FY2006 activities and deliverables
(1) Commissioning of the Scint. HCAL prototype,
(2) Operation of the HCal in hadron test beam,
(3) Prototyping of the integrated readout board,
(4) Investigation of large-area SiPM’s (if available)
The 2006 deliverable is a prototype accumulating data in a hadron test beam and first results
from studies with an integrated PCB design.
FY2007 activities and deliverables
(1) Continued operation of the HCAL in a hadron test beam,
(2) Analysis of test beam data,
(3) Installation of a few integrated PCB planes in the test beam,
(4) Initiate calibration system design
The 2007 deliverable will be physics results from the scintillator hadron calorimeter prototype
test beam run and results of the performance of the integrated readout boards in a test beam.
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,
9
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(c) NIU machine shops,
(d) Collaboration with Fermilab on electrical and mechanical engineering.
Budget justification
FY2006: 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 (0.5 FTE). The equipment and M&S costs relate primarily to further design and
development of an integrated readout (layout, test boards, power supplies, test fixtures etc.).
FY2007: Operation of the test beam, calibration and analysis of the data, testing and installation of the integrated readout boards will be done with the additional support of a
post-doctoral associate (0.5 FTE). Support for a gradute student will need to be raised to 1.0
FTE. Fabrication and testing of the boards constitute the equipment and M&S costs.
The travel funds (2006-2007) 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.
Two-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

FY2006
0
11.0
0
11.0
0
11.0
20.0
5.0
5.0
41.0
9.5
50.5

FY2007
22.0
22.0
0
44.0
11.5
55.5
15.0
5.0
5.0
80.5
29.5
110.0

Total
22.0
33.0
0
55.0
11.5
66.5
35.0
10.0
10.0
121.5
39.0
160.5

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.
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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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Project Overview
We have proposed the design of a scintillator based calorimeter consisting of 5 cm square tiles
where alternating layers are offset by 2.5 × 2.5 cms leading to an effective granularity of 2.5 cm 2
with a reduction of 4 times the number of readouts. We need to prove that this granularity is
sufficient to obtain the resolution needed to separate W’s and Z’s. Our group is working on the
simulation software to carry out this study. We propose that this geometry can also be applied to
the hadronic calorimeter. This geometry then would reduce substantially the cost of the detector
while maintaining adequate resolution to separate Ws and Zs.
We are also learning how to operate the silicon photodetectors (SPDs) proposed by our Russian
and now Japanese collaborators. We are also studying the long time light transmission properties
of fibers bent into 2 cm radii. This study is going on and will continue for a year or more.
We have begun, at the request of the Beam-Cal group to help with the design of the Beam-Cal
calorimeter for the 20 mrad crossing angle case.
We have made contact with our mechanical engineering faculty to carry out a study of how
to build the calorimeter modules with the thin (0.5 X 0 ) Tungsten plates while maintaining their
flatness. Lack of funding has kept us from making any progress in this effort.

Status Report
Our group has been working with the SLAC group to learn and use the software being developed.
We have written the geometric description of our calorimeter geometry for every one of the detectors
(SiD, LCD, GLD) being proposed. This geometry has been installed in the SLAC repository. We
are now running GEANT events to develop the parameters that will be used in the calculation
of the Chi-Square that would separate the showers produced by the two photons from a π 0 decay
when compared to a single photon of the same energy. This requires producing the covariant matrix
elements as a function of the position of the shower in the calorimeter. This work is now going
on and will occupy us most of 2006. We expect to produce the Chi-Square separation between a
single photon and the two photons from a π 0 decay for all possible directions and energies of the
π 0 . This work is being carried out by the students.
Jason Gray, our graduate student, has written code to trace all charged tracks through the
calorimeter and remove their hits in order to clarify the shower patterns. This work is in collaboration with Dr. Milstein from Fermilab. This work will continue and will be used to determine the
neutral hadronic interactions both in the electromagnetic and hadronic calorimeters. This work
will continue in 2006.
The development of the pattern recognition code to pick up the photon showers and resolve the
various single photon contributions needs the participation of a senior research associate dedicated
to this problem. The present rate of progress with students is hampered by the amount of time
they have available to dedicate to this project.
In January of 2006 we will hold a software workshop meeting in Boulder, Colorado in order to
make progress in this effort. The help of the SLAC group in attendance will be of great help to us.
We are developing our expertize in operating the silicon photo detectors (SID). This effort is
severly hampered by our lack of electronic engineering help and the lack of available electronic
2
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equipment in our group. We are purchasing equipment slowly within the available funds we have.
We have been able to observe very clear signals from the SIDs using a blue diode transmitting light
thorugh a fiber but we have not been able to separate the signals from the individual photoelectrons;
namely the pulse height analyzer just gives us a single broad gaussian distribution. We are unable
to understand why this is the case since our various circuit elements are identical to those used
by groups which clearly observe separately the multiple photo-electron peaks. We are working
intensely to resolve this problem and this will continue in 2006. Learning how to operate these
devices is critical in our effort.
We are studying the light transmission stability of fibers bent in a 2 cm radius. This is a long
term project and is proceeding normally. We are including the study of the light transmission in a
fiber that has been annealed at temperatures of about 100 C 0 .
We have been requested to help with the design of the Beam-Cal for the 20 mrad crossing. We
are beginning to work on this problem to understand how we can detect with very high efficiency
the high-energy electron-positron from the two photon process. This is crucial in order to remove
a serious background to the SUSY signals.This work is being carried out by our research associate
Jinlong Zhang and our student, Paul Steinbrecher. This work is continuing in 2006.

FY2006 Project Activities and Deliverables
In 2006 we will continue to develop the software to do the pattern recognition of the photon
showers in our electromagnetic calorimeter design. Unless we can get the funding for a research
associate this program will develop very slowly and may have to continue into 2007. At the moment
this work is being carried out by students.
We will continue to study the long time light transmission properties of a non-annealed and an
annealed fiber bent into radii of 2 cms. This study is proceeding and may take 2 years to determine
clearly whether the light transmission deteriorates with time. This work will continue into 2006
and 2007.
We will continue to develop our expertize in operating the SPDs. The lack of electronic engineering help makes it difficult to make progress in this effort. This work will occupy my time and
that of two students during the first half of 2006. Once we can observe the single photo-electron
peak we will proceed to study cosmic-rays to understand the number of photo-electrons observed
when a mini-particle (high energy muon)traverses a tile. This work will take place during the rest
of the year 2006.
We will initiate in 2006 the simulation effort of the Beam-Cal design for the 20 mrad crossing
case.

FY2007 Project Activities and Deliverables
The activities in 2007 depend on the funding allocation in 2006 and 2007. If we can not get
the support for a research associate and partime support of an electronic engineer’s time in 2006
the effort in 2007 will consist in a continuation of the effort being carried out in 2006. This implies
that in 2007 we will continue to improve our photon shower pattern recognition techniques and will
continue to study the SPDs.
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If the appropriate funding is allocated in 2006 we will propose to begin the construction of
a calorimeter module to take to a beam line and study its resolution and pattern recognition
characteristics to compare with our simulation results.

Budget Justification
We are requesting full funding of a Research Associate to work on this project and part time
support of an Electronics Engineer in 2006 and full time in 2007 if a module is to be built. We have
an Electronics Enginner on site working in the JILA complex in C.U. that is interested in working
in our project. We are requesting funding for about 50
For students we are requesting funding of one graduate student. Our present graduate student
plans to move to our CMS obligations so that he can begin his research towards the doctorate. We
would like to hire a graduate student to continue his work. The undergraduates are funded by the
University through the UROP and Work Study programs.
The request for this staff funding covers all of 2006. If we need to build a calorimeter module
in 2007 we request funding for a full time electronics engineer to help with the electronics design
of such a module.
The request for equipment in 2006 is for electronics equipment and to cover the cost of development of extruded scintillator panels (in collaboration with Fermilab).
The fringe benefits for the research associate and electronics engineer consist of 21.6% of salary;
for graduate students it is 6.3%. The overhead is 49% of all costs not including equipment or tuition
for the graduate student.
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Two-year Budget, in then-year $
University of Colorado at Boulder
Item
Electronics Eng.
Research Associate
Graduate Student

FY2006
50,000
45,000
25,000

FY2007
100,000
47,000
26,000

Total
150,000
92,000
51,000

Total Salaries Wages

120,000

173,000

293,000

Benefits(21.6%)
Benefits(6.3%)

20,520
1,575

31,752
1,638

52,272
3,213

Total Benefits

22,095

33,390

55,485

Total Sal.,Wag.,Ben.

142,095

206,390

348,495

National Inst.
Extruded Scint.
Tungsten Plates
Electronics
Module Construction

15,000
25,000
10,000
25,000
200,000

15,000
25,000
10,000
25,000
200,000

Total Equipment

75,000

200,000

275,000

Mater. and Supp.

5,000

20,000

25,000

Other Costs (Tuition)
Travel

6,500
5,000

7,000
10,000

13,500
15,000

Total Direct Costs

232,595

443,390

675,985

Overhead (49%)

74,037

115,831

189,868

Total Cost

306,632

559,221

865,853
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Calorimeter Reconstruction and Particle
Flow for the Silicon Detector Concept

Matthew Charles, Usha Mallik, and Niels Meyer
The University of Iowa
Usha Mallik’s group at SLAC is working on shower reconstruction for
the highly segmented calorimeters of the Silicon Detector Concept. This
work is a key component of a Particle Flow Algorithm currently under development with the goal to reach the excellent energy resolution needed for
high precision measurements at the International Linear Collider.

1

Introduction

The International Linear Collider (ILC) is the highest priority future large
project in particle physics and will complement the expected LHC findings
with high precision measurements. To match this physics goal, the detector(s) √at the ILC must reach excellent energy resolution of the order of
30 %/ E [1].
Several detector concepts have been proposed. Three of these were discussed in detail at Snowmass 2005: the Large Detector Concept (LDC) [2],
the Global Large Detector (GLD) [3], and the Silicon Detector concept
(SiD) [4]. Each of these three assumes that the anticipated resolution can
only be achieved by reconstruction of individual final state particles using a Particle Flow Algorithm (PFA). Of the three, the SiD uses the most
fine-grained detectors: a high precision silicon tracker, a Silicon-Tungsten
sampling electromagnetic calorimeter (ECAL) with approximate cell size
4mm×4mm, and a hadronic calorimeter (HCAL) with approximate cell size
1cm×1cm1 .
In this proposal, we describe the corner stones of a PFA for the SiD,
the contributions of our group towards its realization, and the status of our
various projects. Only the immediate goals for this year are described; these
are critical to achieving a realistic detector design.
1

The final HCAL technology for the SiD has not yet been chosen; RPC-, GEM-, and
scintillator-based detectors are being considered.
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2

Particle Flow Algorithm

Energy deposition in calorimeters occurs via statistical processes. In general, the physics of electromagnetic showers is well-understood and shower
development can be modelled straightforwardly. For photons and electrons
of a given energy, there is a good degree of consistency across showers in
the Silicon-Tungsten SiD ECAL, both in terms of the shape and of the total
energy deposited in the active elements. By contrast, hadronic showers are
more difficult to model and display a great deal of variation in structure; the
energy resolution of hadronic showers in the SiD projective RPC calorimeter
is expected to be significantly worse than that of electromagnetic showers
in the ECAL [5]. A more accurate way to measure the energy of charged
hadrons is to use momentum information from the tracker and a particle ID
hypothesis. For the limiting case of an algorithm with perfect pattern recognition, the jet energy resolution is then dominated by the neutral hadron
energy resolution.
In practice, the resolution is also degraded by an imperfect algorithm
assigning charged energy to neutral particles and vice-versa: this is often
referred to as the “confusion term” in the energy resolution. One of the
main goals of a particle flow algorithm is to minimize this confusion term.
This is only possible if individual particles within jets can be resolved, which
in turn implies a high-granularity (imaging) calorimeter. The precision of
the detector will increase the experimental challenges (e.g. large numbers
of channels, calibration, and noise). A realistic PFA is essential to explore
the mutual dependencies between detailed detector design, technical issues,
costs, and the final energy resolution, and to guide the concept towards a
final design optimized for physics output.
There are many technical challenges to achieving such good resolution:
hardware, software, and algorithmic. One year ago, the SiD collaboration
had barely the beginnings of a PFA. Since then there has been tremendous
progress: implementations of many of the components are now available
such that Steve Magill of ANL was able to present Z–pole results with a
proof-of-concept PFA at Snowmass [6]. The challenge is now to develop and
tune a PFA which takes full advantage of the fine granularity and which
reaches the target energy resolution in high-multiplicity events at a centerof-mass energy of 500 GeV and above, and which is sufficiently general to
allow comparisons of different detector designs.
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3

Status Report

Substantial improvements in the PFA implementation are expected from
more advanced calorimeter reconstruction techniques, where the Iowa group
has built up competance since 2003. Through 2005, the post-docs Matthew
Charles, Wolfgang Mader and Niels Meyer have contributed to the project,
sharing their time between the Linear Collider effort and the group’s comittment to the BaBar experiment at SLAC. Niels joined the group in February
after graduating from the University of Hamburg; Wolfgang will leave the
group in December.

3.1

Software Tools

In order to undertake detailed studies of cluster structure, it is essential to
have algorithms which can identify general patterns such as track segments
or dense energy deposits. In the previous proposal, work by Wolfgang on
minimum ionising particle (MIP) segment finding was reported, including
reconstruction of long-lived KS0 . A preliminary version of a Minimum Spanning Tree (MST) clustering algorithm was also described; this takes as input
a metric providing a definition of distance between two hits, and then clusters hits according to a threshold parameter on this distance. Since then,
Wolfgang has formalized the code for both the MIP-finding and MST algorithms and commited it to the hep.lcd CVS repository.
Upon joining the group in February, Niels began by updating and generalizing the MST interface so that it could combine not just individual hits
but also clusters, in anticipation of the need to associate secondary neutrals
and other fragments with their parent cluster. He also added a generalised
decision-maker interface for more flexible steering and user interaction.
Niels and Matthew have also worked to convert the existing code to
the new org.lcsim software framework. This is essentially complete for
the MST and track segment finding algorithms, as well as the decisionmaker interface. The code is available in the org.lcsim CVS repository.
Matthew is currently adding his structural algorithm (see Sec. 3.4) and
has begun contributing to the SLAC group’s work on geometrical routines
(principally the two-way conversion between calorimeter cell channel ID and
spatial location) which are still missing in the new software framework.
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(a)

(b)

Figure 1: The mean number of clusters per Z 0 event as a function of the
minimum number of hits n in the cluster, for (a) the ECAL, (b) the HCAL.
The first trace shows the number of reconstructed clusters with at least n
hits in the calorimeter; the second trace shows the number of MC particles
with at least n hits in the calorimeter, extracted from truth information.
The excess of reconstructed clusters at small n is primarily due to a large
number of small secondary clusters.

3.2

MST Studies with Z–Pole Events

The MST algorithm links contiguous groups of hits into clusters if the three
dimensional distance between hits is used as its metric. This is particularly
effective for hadronic clusters, which frequently have many secondary tracks
emerging at wide angles; a simple cone-based clustering method would have
reduced efficiency in such cases.
Wolfgang studied the MST with this metric in detail using hadronic
events simulated at the Z–pole. The threshold parameter of the algorithm
is varied, and output clusters with at least n hits are identified as cluster
cores, the leading contributions of a shower. By comparing the reconstructed
and expected number of cluster cores, see Fig. 1, the optimal combination of
threshold and minimum size of a cluster core was obtained for the electromagnetic and the hadronic calorimeters (3 cm and 5 hits for the ECAL, and
10 cm and 8 hits for the HCAL). The results from this study were presented
at the LCWS workshop at SLAC [7].
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3.3

Electromagnetic Showers

Niels studied the reconstruction of electromagnetic showers, starting with
the MST algorithm and parameters obtained as described above. Photons
were identified with a simple selection based on cluster size, shape, composition and position in the calorimeter. The selection is tuned to accept one
cluster per shower, as shown in Fig. 2a.
The efficiency and purity of electromagnetic clusters reconstructed in
KS → π 0 π 0 events were studied. Because the photon clusters are typically
close to one another, it was found that a large value of the threshold parameter (e.g. 3 cm, as obtained for hadronic Z-pole events in the ECAL)
results in reduced purity: clusters frequently contain energy deposits from
two different particles, even in cases where the showers could easily be separated by eye on an event display. Furthermore, these merged clusters are
inconsistent with a single-photon shower and therefore fail the shape cuts
mentioned above, leading to a low efficiency. On the other hand, a very
small threshold value results in improved purity at the expense of energy
collection efficiency. The solution is a reconstruction in two passes: Identifying the shower cores with a very tight MST threshold, and assigning
remaining energy deposits (fragments) to the cores.
Using this approach, it has been shown that showers from two photons
can be resolved if the separation between the photons at the calorimeter surface is 3cm or more (see Fig. 2b). The cores found in this way contain the
majority of the total energy deposition, as illustrated in Fig. 2c. Currently,
strategies to enhance the energy collection efficiency based on a two dimensional distance definition between fragments and the principle axis of the
shower core are under study. Preliminary results, produced in the hep.lcd
framework, were presented at Snowmass in August 2005 [8, 9].

3.4

Hadronic Showers

Reconstruction and identification of hadronic showers is central to the PFA
approach. There is a great deal of variation between individual showers:
designing a general algorithm to reconstruct them is not straightforward.
Matthew and Usha began to tackle this problem by studying a number
of single-particle and low-multiplicity events in detail, attempting to understand their structure in such a fine-grained detector. Based on their
observations, Matthew developed the following method.
The components of hadronic clusters may be categorized as (a) dense
clumps, (b) track segments, (c) a halo of less dense hits following a hard

5
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(a)

(b)

(c)

Figure 2: Performance of the photon-finder in a sample of K S → π 0 π 0
events. Plot (a) shows the difference between the number of photons produced and the number reconstructed. Plot (b) shows the ratio of reconstructed clusters to actual photons as a function of the photon separation
on the calorimeter surface. Plot (c) shows the fraction of the energy recovered when a core is found.
interaction, and (d) displaced secondary fragments. Code based on the
MIP-finder and MST tools was written to identify components (a) and (b),
and a cut-based selection was developed to determine whether a given pair
of components were directly linked. By linking together these basic components, the “skeletons” of hadronic showers are reconstructed; components
(c) and (d) can then be added to recover the remaining hits. In this way,
hadronic showers can, in principle, be reconstructed with high efficiency and
purity even in very dense environments. Preliminary results from this algorithm, produced in the hep.lcd framework, were presented at Snowmass in
August 2005 [10, 11].
After Snowmass, the algorithm was revised to use a likelihood selector
to identify correct (or incorrect) links in the place of the cut-based selection. Further geometrical critera were also added to the selector. In order
to assess the algorithm’s performance, modular code which used truth information (i.e. cheating) at each stage of a full PFA was written. The
performance when using truth information throughout was evaluated on a
sample of approximately 400 hadronic Z-pole events simulated for a version
of the SiD detector with a sampling scintillator HCAL. The (non-cheating)
reconstruction algorithm for identifying and linking components (a) and (b)
was then substituted for the corresponding module and the performance
re-evaluated on the same sample of events. The result, an energy sum distribution with RMS 3.4 GeV, was—within the statistics—indistinguishable
from the energy resolution achieved when using the full truth information.
6
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Adding a simple, non-cheating module to associate the fragments in categories (c) and (d) without using truth information worsened the resolution
to an RMS of 4.3 GeV. These results, produced in the hep.lcd framework,
were presented to the SiD group in September 2005 [12] and are shown in
Figure 3.
The algorithm has now been converted to the org.lcsim framework;
this required rewriting the bulk of the code. Several new features have been
added in the process to make a complete PFA; in particular, charged tracks
are now matched to clusters in a much more realistic fashion, extrapolating
helices from the interaction point and looking for a consistent track segment
near the entry point to the ECAL (or, failing that, another nearby cluster).
A status report was presented to the SiD group in November 2005 [13],
including preliminary results from the likelihood selector which are shown
in Figure 4. Initial energy sum plots look promising, but the code is still
being debugged and tested.
From the results obtained since Snowmass, this method of reconstructing hadronic clusters seems promising, and performed well at finding and
identifying the main body of the clusters in hadronic Z-pole events. The
critical challenge—for this and other clustering algorithms—will be the association of fragments, principally secondary neutrals. This is where effort will
be focused next, using experience and tools from the algorithm described
above.

4

Future Plans (Deliverables)

The next steps will be to improve and extend the algorithms presented
in sections 3.3 and 3.4. Code to assign fragments to nearby cores will be
developed both for electromagnetic and for hadronic showers. The different
algorithms will then be integrated into a single PFA with the following
general structure:
1. Find the cores of electromagnetic showers
2. Make initial assignments of fragments to the electromagnetic cores
3. Find the core components of hadronic showers and link them (where
appropriate) to form cluster skeletons
4. Make initial assignments of fragments to the hadronic showers
5. Extrapolate charged tracks to the calorimeter surface and associate
them with clusters
7
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(a)

(b)

Figure 3: Energy sum plots for Z-pole events, showing (a) the reconstructed
energy sums without cheating, and (b) the reconstructed energy sum for a
PFA with perfect pattern recognition. The true energy sum is 91.0 GeV, but
the correct sampling fractions were not available for this simulated detector;
as a result, the overall energy scale is off and the resolutions are worse than
could√be achieved with full
√ calibration. The RMS values correspond to
37%/ E for (a) and 45%/ E for (b).
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Figure 4: Likelihood distributions for links between components of hadronic
clusters, obtained in a sample of hadronic Z-pole events.
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6. Refine the assignment of fragments and hadronic components (especially if the assignments are ambiguous, or if the energy of a charged
cluster is inconsistent with the track momentum)
Once this is accomplished, additional steps to further improve the algorithm
will be considered—for example, handling of K S and other long-lived particles, merging of γ pairs into π 0 s, and using event information to improve the
cluster assignments iteratively. Throughout the development, an important
goal is to keep the algorithm as general as possible so that it can be applied
to other detector designs.

5

Resources and Budget

The group has devoted the effort of 1.5 post-docs to the Particle Flow Algorithm for the SiD concept, described in the proposal. Last year the financial
support to the Iowa group (Task A) for ILC R&D in the form of a supplement was $31,500 ($50,000 the year before). The base program of the group
working on the BaBar experiment has historically been supported with two
post-docs (and students). In anticipation of the level of ILC activity, and
the increased necessity to establish a PFA, the group had hired Dr Wolfgang
Mader in early 2004; he could not be supported beyond December 2005, and
is leaving. The ILC activity at the current level has so far been supported by
the base program primarily. This is not practical any longer. A minimum
personnel support of one post-doc is needed to sustain the R&D activity of
the group to maintain the steady and continuous progress. The rest (half
a post-doc) can be supplied from the base funding. Additionally, there are
frequent regional workshops and a few LCWS meetings where travel is necessary for active workers. Travel for the post-docs and the PI to some of
these is included. The total estimated cost includes 32.7% fringe benefit for
the personnel, travel and 26% off-site indirect cost rate, and is explained in
detail below.
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BUDGET JUSTIFICATION / EXPLANATION PAGE
The University of Iowa
(U. Mallik)
Detail
SALARIES AND WAGES
Asst. Research Scientist
months/year:
rate/month:
Total Salaries and Wages
STAFF BENEFITS
Asst. Research Scientist
Total Staff Benefits

Year Total

12.00
3,833.33

32.7%

46,000
46,000
15,042
15,042

TRAVEL
Domestic:
Attendance and participation in spring & fall scientific conferences
Trips
2
Persons
1
Days
3
Air fare
750 /trip
Subsistence
150 /day
Car rental
50 /day
Registration
300
Subtotal

1,500
900
300
600
3,300

Attendance and participation in summer scientific conference
for Post-doc and PI
Trips
Persons
Days
Air fare
Subsistence
Car rental
Registration
Subtotal

1,500
2,100
350
600
4,550

Foreign:
Scientific collaboration at Bangalore, India
Trips
Persons
Days
Air fare
Subsistence
Subtotal
Total Travel

1
2
7
750 /trip
150 /day
50 /day
300

1
1
7
2,300 /trip
260 /day

2,300
1,820
4,120
11,970

703

Detail
OTHER DIRECT COSTS
Computer maintenance and repair
Telephone, data and modem lines for project activities
Photo and printing services of research reports/papers
Postage, express delivery and other expenses
Total Other Direct Costs

100
100
100
100
400

TOTAL DIRECT COSTS
FACILITIES AND ADMINISTRATIVE COSTS
26% of Modified Total Direct Costs (MTDC) for off-campus
research activities, per rate agreement negotiated with DHHS.
Total Direct Costs
Less Exclusions
MTDC
F&A Rate
F&A Costs
TOTAL ESTIMATED COSTS

Year Total

73,412

73,412
0
73,412
26.0%
19,087
92,499
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6.5

Calorimetry

6.5: Development of a silicon-tungsten test
module for an electromagnetic calorimeter
(renewal)
Calorimetry
Contact person
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
Institution(s)
Oregon
SLAC
U.C. Davis
BNL
LAPP - Annecy
Funds awarded (DOE)
FY04 award: 55,000
FY05 award: 40,000
New funds requested
FY06 request: 68,000
FY07 request: 71,700
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STATUS REPORT
Development of a Silicon-tungsten Test Module for an Electromagnetic Calorimeter
Personnel and Institution(s) requesting funding
University of Oregon, Department of Physics and Oregon Center for HEP:
Jim Brau (faculty), Raymond Frey (faculty), David Strom (faculty), physics undergraduate(s)
University of California, Davis, Department of Physics:
Richard Lander (faculty), Mani Tripathi (faculty), Britt Holbrook
Collaborators
Stanford Linear Accelerator Center:
M. Breidenbach (faculty), D. Freytag, N. Graf, G. Haller, R. Herbst
Brookhaven National Lab:
V. Radeka
LAPP, Annecy:
Y. Karyotakis
Project Leader
Raymond Frey
rayfrey@uoregon.edu
541-346-5873
Project Overview
The current LDC and SiD detector design concepts 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 (PFA) for
p 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 proposed[1, 2] a possible
solution to the integration problem and have received LCRD support for three years to pursue this.
The integrated approach also provides a design which naturally allows high transverse segmentation
(currently 3.5 mm) and a small readout gap (currently 1 mm) to maintain a small Moliere radius.
During the past year we made important progress. The design of the readout chip (named
KPiX) was completed and was sent to industry for prototype fabrication. This effort was led by
SLAC. We have made progress characterizing the prototype silicon detectors at Oregon. A group at
UC Davis has joined the effort and their budget request is included in this year’s proposal. Davis has
1
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developed a novel readout cable concept which will help maintain the thin readout gap. They will
also will provide the bump bonding at Davis for the initial prototypes. 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 could 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, the required additional 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 LDC.
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. The starting point for our design uses a pixel size of 12 mm2 , based
on initial PFA requirements for photon-hadron 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 electronics channel count is effectively reduced by a factor N .
2. A transverse segmentation down to a few mm can be naturally accommodated.
3. The cost, to first order, will be independent of the transverse segmentation.
4. 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 third point makes the design
flexible, so that one can optimize to meet the physics goals. The fourth 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 1.25 m with our design is smaller than one with 3mm readout
gaps at 1.7 m. 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.
Our R&D collaboration has been holding weekly meetings by telephone for over three years.
Although there is significant mixing, the responsibilities within the collaboration break down as
follows:
SLAC: KPiX readout chip design, procurement, and testing.
Oregon: Silicon detector design, procurement, characterization, and testing.
Davis (new): Readout cable design and bump bonding of prototypes.
2
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In addition, Veljko Radeka at BNL has provided critical advice and review of the electronics design
and implementation plans. Recently, the Annecy group led by Yannis Karyotakis has begun working
with us on the mechanical design, both for the prototype and for the final calorimeter. The
funding for the Annecy R&D is being pursued separately. Oregon and SLAC plan 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 PFA results to optimize the calorimeter. This effort has strong ties to the Calorimeter
Working Group of the ALCPG and to the Calorimeter group within SiD. We report regularly to
these groups in regular telecons and at the workshops. Many of the details not presented here are
collected at http://www.slac.stanford.edu/xorg/lcd/SiW/ or in the cited references.
We are very aware of the separate Si-W ECal effort within the CALICE R&D collaboration.
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. In addition, the technical implementation of Si-W taken by the two efforts differs
significantly. 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. Following
full-module tests, one expects the two R&D efforts to merge.
Status Report
The most significant development for our project in 2005 was the completion of the design of
the KPiX readout chip and the submission of the design to industry for fabrication of a first round
of prototype chips to be tested. However, since no LCDRD funding is requested for this activity,
we do not report on it here. A recent discussion of the KPiX functionality can be found in Ref. [3].
The following summarizes the progress during the past year on silicon detector R&D centered at
Oregon and roughly follows Ref. [4]. This is followed by a discussion of the proposed R&D from
the the UC Davis group.
Progress at Oregon
In 2005 we continued measurements on the 6 inch Hamamatsu prototypes with particular emphasis
on parameters relevant to use of the sensors with electronics designed for the cold ILC design. The
most important measurements in this regard are the measurements of stray capacitance and leakage
current. We have also investigated the use of a radioactive source for an absolute calibration. The
results here are an update of our presentation[4] at LCWS05.
Pixel Capacitance and Trace Resistance
In almost all cases the noise of an individual pixel charge measurement in our detector will be
directly proportional to the total capacitance seen at the input of the amplifier. The capacitance
of a fully depleted 5 mm pixel in detectors 325 µm thick, is expected to be approximately 5.3 pF.
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Figure 2: Typical capacitance versus bias voltage
curve for a pixel located near region a.

The majority of the capacitance is due to the stray capacitance of the traces which connect the
individual pixels to the bump-bonding array.
For the Hamamatsu process used in our detectors, the thickness of the oxide to the second
metal layer is approximately 0.9 µm. In our detector we used 6 µm thick traces, giving a theoretical
capacitance of approximately 3.1 pF/cm. The total amount of stray capacitance associated with
a given pixel has two contributions. One contribution comes from the capacitance of the traces
connecting the pixel to the bump-bonding array. The second contribution is due to any traces from
other pixels which cross the pixel under test. The total stray capacitance is almost constant for
many of the pixels as can be seen from Figure 1. In region a it can be seen that pixels located
closer to the bump-bonding array have a greater number of crossing traces than those further away.
This gives an almost constant total measured (and calculated) stray capacitance. Typical stray
capacitances in region a were ∼ 22 pF. An example run is shown in Figure 2.
A small fraction of the pixels have a very large number of crossing traces. These pixels are
located in regions b and c of Figure 1. For the first prototypes these pixels have capacitances
of somewhat more than 100 pF. In a future version of the sensors we plan to reduce the stray
capacitance in region c by narrowing the traces in the vicinity of the bump-bonding array. In
Figure 3 the measured capacitances are shown for a large number of pixels in one quadrant for
the Hamamatsu detector. In Figure 4 the expected capacitance for a future version of the detector
with 1024 pixels and slightly smaller pixels is shown.
Another important property of the detectors is series
√ resistance of the traces. The noise contribution from this series resistance is proportional to Ctot Rs where Ctot is the total input capacitance
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Figure 3: Left: Summary of capacitance measurements as a function of pixel position on the detector. The high capacitance of pixels at small row
number is due to large number of traces in regions
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Figure 4: Expected capacitance in a 1024 pixel version of the silicon sensors with no change in pixel
width from the current version. The current version of these detectors have 757 pixels and 6 µm
wide traces.

and Rs is the series resistance.
q The contribution to the noise from the input FET in a charge amplifier is proportional to Ctot 3g2m where gm is the transconductance of the input FET. Thus it is
desirable to keep Rs comparable to 3g2m . In our case we expect 3g2m ∼ 300 Ω.
Based on the measurement of one of the trace’s resistance, we obtain a trace resistance of
57 ± 2Ω/cm. This can be compared to an expected value of 47Ω/cm for a pure aluminum traces
1µm by 6 µm. For the longest traces, of order 10 cm, the measured value implies a maximum
resistance of 570 Ω.
It would be desirable to reduce this trace resistance by making thicker traces, however, it is
unlikely that the thickness can be increased much beyond its current value of 1 µm. Increasing
the width of the trace is not helpful because it will increase the component of Ctot from the traces
connecting the pixels to the bump-bonding array almost linearly. Except in the region the near
bump-bonding array, our trace width of 6 µm is close to optimal.
Leakage Current
Leakage current can add an additional term to the electronic noise that grows with shaping time.
Typical leakage currents in silicon pad detectors, such as the prototypes used here, have currents
of a few nA/cm2 . The leakage current was measured during the capacitance tests and was found to
be less than 2 nA/pixel for pixels in the interior of the detector. In our tests the neighboring pixels
5
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Figure 6: Signals from Am241 60 keV photons observed in a typical Hamamatsu silicon sensors pixel.

and the guard ring were left “floating” . For pixels on the edge of the detector, with the guard
ring floating, the leakage current was less than 10 nA/pixel, see Figure 5. We expect the noise
contribution for leakage current to be minimal; the expected contribution for a leakage current of
10 nA and an integration time of 1 µs is only 250 electrons.
Calibration
Calorimeters based on silicon are expected to be quite stable over time. The largest changes in
calorimeter response will be due to changes in the electronics. The readout electronics are being
designed with an internal calibration system that allows a wide variety of charges to be injected
into each of the channels in the system. The accuracy of this system is expected to be limited by
the knowledge of the values of the coupling capacitors incorporated into each of the channels in the
readout chip. These capacitors are expected to be uniform, within a chip, with a spread of ∼ 1%.
This spread is unlikely to have a noticeable contribution to the energy resolution of the calorimeter.
Chip-to-chip variations could be larger.
One possibility is to calibrate each sensor after the readout chip has been bump bonded. A
possible method for this calibration would be to use 60 keV photons from the decay of radioactive
Am241 . If the energy from these photons are fully contained in the silicon sensors they will give
6
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a signal of approximately 16,000 electrons. This is somewhat less than the MIP signal, but well
above our noise floor.
The 60 keV photons will easily penetrate any mounting structures and printed circuit boards
used in the testing and assembly of the calorimeter. However, the calibration must be done before
the detector assemblies are placed between the tungsten sheets, as the photons will not efficiently
penetrate the tungsten. We have used our laboratory electronics to measure the energy spectrum
from the Am241 photons in the pixels as shown in Figure 6. The widths of the peak is consistent
with the expected electronic noise.
As a demonstration of this technique we show the value of the photon Am241 peak versus pixel
capacitance in Figure 7. The peak shifts to lower values at large values of the capacitance because
of the finite input capacitance of laboratory electronics. The line corresponds to a ‘dynamic”
capacitance of our laboratory electronics Cdyn ∼ 790 pF which is consistent with the laboratory
amplifier’s specifications.
In the readout chip planned for the final detector, the signal-to-noise for Am241 peak will be
about 8, which will broaden the peak considerably. Another important aspect of the planned
readout electronics will be that a measurement of the charge will be done relative to an external
bunch clock rather than relative to the time of arrival of the photon as was done in the laboratory.
This will lead an additional smearing of the observed spectrum of less than 5%. Thus we expect a
total width for the Am241 60keV signal of approximately 15%.
The ADC in the planned detector readout will have a least significant bit approximately equal
to the expected noise. Therefore, if there were no systematics in the ADC it would be possible
to calibrate each pixel to 1% with approximately 250 detected photons. For this calibration to be
useful it will be necessary to relate the charge scale at 8 ADC counts to that at full scale readout.
This is possible, but will require great care in the design of the calibration circuit on the readout
chip.
Somewhat easier, but still difficult, will be a wafer-to-wafer calibration at the sub-percent level.
Here one can average over 1024 pixels/wafer. Again it will be necessary to relate the average charge
scale at 8 ADC counts to the average full scale readout.
Cross Talk
We are continuing to study cross talk introduced by capacitive couplings between the channels.
In general these have lead to cross talk at the 1% level or below. The cross talk is function
of both the capacitive coupling and the properties of the readout electronics. While we have a
qualitative understanding of the cross talk, we are continuing to work on a quantitative model and
on incorporating the properties of the KPiXs electronics into the model.

UC Davis Proposed R&D
The device discussed above consists of interspersed layers of a radiator (W) and a sensor (Si) which
together form a sampling calorimeter. The sensor layer is composed of a set of hexagonal silicon
diode wafers tiling the surface of a large W panel. Each wafer is divided into pixels, the pickup
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Figure 7: Measured position of peak versus total pixel capacitance.
pads of which are connected by traces to an array of contact pads. The ASIC readout chip contains
unit cells of electronics arranged in an array that matches that on the wafer. The connections
between the array of sensor pixel traces and the array of readout cells are made by flip chip bump
bonding of the ASIC to the sensor wafer. Communications between the ASIC and the readout
system located at the periphery of the calorimeter are also accomplished via pads located on the
sensors. These pads will connect with buses made out of flexible kapton cables. UC Davis will
carry out the following tasks:
Bonding of readout chips to the sensor wafers. To do so, we will use photolithography techniques to form the appropriate array pattern in the center of a sensor wafer. In a separate process,
a readout chip will have a similar pattern placed on it. Under-bump metallization will be sputtered
onto each array. This will take place in the Microfabrication Facility on the Davis campus. Indium
will then be evaporated onto the wafer and also onto the readout chip in our own physics laboratory.
After liftoff of the photoresist, the wafer and readout chip will have on them matching arrays of
indium bumps. The flip chip bonding will then take place using a Research Devices M8HP bonder
at UCD. Here, the two indium arrays are precisely aligned in the bonder and pressed together to
form a cold weld of indium to indium. The process will be repeated for many wafers and chips,
and the result will be a set of sensor/readout units that will be used to tile the SiW layer. We
have used this procedure for many individual readout/sensor bondings, in particular for all of the
prototype CMS Forward Pixel Detector units. Indium bonding is also being used by the Paul
Scherrer Institue group for the CMS barrel pixel detector.
Design and Fabrication of flexible cables. The array of sensor plus readout chip units in a given
layer will need to be controlled and read out by electronics that will reside on the periphery of that
layer. In order to achieve the best possible energy resolution in the calorimeter, the gap between
layers needs to be minimized. The present design calls for a gap thickness of 1 mm or less. We
are proposing to use a flex cable technology for the data and control bus and some form of bump
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bonding to connect the cable to pads located on the silicon wafer substrate. The cable will most
likely be at least 4 layers with 2 shielding/power layers and vias that connect to traces running
along 2 buried layers. A need for placing bypass capacitors on the cable is also foreseen if they
can be accommodated without increasing the overall thickness substantially. We will design this
cable at UCD using the Mentor Graphics/PADS software package and have them fabricated by an
outside vendor. The testing of the cable will take place at UCD using our probe station. The group
has fabricated a similar cable for the CDF experiment and has experience in designing dozens of
circuits using PADS.
FY2006 Project Activities and Deliverables:
• Receive KPiX prototype chips and evaluate functionality (mostly at SLAC).
• Complete evaluation of first round of prototype detectors (Oregon).
• Develop and fab. first kapton flex readout cable (Davis).
• Design 2nd round of detectors to be used in full ECal module (Oregon, SLAC, Davis).
• Design concentrator boards (digital boards downstream of KPiX) (SLAC).
• Prepare for mounting of 1st round KPiX prototypes to 1st round detectors (Davis, Oregon,
SLAC).
• Mount (bump bond) about 10 KPiX to detectors (Davis).
• Develop mechanical design for full ECal module (Annecy, SLAC, Oregon).
FY2007 Project Activities and Deliverables
• Carry out full tests of a few layers in lab and electron beam at SLAC of KPiX-detector
prototpyes (Oregon, SLAC, Davis).
• Mount (bump bond) KPiX to 2nd round detectors for ECal full module (Davis).
• Carry out mechanical and magnetic field tests of KPiX + detectors (Oregon, Annecy, SLAC).
• Order full 1024-channel KPiX chips (SLAC).
• Fabricate full ECal module (all).
• Put full module in electron beam at SLAC for determination of EM response and resolution
(all).

9
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We are considering as many as three beam tests. The first is a “technical” test (early FY2007) of
1-2 layers (i.e. one layer ≡ one detector with one readout (KPiX) chip). Next, we would test the
full-depth ECal module in an electron beam, presumably at SLAC, to fully map out electromagnetic
response and resolution. Hopefully, this will occur in FY2007. Finally, we would put our module
plus an LC HCal module into a hadron beam, probably at FNAL, to determine hadron response and
validate the GEANT4 simulation codes upon which the design of a full detector relies. There are
currently several possible scenarios for this test. The validation of the simulations will presumably
be aided by using detectors (ECal and HCal) with fine segmentation, hence there would be an
important role for our module in such tests.
Taking into account damage, lab tests, and so forth, we will need to procure about 40 new
silicon detectors for the full-depth ECal module. We estimate the cost, based on our previous
order, to be about 200k$, about 35% of which would be NRE for the photomasks. Hence, Oregon
is seeking 50k$ over two years in this proposal and the remaining 150k$ outside of the LCDRD
process.

10
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In the following, we present the Oregon budget and justifications, then the Davis budget and
justifications, followed by the total project budget.
Oregon Budget justification:
We request lab test equipment and supplies, partial funding for prototype detectors (see discussion
above), and undergraduate wages to carry out our program.
As discussed above, we request a total of 50k$ over two years for the detectors for the full
module. This is to be supplemented by 150k$ requested separately.
For the technical beam test we request 5K$ for the design and fabrication of mechanical fixtures.
Lab test equipment request includes the following: Low and test amplifiers (2k$), clean room
supplies (2k$), and an FPGA card (2k$) for the back-end readout.
For the development of our printed circuit motherboard for the first beam test we request 4k$
for its design, 4k$ for its fabrication, and 2k$ for the required wire bonding to the KPiX chip. Note
that the Davis flex cable will eventually replace functionally replace this.
Travel includes test beam related shipping in addition to some travel to LC workshops.
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 40 weeks per year of support for each of two
students, at hourly wages of $8/hour with no fringe benefits. Including indirect, this is about 10
k$ per year.
The indirect rate is 26%. Indirect is not applied to equipment for items costing more than 5k$.
So we assume no indirect is applied to the silicon detector orders. Otherwise, the numbers given
above include indirect, so are 26% larger than the ones in the table below.
The item for PC board development included in last year’s proposal, is now, in part, transferred
to UC Davis under flex cable development.
Oregon two-year budget, in then-year k$:
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs(1)
Total direct and indirect costs

FY2006
0
0
8.0
8.0
0
8.0
30.5
1.6
0.8
0
40.9
4.13
45.03

FY2007
0
0
8.0
8.0
0
8.0
29.7
1.6
0.8
0
40.1
3.93
44.03

Total
0
0
16.0
16.0
0
16.0
60.2
3.2
1.6
0
81.0
8.06
89.06

11
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UC Davis Budget justification:
For the bump bonding and flex cable development, we will need two technicians (0.25 FTE each).
The expertise required for the two tasks is vastly different and it is unlikely that one Tech would
be trained in both. Based on present experience, the personnel costs, spread over the two years,
are estimated to be 8.0k$ for the bump bonding (at 0.25 FTE) and 12k$ for the flex cable (at 0.25
FTE). Fringe benefits are included in these figures.
We assume that there will be 40 wafer/readouts to be bonded during 2006-07. These could
be arranged in one tower 30 layers deep and also, in two strings of 10 wafers that will test
the layer readout design. For the purpose of this budget, we assume only 10 wafers will be bumpbonded in 2006. The bump bonding effort over the two years includes supplies (photoresist, indium,
miscellaneous): $2,000; Microfab Facility charges: $5,600; Ti/W sputtering target: $850. The
microfabrication facility at UCD charges $28/hr with a maximum of $2,800/month once the usage
exceeds 100 hours. We estimate 1 day/chip for patterning, for a total of 30 days, which can not
be accomplished in one month. Hence, we have budgeted for a total of 2 months of usage of the
microfab facility.
The NRE estimate for the flex cable is $2,800, based on actual quotes obtained from a vendor
based on a preliminary design that contained all the required features but not the ultimate complexity of the design. We anticipate two rounds of prototyping in order to produce the final version
of the flex cable. The actual fabrication cost is estimated at 1.0k$. We envision two rounds of
design and fabrication, giving a total of about 8k$.
The indirect rate is 26%.
UC Davis two-year budget, in then-year k$:
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2006
9.0
0
0
9.0
0
9.0
3.8
2.0
1.85
1.6
18.25
4.745
22.995

FY2007
11.0
0
0
11.0
0
11.0
5.0
2.00
1.0
4.0
22.0
5.720
27.720

Total
20.0
0
0
20.0
0
20.0
8.8
4.00
2.85
5.6
40.25
10.465
50.715
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Combined Oregon and Davis totals, in then-year k$:
Item
Total direct costs
Indirect costs(1)
Total direct and indirect costs

FY2006
59.15
8.88
68.0

FY2007
62.10
9.65
71.7

Total
121.25
18.53
139.7

References
[1] M. Breidenbach, talk at Chicago LC Workshop, Jan. 2002, http://LCworkshop.uchicago.edu/;
updated at Cornell workshop, July 2003, http://www.lns.cornell.edu/LC/workshop/.
[2] R. Frey, talk and proceedings paper from Calorimeter 2002, Pasadena, CA, March 2002, documents available at http://3w.hep.caltech.edu/calor02/ ; talk presented at Linear Collider Workshop, LCWS2002, Korea, Aug. 28, 2002, http://lcws2002.korea.ac.kr/.
[3] M. Breidenbach, talk presented at LCWS, Stanford, CA, March 2005. See URL:
http://www.pd.infn.it/ checchia/lcws05/SID.ppt
[4] David Strom, talk presented at LCWS, Stanford, CA, March 2005. See URL:
http://www.pd.infn.it/ checchia/lcws05/strom-cal.pdf

13

718

6.6

Calorimetry

6.6: Digital Hadron Calorimetry for the
Linear Collider using GEM based
Technology
(renewal)
Calorimetry
Contact person
Andy White
awhite@uta.edu
(817) 272-2812
Institution(s)
UT Arlington
Washington
Funds awarded (DOE)
FY04 award: 70,000
FY05 award: 35,500
New funds requested
FY06 request: 177,490
FY07 request: 176,041

6.6

719

Digital Hadron Calorimetry for the Linear Collider using GEM based Technology
University of Texas at Arlington, University of Washington
Personnel and Institutions requesting funding
Andrew Brandt, Kaushik De, Jia Li, Mark Sosebee, Andy White*1, Jae Yu*2, Tianchi Zhao
1
GEM detector contact: awhite@uta.edu, (817) 272-2812, (817) 272-2824 (FAX)
2
Simulation & Software contact: yu@fnal.gov, (817) 272-2814, (817) 272-2824 (FAX)
Collaborators
ChangHee Hahn, Changwon National University, Korea
Project Leader
Dr. Andy White
awhite@uta.edu
(817) 272-2812
Project Overview
The goal of this project is to develop 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 Particle Flow Algorithm (PFA)
approach to achieve the required jet energy and jet-jet mass resolution. Figs. 1 and 2 show
schematics of this approach.
-2100V
∆V ~400V
∆V ~400V

0V

Fig.1 Schematic of double-GEM detector

Fig.2 GEM-DHCAL Concept

The ionization signal from charged tracks passing through the drift section of the active layer is
amplified using two-stage GEM foils. 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,
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initial ganging of pads for future finer granularity readout if required by cost considerations.
Fig.2 shows how the GEM approach is incorporated into a digital calorimeter scheme.
Status Report
In order to be able to design a hadron calorimeter system based on GEM technology, we need to
establish the basic characteristics (signal sizes, efficiency, hit multiplicity, magnitude and
frequency of crosstalk, rate capability) of GEM chambers with small anode pads, to develop the
capability to make large area GEM foils, and to be able to reliably simulate the behavior of our
prototypes. We constructed and learned how to reliably operate small GEM chambers, and
obtain some initial results. In FY05 we made a number of essential measurements with our small
chambers, have obtained and characterized our first large-area GEM foils, and have produced a
first round of simulation results. This work is described in the following sections.
Results from GEM prototypes
We have continued to make measurements using our small GEM prototype. A view of a
prototype is shown in Fig.3. The 3 x 3 array of 1cm2 anode pads is shown in Fig.4. Signal
amplification is achieved using QPA02 chips from Fermilab (originally developed for readout of
a silicon-based detector). We initially used an Ar/CO2 70:30 gas mixture and obtained gain
values close to those measured by the GDD group at CERN [1]. However, we have recently
changed to an 80:20 mixture, which yields signals about three times larger for the same potential
across the foils and has not caused any deterioration in chamber performance or stability.

Fig.3 10cm x 10cm prototype

Fig.4 Anode pad layout

Efficiency measurement
To measure the efficiency of our prototype we used cosmic rays at essentially normal incidence.
In order to guarantee that a track passed through the central region of the anode array (the central
pad or the inner part of one of the surrounding pads), we had to move the top trigger counter out
to about 1m away. This, of course, meant a low rate for accumulating data. The physical
separation of the anode pads is 250μm. However, this gap should not lead to a loss of efficiency
as the field lines, and hence the electrons, all end on one of the copper pads. With a 40mV
threshold (compared with a typical average signal size of 200mV after amplification) we obtain
an efficiency of 94.6% after trigger counters were arranged to guarantee hitting the pads - see
Fig. 5. As discussed below, this is in good agreement with the expectations from our simulations.
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Fig.5 Efficiency results

Fig.6 Setup for multiplicity measurement

Hit multiplicity measurement
To measure the hit multiplicity on our 3 x 3 pad array, we used a Sr-90 source, collimated so that
the decay electrons hit the central pad region only as shown in Fig.6. A cosmic ray veto also
covered the complete area of the pad array. The thresholds on all nine channels were set to the
40mV value that gave the 94.6% efficiency described above. The hit multiplicity is the ratio of
the number of hits in all nine pads to the number of hits on the central pad. We obtained a value
of 1.27, giving the GEM technology an advantage over, for example, RPC’s for which a hit
multiplicity in the range 1.6 – 1.7 has been measured [9].
Development of large-area GEM foils
In FY05 we have worked with 3M Corporation to specify, produce, and test 30cm x 30cm foils.
This was a precursor to producing the 1m x 30cm foils needed for a GEM-DHCAL test beam
module. The 30cm x 30cm size was mainly dictated by the available etch window of the 3M
reel-to-reel flex circuit production process. The Electronics Solutions Division of 3M that we
have been working with had previously made circular GEM foils of various sizes for colleagues
at Purdue University for TPC studies. Over a period of a month we evolved a detailed design,
finally resulting in the production of a roll of 80 30cm x 30cm foils, each with 12 high voltage
segments. A view of one of the first foils is shown in Fig. 7, and a high magnification view of a
section of foil is shown in Fig. 8. We experienced some initial problems with the delivery of the
foils: due to an unfortunate choice of plastic film separators between the foils, a large area of
surface staining was present on each of the initial 30 foils. 3M took back these foils and have
recently delivered another 30 foils with clean surfaces.
As a service to some of our colleagues, we are also supplying at cost a number of foils to
U.Victoria (for tracking studies), Louisiana Tech. U. (also for tracking studies), U.Washington (a
collaborator on this proposal), and Changwon National U. and Tsinghua U. (for general GEM
studies).
We have made initial measurements of the currents drawn when various potential differences
were applied across each high voltage sector on each foil. We established a procedure to be
followed by our undergraduate students testing the foils. We defined a foil to be acceptable if it
passed visual inspection, and if all HV sectors drew a current less the 10nA after 30 seconds.
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Fig.7 New 30cm x 30cm 3M GEM foil

Fig.8 Magnified section of new 3M foil

Possible alternative approach to standard GEM foils
We have been considering a potentially interesting alternative to the standard GEM foil
technology. Recent work [2] has shown that a so-called “thick-GEM” (THGEM) can, in a single
layer, achieve multiplication levels typical of at least a double-GEM device. A THGEM is
essentially a circuit board, clad with copper on both sides through which holes have been drilled.
A typical configuration might be a 0.4 mm thick board with 0.3 mm diameter holes spaced 1 mm
apart. An example [2] is shown in Fig. 9 and gain results in Fig. 10.

Fig.9 Magnified section of thick GEM

Fig.10 THGEM gains

Since in our application we use rather large pads (compared say with a microstrip tracker) the
sparser array of holes should not be an issue. Use of this approach could save about 0.5 mm in
radial space per layer of the hadron calorimeter, or 2cm overall for 40 layers. With the detector
costs scaling as +$12M/mm increase of the superconducting coil radius, this could be a
significant cost saving.
THGEM’s can potentially be made using a laser drilling technology, although this may limit the
hole diameters to about 0.2 mm. Smaller holes can be drilled at the rate of about 18,000/minute.
In order to allow the safe use of high potentials across the THGEM’s, avoiding discharges, it is
desirable to etch away some copper from around each hole after drilling. This can be achieved by
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the use of standard etching techniques, with care being taken to co-center the drilled and etched
holes.
An interesting possibility for the hadron calorimeter is to shape the THGEM boards to provide a
true cylindrical geometry. This may have certain advantages in reducing the problems associated
with calibration and the setting of discrimination levels for the digital calorimeter since more
radial tracks would cross the active gaps at close to normal incidence.
We therefore propose to evaluate this alternative approach. We have received some small
THGEM samples from colleagues at the Weizman Institute. We will also have our own THGEM
made locally and compare their characteristics and cost of fabrication with standard GEM foils.
Assembly of large area GEM detectors
We will assemble five 30cm x 30cm double-GEM chambers. The first step is to mount the GEM
foils on frames. The frames, made of FR4, were designed at UTA following an initial design by
Dean Karlen, U.Victoria. They were made for us at Lab 8, Fermilab on their Thermwood
machine and kindly paid for by our ILC colleagues at Fermilab. The design of the 1 mm frame is
shown in Fig. 11. The foils will be stretched, then mounted, on the frames using the transfer jig
shown in Fig.12. A schematic of the layer assembly for the chambers is shown in Fig. 13.

Fig.11 Frame for 30cm x 30cm foils

Fig.12 Transfer jig for framing foils

The anode boards will have the usual 1cm x 1cm segmentation, with readout traces taken from
plated-through holes on the reverse side to the edges of the boards, as shown in Fig.14. This
arrangement, together with three preamp boards per detector will allow us to read out an 8 x 8
array of anode pads per chamber.

Fig.13 30cm x 30cm chamber assembly

Fig.14 Anode board for 30cm x 30cm
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Readout of the Large Area GEM Chambers
For our 10cm x 10cm prototypes we have used a 32-channel board based on the QPA02 chip,
originally designed at Fermilab for silicon detector readout. Fermilab PPD has kindly handled
the production of twenty more of these boards for us – sufficient for 96 channels for each of the
30cm x 30cm chambers, plus spares. We have developed and made adapter boards to allow the
plane of the readout boards to be parallel to the plane of the chambers, in turn allowing the five
chambers to be stacked close together if needed.
The University of Washington group has worked on the DAQ system planning for the GEM
chamber cosmic ray test stack. The role of the DAQ system is to receive output signals from
preamplifier cards based on the Fermilab QPA02 ASICs that amplifies the signals collected on
the pads of the GEM chambers, discriminate the signals and send the digitized signals to a
computer. Given the limited funding for this project, modifying and reusing an existing system
was considered. For this, we have investigated two possible solutions. The first solution is to
reuse the MWPC front end cards that the UW group built for a Fermilab experiment in the late
1980s. If we reuse these cards, modules for data control and interfacing with the computer will
be needed. The second solution involves using DAQ cards built for the muon system of the
BESIII detector in Beijing. The IHEP in Beijing has agreed to supply enough cards for our
cosmic ray test at a minimum or no cost. We have been in contact with them and expect to
receive these cards in January 2006. We will need to do some tests to determine which solution
is best suited for the GEM cosmic ray stack test.
The IHEP DAQ system consists of two parts: front end cards (FECs), see Fig. 15, and control
modules (NIM format). Each FEC has 16 discriminators with software selectable thresholds.
Each card has a FPGA that receive and store the data locally. A maximum of 16 cards can be
daisy chained and the data stored in these cards can be sent to the control module in serial. The
control card has a USB port. A DAQ sequence is initiated by an external trigger and the data
from the control module is sent to the computer via a USB cable.

Fig.15 The layout of the FEC card

.
Our GEM cosmic ray stack will have 480 channels that require 30 FECs and 2 control modules.
The FECs are designed to be mounted on the edges of detectors. We will need to design
mounting frames for these cards. Cables and power supplies are also needed. The DAQ software
is written based on Delphi and Windriver development platforms. We may need them to modify
the DAQ software to meet our needs.
Simulation Studies
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
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sensitive layers in the TESLA TDR hadronic geometry (stainless steel/ scintillation counter) with
the double GEM layer structure. 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 introducing a new composite
material, GEM. 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.
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 energy-independent 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.16.a shows a profile plot of E vs N for hit-to-energy-deposit conversion.

Figure 16. (a) A profile plot of energy deposit vs number of cells hit used for hit-to-energy
conversion. (b) A scatter plot of energy deposit. A saturation at the higher energy
deposit is apparent.

Fig.16.b shows the scatter plot of energy vs number of hits, which 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
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cells versus energy deposit to extract the hit-to-energy-deposit conversion factor for digital
readout mode analysis.

Figure 17. Energy deposit of 50 GeV pions (red circles) in GEM DHCAL (a) in analog and (b) in
digital modes. (c) Energy deposition of a 50GeV muon (red histogram) and the cut efficiencies as a
function of discriminator threshold (dark red).

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.
Figs. 17.a and b show distributions of energy deposit by 50 GeV pions for analog and digital
modes, respectively.
Fig. 17.c shows the energy deposit of a 50 GeV muon in the GEM calorimeter (red 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. Fig. 18.a shows single pion energy resolutions for GEM DHCAL
(green) which is comparable to the TESLA TDR [5] detector (red) except at low energie. The
single pion energy resolution of the GEM digital calorimeter is comparable to that of TESLA
TDR and other detector studies (black 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. Figure
18.b compares the jet energy resolution for GEM DHCAL using a “perfect” PFA (blue), which
has a sampling term of 30%/√E, to other detector technologies, using the single pion energy
resolution obtained for GEM DHCAL. This study clearly demonstrates the potential of PFA with
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Figure 18 (a) GEM DHCAL single pion energy resolution. (b) GEM DHCAL jet energy resolution
using a PFA.

GEM DHCAL to achieve the excellent jet energy resolution required by the physics program at
the ILC.
In order to make the transition to the next level of simulation, it was necessary for us to convert
the simulation package into a version that would produce output in LCIO format, commonly
used in the ILC community. We have therefore been working on implementing an upgraded
Mokka simulation package. The energy resolution with this new package shows a slight
improvement in its sampling term compared to previous studies, expected from recent GEANT4
changes. We have also been working with N. Graf and others on the SiD concept to implement
GEM into the latest SiD geometry to carry out PFA development. We have requested samples of
single and double pion events and single electron events from SLAC for this work.
FY2006 Project Activities and Deliverables
Completion of the 30cm x 30cm GEM chambers
We have taken delivery of the new 3M large GEM foils and must first finish testing them prior to
use in chamber assembly. These tests should be completed in 2-3 weeks. We also hope to have
similar test results from our colleagues sharing the foils at other institutions. Assuming that most
of the foils check out satisfactorily, we will mount ten of them on to frames. We have also just
received the anode printed-circuit boards for the new chambers. Following some more tests of
assembly procedures, we will build five double-GEM chambers. This will take about two months
to complete.
Testing of individual chambers
Prior to setting up a stack of five chambers we will characterize individual chambers. We will
assess our ability to make chambers with a common performance in terms of uniformity of gain,
efficiency, and hit multiplicity across their active areas. These tests will use both radioactive
source(s) and cosmic rays, following our earlier tests on 10cm x 10cm prototypes.
Cosmic ray tests with five chamber stack
As a precursor to finding tracks in a calorimeter stack, we will arrange the five 30cm x 30cm
chambers in a vertical stack for use with cosmic rays. The stack will be used to examine and
produce results on the following items:
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- Single cosmic tracks hit patterns.
- Hit multiplicity (vs. simulation)
- Signal sharing between pads (e.g. vs. angle)
- Efficiencies of single double-GEM counters
- Effects of layer separators
- Operational experience with ~500 channel system
- Possible test-bed for ASIC’s when available – rebuild one or more DGEM chamber
We expect to spend several months on these tests and their interpretation in mid-2006.
Possible beam tests with 5 chamber stack
We have the possibility of testing the five chamber stack (maybe starting with a single chamber)
at the Fermilab MTBF (Meson Test Beam Facility). This would extend the tests with cosmic rays
and give us valuable experience with MTBF for the planned full 1m3 GEM calorimeter stack.
There is also the possibility of taking up an offer from our Korean collaborators of using a low
energy electron test beam in Korea. The choice of facility and timing of these tests will be
decided by practical considerations of schedule and availability in 2006.
Development of GEM foils
For the assembly of 1m2 planes of GEM active calorimeter layers, we need 1m x ~30cm strips of
GEM foils. Three such strips (doubled for DGEM chambers), each 30-33cm wide will then form
an active layer of 1m2. We have already discussed the need for these long foils with 3M and, in
principle, there is no great barrier to adapting their reel-to-reel production line to make them. We
will pursue this in 2006 and address issues of registration and tolerance down the long strips. The
goal is to have the first long strips available for prototype large chamber assembly in the second
half of 2006.
Investigation of THGEM’s
We will first use the small THGEM samples from Weizmann to build small chamber(s) and
reproduce the Weizmann results for our own education. In parallel we will investigate the
production of THGEM boards using PCB manufacturers in the local Dallas-Fort Worth area. If a
manufacturer(s) can be found that can make larger pieces of THGEM at a lower or competitive
cost with the 3M foils, we will proceed to make larger chambers and evolve a DHCAL design
based on this alternative technology.
GEM chambers in 5T field simulation study
We have created a simulation of a GEM foil in MAXWELL and verified the electric fields and
the number of holes needed to avoid edge effects. The next step is to include the magnetic field
and then use GARFIELD [8] to study the modifications to the trajectories of drifting electrons in
the combined field vs. the electric field alone. We anticipate that this could lead to a shift in the
center of the ionization collected at the anode pads. We will also search for indications of
spiraling electrons around the magnetic field lines which could cause unwanted large signals.
Further PFA development
We will work on PFA development as part of the SLAC/Argonne effort within SiD. We will take
on one or more Master’s student(s) to do the code development for the GEM-based version of
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the HCal. We will deliver performance study results for the complete SiD detector simulation
with digital GEM-based DHCAL. This work will also extend into 2007 and beyond as
refinements are made and further algorithm enhancements are made as we confront and solve
problems such as cluster identification and track assignment, and neutral energy measurement.
We are particularly interested in the issues related to the use of GEM active layers: the effects of
low vs. high hit multiplicity, magnetic field causing offsets in charge deposition, digital threshold
setting and relative (to scintillator) neutron insensitivity.
Test beam stack simulation development
We expect to participate in a testbeam experiment on the 2007 – 2008 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.
Develop trigger and timing system for Fermilab MTBF test beam
As part of the plan to use the Fermilab MTBF for ILC calorimeter studies, UTA has agreed to
work on the trigger and timing system. We will investigate the current trigger counters and
available signals in relation to the readout needs of the various CALICE and SiD modules
proposed for exposure at MTBF. There are issues of asynchronous running at MTBF vs. the
synchronous environment at the ILC. If we expose our 30cm x 30cm chambers to the beam at
MTBF, as described above, this will no doubt give us valuable input for trigger and timing
modifications for future running.
FY2007 Project Activities and Deliverables
Assembly and testing of large (1m x 30cm) GEM planes
We have made initial tests of the assembly procedure for the 1m x ~30cm planes. Fig.19 shows
the result of one of these tests. We will further develop, and possibly semi-automate, this
procedure in 2006 with the goal of completion at the time of the availability of the 1m x ~30cm
foils from 3M discussed above. In 2007 we will assemble sufficient 1m x ~30cm planes to be
confident in the procedure before beginning the work on the 1m3 stack.

Fig.19 Mechanical test of large GEM layer assembly
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Start construction of 1m3 test beam stack – conditional on funding
The principal task for the next three years (extending the scope of the current proposal) will be
the construction and testing of a full size (1m3 ) GEM-based digital hadron calorimeter stack.
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 spatial resolution
(~1cm), to tune GEANT4 as a reliable tool for PFA 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 40 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 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, 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 8x8
detector pad array. We currently envisage an arrangement that we will have 6 large multilayer
printed circuit boards to readout a 1m2 detector plane. Each board will host 24 front-end ASIC
chips, as shown in Fig.20.

Fig.20 Components of ASIC-based readout system
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Evaluation of the ASIC design has been started at Fermilab and Argonne. We will
develop a front-end readout board design for the 30 cm x 30 cm double GEM chambers
that we will construct in FY2006.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. We expect that the design of these front-end readout boards will be somewhat
different for GEM and RPC in terms of some mechanical aspects. The work for prototype
ASIC chip testing and the front-end readout board development work 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 both GEM and RPC.
Funding for this large-scale test is being sought from other sources.
Develop design of hadron calorimeter for SiD based on GEM-DHCAL
As UTA has been working with the SiD detector concept, in 2007, we will complete an
initial design study for a full GEM-DHCAL system for SiD. We will address issues such
as the minimization of chamber boundaries (dead areas), minimization of active layer
thickness, mechanics and FEA of a GEM-based stack, absorber choice, total depth of the
ECal+HCal system, digital readout signal routing at the module level, HV and LV
supplies, and the gas system.
Budget Justification: University of Texas at Arlington
Item
Other professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries and Wages, Fringe
Equipment
Travel
Material and Supplies
Other direct costs
Institution 2 subcontract
Total direct costs
Indirect costs
Total direct and indirect costs

FY2006
FY2007
22050
22932
21600
22464
43650
16335
59985
10000
8000
5000

45396
16988
62384
5000
8000
5000

29736
112721
35033
147754

29736
110120
36185
146305

Total
44982
44064
0
89046
33323
122369
15000
16000
10000
0
59472
222841
71217
294059
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This budget includes:
- 0.5 Postdoctoral Associate for each year – Dr. Jia Li who has done all the
detailed design work on this project and has been responsible for building and
testing the prototypes.
- A graduate student for each year to work on both the component and
prototype testing and the development of simulation code
- The fringe rate for the postdoc is 30% and for the graduate student it is 45%
- Equipment funds, split over the two years, to allow the assembly of a cosmic
ray test stand for the 5 chamber stack, and the development of full size active
layers.
- Travel to allow participation in LCWS conferences, CALICE and SiD
meetings and work on the test beam at Fermilab.
- Materials and supplies for the purchase of an initially small number of long
GEM foil strips and other materials necessary to assemble the prototypes
described here.
- UTA indirect costs are at a rate of 48%.
Budget Justification: University of Washington
Item
Other professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries and Wages, Fringe
Equipment
Travel
Material and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

FY2006
12000
0

FY2007
12000
0

12000
3600
15600
0
4000
4000

12000
3600
15600
0
4000
4000

23600
6136
29736

23600
6136
29736

Total
24000
0
0
24000
7200
31200
0
8000
8000
0
47200
12272
59472

This budget includes:
- Two months engineer salary to work on the readout/DAQ system
- Fringe at a 30% rate.
- UW off-campus indirect cost at 26% rate.
- Travel to UTA, 2 weeks each time working on cosmic ray testing
- Materials, software and supply for DAQ system
References
1. F. Sauli, Nucl. Inst. Meth., A386, 531 (1997).
2. C. Shalem et al. Advances in Thick GEM-like gaseous electron multipliers. As
presented at the IEEE/NSS 2005.
3. Mokka Home Page, http://polype.in2p3.fr/geant4/tesla/www/mokka/mokka.html
4. GEANT4, detector simulation toolkit, http://geant4.web.cern.ch/geant4/

733

5. F. Richard, et al., TeV Energy Superconducting Linear Accelerator (TESLA)
Technical Design Report, (2001); http://tesla.desy.de/new\_pages/TDR_CD/start.html
6. S. Habib, “Simulation Studies of a New Digital Hadron Calorimeter, Using Gas
Electron Multipliers (GEM)", MS Thesis, University of Texas at Arlington, UTAHEP/LC-003, Unpublished (2003).
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. R. Veenhof, Simulation of gaseous detectors, http://consult.cern.ch/writeup/garfield/
9. See e.g. talks by Lei Xia at LCWS05 or Snowmass ILC Workshop 2005.

734

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
Northern Illinois
Oregon
SLAC
Kansas
Funds awarded (DOE)
FY04 award: 35,000
FY05 award: 44,500
New funds requested
FY06 request: 66,840
FY07 request: 68,850

6.9

735

STATUS REPORT
Project Name
Development of Particle-Flow Algorithms and Simulation Software for ILC Detector(s)
Personnel and Institution(s) requesting funding
G. Blazey, D. Chakraborty, J. G. Lima, 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,
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
are developing, 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 project addresses the first component while the second is the
subject of a separate project.
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 detector components must be optimized, sometimes in unprecedented ways,
taking full advantage of the most recent developments in technology. One such example
is the hadron calorimeter which will play a key role in measuring jets from decays of heavy
particles such as vector bosons, 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
1
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Z or a W boson by its hadronic decay into 2 jets. This requires
dijet mass measurement within
√
∼ 3 GeV, or, in terms of jet energy resolution, σ(E) ≈ 0.3 E (E in GeV). Such precision in jet
energy measurement, without a kinematically overconstrained event topology, is beyond any
collider calorimeter to date. 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 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
particle-flow 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 (σ(E) ≈ 0.6 E). 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). On average, only a small fraction of a jet’s energy is carried by particles with
momenta greater than 20 GeV. Momentum measurements by 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). If all particles in a jet could be identified correctly and √
all the energy
could be associated perfectly, then a net jet energy resolution of σ(E) ≈√0.18 E would be
possible. Such perfection cannot be attained in reality, but σ(E) ≈ 0.3 E is still deemed
achievable. However, this will certainly require extensive and simultaneous optimization of
detector design and tuning of algorithm parameters.
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 simulations of
1. parton shower evolution,
2. particle interactions in the detector volume, and
3. sensor response to energies deposited in the sensitive media.
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. For
the first time in the history of particle collider experiments, detector design and algorithms
will evolve in a bootstrap process through iterative feedback to each other.
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.
2
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Status Report
Members of NIU, ANL, SLAC, and UTA began collaborating on PFAs, simulations, and
software development efforts in January, 2002. Fermilab and niversities of Kansas and Iowa
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 have been presented at the
Calor conferences, ECFA and ACFA meetings, the American LC workshops, and at the
International LC Physics and Detector Workshops.
1. Detector optimization: Toward the optimization of the HCal design, the NIU team has
pioneered investigations of energy estimators based on local hit densities as alternatives
to the traditional way of simply dividing the energy measured by each cell by a fixed
sampling fraction to estimate its energy. The former can be used quite effectively with
the so-called “digital” calorimetry, where each cell offers only a binary (1-bit) output
indicating whether or not it has received at least the energy expected from a minimum
ionizing particle (MIP), as foreseen for the gas-based HCal designs (RPC, GEM). But it
also helps extract more precise information out of multi-bit read-out of each cell, which
remains an attractive option for scintillator-based designs.
We have been studying the performance of such estimators as functions of different
weighting schemes, active media, dynamic ranges of the cell energy measurement, cell
size etc. Our preliminary findings suggest that with sufficiently small cells, the densitybased method yields a more precise measurement of the hadron energy, i.e., fluctuations
in hit (or energy) density are smaller than those in the sampled energy of a hadronic
shower. Use of local hit/energy density in lieu of the deposited energy to weigh the
calorimeter hits results in superior energy resolution and separation of nearby showers.
Through extensive simulation and analysis, we have gained some sense 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, but we continue to work on
making the simulations more realistic and improve the credibility of these results.
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 neutralhadron-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 particleflow algorithm as described below. The elements are highly inter-related, and must be
optimized simultaneously. All figures in this section were generated using GEANT4based detector simulation programs and reconstruction algorithms developed at NIU.
HCal absorber/active media properties: The reconstruction 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 developed a GEANT4-based detector simulation package called LCDG4 that is fully compatible with this environment,
and produced many data sets spanning a range of cell sizes and event types (sin3
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gle particles as well as benchmark physics processes). LCDG4 served as the official
standard for all maistream algorithm development activities in America for 2+ years
until the 2005 Snowmass workshop, when it was succeeded by a more sophisticated
package called SLIC.1 Teams from NIU, ANL, SLAC, and Iowa, studied a wide variety of events simulated with LCDG4, which resulted in a set of algorithms that can
be combined in a number of alternative ways in a full chain for jet reconstruction.
We have been optimizing the HCal by comparing scintillator- vs. gas-based devices
(e.g. RPC, GEM) as active media. Comparisons between dense materials (e.g.
W) to less dense ones (e.g. Stainless Steel) as absorbers, are underway. Singleparticle and jet energy resolutions will be used as performance measures. Substantial
progress has been made in this direction already. The left panel of Fig. 1 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. 1
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 1: Comparisons of scintillator vs. gas as the HCal active medium. Left: the fractional energy
resolution of single π ± using density-weighted clustering in scintillator and gas-based geometries.
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 cm 2 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 density-weighted angular width of single π ± s showers
as function of their momenta, in HCals with 9 cm 2 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.
1

Jeremy McCormick, the primary developer of SLIC, is a former NIU graduate student who gained experience in
GEANT4 while working with our group. He was on a joint NIU-SLAC appointment during the development of SLIC.
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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. 1). The methods developed here are generalizable to different total detector concepts, namely, SiD (most compact, Si wafers for
tracking and ECal), LDC (medium sized, TPC for tracking, Si wafers for ECal), and
GLD (large, TPC for tracking, scintillator-based ECal). The basic performance measure here is the ability to separate showers initiated by charged and neutral hadrons
- the key to any PFA. 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 dynamic range of the readout, which needs
to be evaluated by comparing jet energy resolutions. 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 with small cell sizes (< 10 cm 2 ), and for single
hadrons below 20 GeV, the number of cells hit can be a more precise estimator
of the particle’s total energy than the sampled energy is. 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 have shown that a slightly expanded
dynamic range (two bits, instead of just one) allowing multiple thresholds to classify
the hit status of a cell can be effectively used account for this non-linearity.
2. 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. As the first step of a PFA, in 2003-2004 we implemented an algorithm
that produces clusters of calorimeter cells using local densities of hits as weights. In
2005, this has been supplemented by the “directed tree” algorithm, which uses local
density gradient vectors for cluster reconstruction. In both cases, the user can choose
the parameters such as thresholds, neighborhood definitions etc. The clusters serve as a
quasi-geometry-independent set of objects for the subsequent steps.
The directed-tree algorithm is currently in a 2-stage “training” phase. Figure 3 shows
an example of the result of the first stage of the purely calorimeter-based cluster reconstruction by the directed-tree algorithm. In the second stage, the Monte Carlo truth is
consulted to check which of the clusters are “satellites” or “fragments” and to determine
which main cluster a given fragment should be attached to. 2
2

“Fragments” are small clusters that sometimes appear separated from a “main” cluster even though both originate
from the same particle.

5

740

Figure 2: 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.
We see in Fig. 3 that there are, as one would expect, very few fragments when the
showers are well separated.
Information necessary to run the second stage will not be available in real data. It
is used only as part of training, to optimize the parameters used in clustering and
merging in the first stage. As the parameter-tuning improves in the first stage, its
output should approach that of the second stage. An example performance of the twostage process is shown in Fig. 4. While the parameters for the EM calorimeter seem to
be reasonably well-tuned, those for the hadron calorimeter need further tuning (we have
just implemented the algorithm, no work has yet been done on parameter optimization.)
The second step is to extrapolate the tracks and match them to clusters whenever appropriate, so that the energies of all charged-hadron-induced clusters can be replaced with
the corresponding track momenta. The third step is to identify the photons by showershape 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.
To facilitate portability of the algorithms across regional boundaries and detector design
choices, we always try to minimize the dependence of implementations of the high-level
algorithms on detector geometry details.
6
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Figure 3: Cluster-finding by the “directed tree” algorithm. The left panel shows the end-view of a
number of single hadrons hitting the calorimeter at the same polar but different azimuthal angles.
The right panel shows how the directed-tree algorithm resolved the individual clusters.
In addition to the clustering algorithm from NIU and alternative ones from ANL and
Iowa, we already have separate preliminary codes for identification of minimum-ionizingparticle track segments (NIU, 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, Iowa). We are very close to
combining these pieces into fully functional and completely honest jet-finding algorithms.
The PFA developed at NIU, leads to full jet reconstruction by using Monte Carlo “truth”
for track matching. A representative result of this is shown in Fig. 5 (this figure uses
the older clustering algorithm - we are working on integrating the new algorithm into
full jet reconstruction). We see that this PFA affords a 40% improvement in jet energy
resolution compared to a traditional purely calorimetric measurement. For full PFAbased jet reconstruction, the current resolution on M Z is 3.9 GeV, 30% above the target
of 3 GeV. We have some ideas on how it can be improved (see plans for out-years below),
although how far they will take us remains to be seen.
3. Detector simulation: 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 Fermilab. We organized a workshop at NIU/NICADD in November,
2002, 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, at ANL in 2004, and at U.
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Figure 4: Left: the cluster energies reconstructed by the directed-tree algorithm normalized by
their true energies in the EM calorimeter in 500 events where two charged pions of 10 GeV each hit
the calorimeter face 10 cm from each other. The green (yellow) histogram shows the results after
the first (second) pass. Right: the same plot for the Hadron calorimeter, with the red (magenta)
histogram showing the results after the first (second) pass.
of Colorado, Boulder, in 2006. In FY2004 we produced, with groups across the world
as signatories, a preliminary “requirements document” for the simulation software suite
for the ILC detector(s) [3].
We have made substantial contribution to the following simulation software projects:
Simulation of full detector concepts: We developed, in close collaboration with our
colleagues at SLAC, a stand-alone GEANT4-based simulation package called LCDG4.
It supports run-time geometry specification, and fully complies with the model put
forth by the ALCPG simulation group, and adds several useful functionalities to it[5]. 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.
For over 2 years, LCDG4 was the official standard detector simulator for ALCPG. It has
recently been succeeded by a newer, more versatile, package named “SLIC”.
Simulation of test-beam prototype modules: As members of the CALICE collaboration (CAlorimeter for the LInear Collider with Electrons[2]), and in active cooperation
with our European colleagues, we produced a GEANT4-based simulator for the detector
prototype module that is expected to be exposed to test beams over a period of 3-4 years
starting in mid-2006. This program, called “TBMokka” is built on an alternative simulation framework called “Mokka”, developed independently by our European colleagues.
Our involvement in the development of TBMokka gradually came to an end when the
student who was working on it moved to SLAC to subsequently become the primary
developer of SLIC.
8
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Figure 5: 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.
Simulation of the signal extraction process following energy deposition: In
another major endeavor, we have designed and implemented the first version of a package, called “DigiSim”, to simulate the conversion of energy deposits in the active media
(simulated by GEANT4) to electronic read-outs[7]. This package offers the user a simple, flexible, extensible, and standard way for parametric fast simulation of the effects
of thresholds, noise, cross-talk, inefficiencies, attenuation, and timing, that are involved
in signal collection, propagation, and conversion to persistable form (digitization). The
process consists of reading the simulated energy deposits in cells, applying any userdefined transfer function, and finally writing out the digitized hits in the same “raw
data” format as for real data. The transfer function can be encoded in one or more
sequential “modifier”s. While most modifiers will operate on single cells, those that
correlate multiple cells (e.g. cross-talk) are geometry-dependent. DigiSim reads the
detector geometry and makes the neighborhood definition available to the user in a
transparent way. As a result of inefficiencies, some cells that received energy deposits
from a particle will not appear in the collection of digitized hits, while the opposite will
happen due to cross-talk. DigiSim keeps a complete account of these mappings so as to
allow the user to trace the effects of DigiSim and the performance of his/her algorithms.
A supplemental ADC-to-GeV conversion step, which would correspond to applying the
9
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calibration constants in real data, is supplied as well. This allows reconstruction and
analysis codes written for “ideal” simulated hits (the GEANT4 output) to be run essentially unchanged on the post-digitization hits through an interface that is inherited from
the older version without DigiSim. 3 To estimate how the above-mentioned effects affect
a given algorithm, one would then simply compare the results obtained using a realistic
set of values for the detector effects to those obtained using an “identity” modifier. The
identity modifier thus allows DigiSim to be permanently integrated into the simulation
chain. A simplified class diagram of DigiSim is shown in Fig. 6, while Fig. 7 shows the
scheme for transforming the list of GEANT4 energy deposits to digitized “raw hits”.
Although so far we have only tested DigiSim for the calorimeter, it can be used for
other subdetectors just as well. Applications to central tracking and muon system are
anticipated in the near future.4

MARLIN

C++ framework

Java framework

Processor

Driver

DigiSimProcessor

DigiSimDriver

CalHitMapMgr

Digitizer
TempCalHit

abstract

CellSelector

AbstractCalHitModifier

abstract

abstract

RandomNoise

GaussianNoise

org.lcsim

GainDiscrimination

Crosstalk

ExponentialNoise

FunctionModifier

SmearedGain

DeadCell

HotCell

SiPMSaturation

Figure 6: A simplified class diagram of DigiSim. Full arrows represent inheritance. Hollow arrows
represent containment (solid) or use (dashed) relationships. New modifiers can be added easily
using the existing ones as examples. Only the part dealing with calorimeter hits is shown in this
example.
3

Only minor modifications are needed to account for the fact that the mapping between the two sets may not be
exactly one-to-one due to the detector inefficiencies and cross-talk, as explained in the text.
4
We have even received an enquiry for possible use of DigiSim in a particle astrophysics experiment.
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Digitizer

SimHitsLCCollection

SimCalorimeterHits

RawHitsLCCollection

Modifiers

TempCalHits

TempCalHits

RawCalorimeterHits

Figure 7: The DigiSim chain in (the calorimeter part of) an event loop. Similar chains can be
added to other detector components as well.
Here are some of the salient features of DigiSim:
• DigiSim adheres to the LCIO event data model, which is now universally accepted
by the ILC detector community. As a result, it can be used on all the different
detector concepts - SiD, LDC, GLD, as well as test beam prototypes - even if the
GEANT4 simulation is done by different programs, as is presently the case. 5
• DigiSim has been implemented in both Java and C++. The Java implementation
is designed for use in the org.lcsim environment adopted in the Americas, while
the C++ implementation works within the Marlin framework, which is the official
standard in Europe.
• DigiSim reads all its parameters from intuitive ASCII “steering” files that are read at
run time. Thus, the user does not have to recompile his/her reconstruction/analysis
code to change a DigiSim parameter.
• The steering files have the same format in the Java and C++ implementations - a
given steering file will produce the same effect in org.lcsim and in Marlin.
• 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 for the real data (except,
of course, the simulation output also contains the “Monte Carlo truth”, which the
real data does not). Since DigiSim is fast compared to most pattern-recognition
algorithms used in event reconstruction, the on-the-fly mode is suitable when one
does not wish to write large intermediate output files on disk, e.g. when one is
changing the DigiSim parameters from one run to another. The stand-alone mode
may be the better choice when a stable set of parameters has been agreed upon for
sharing between multiple users.
5
The official GEANT4-based simulation programs are: SLIC for SiD, Mokka for LDC, Jupiter for GLD, and
TBMokka for the CALICE test beam prototype.
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Figure 8: The effect of DigiSim on energy deposits by 10 GeV muons through a scintillator-based
hadron calorimeter: (a) Scintillation light yield before (blue) and after (red) modeling of crosstalk, (b) After cross-talk simulation (magenta), effects of the geometric acceptance (green) and
quantum efficiency (yellow) of the photodetector are simulated, (c) Effects of exponential (indigo)
and Gaussian (red) noise and discriminator (magenta), (d) Comparison between the particle energy
deposited in elements of the active medium (green) vs. “raw” hits as expected in real data (yellow).
In all plots, both the abscissa and ordinate are in shown in log scale.
An example of some of the effects simulated using DigiSim is shown in Fig. 8. Distribution functions of parameters such as efficiencies, cross-talk etc. may be expressed in
either continuous (analytic) or discreet (histogram) form. Since particle-flow algorithms
must deal with individual showers in a jet, they are expected to be more sensitive to systematic deviations at the single hit level than traditional jet-finding algorithms, where
a single post-reconstruction scaling often suffices to bring Monte Carlo in satisfactory
agreement with data. Therefore, any high claim to the performance of such an algorithm must be substantiated with 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. After a due certification process, the Java implementation has
recently been released in a production version. The American ILC detector simulation
group has ratified DigiSim as an integral part of its simulation chain. We hope that it
will be adopted in Europe as well once some features still missing in the C++ implementation are incorporated.6 We expect DigiSim to be used extensively in the near future
in the simulation of both the various test-beam prototypes and full-detector designs.
6
This is not entirely trivial since there are fundamental differences in the ways detector geometries are handled
by the simulation/analysis frameworks in the Americas and in Europe.
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To summarize, we have met all of the objectives for FY2005 put forth in our original proposal,
namely completion of DigiSim and a first version of a class of particle-flow algorithms that
can work with both analog and digital readouts. We have also continued to process detector
simulation requests from the entire ILC community. All of our code is publicly available
through the official repository of the ALCPG simulation and algorithms working group. Extensive documentation is available at our web site[1]. Additional information and interactive
help are provided on request.
The steady progress that we have achieved so far has been made possible by funding received
for this purpose during the past 4 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 FY2003. In FY2004 and FY2005 we were awarded $35K and
$44.5K, respectively, through LCDRD 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.
FY2006 Project Activities and Deliverables
Experience gained during the past year have led to recognition of new issues and some rearrangement of priorities. In FY2006 we will integrate DigiSim into our reconstruction algorithms and study the effects of various detector imperfections on algorithm performance.
Although DigiSim is ready for use, some improvements are planned in order to further enhance its flexibility, ability to keep track of history (e.g. in the stand-alone mode, to record in
the output exactly what transformations have been applied), and error-reporting capabilities.
On the reconstruction algorithm development front, we will continue to improve patternrecognition techniques, optimize the parameters of the algorithms, and compare simulations
of different options for active medium technology, absorber material, and geometry (segmentation). In particular, we need to understand how the performance of an algorithm depends
on the radial segmentation of the HCal vis-a-vis its thickness in terms of interaction lengths.
It is extremely important to strike the right balance between the thickness and the number
of layers since the geometric thickness of the calorimeter is severely constrained by considerations of the calorimeter and the magnet costs - so much so that the containment of hadronic
showers is a matter of concern in the SiD design.
Also, there are several issues that need to be addressed to fully assess the limit of PFA
performance:
• Much work is needed to minimize incorrect associations of “fragment” clusters: significant errors can result when a fragment originating from a neutral particle is incorrectly
associated with a charged particle, or vice-versa.
• An important action item is to improve the propagation of charged particle tracks
through the calorimeter using progressive fitting techniques that take into account the
13
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energy loss and possible scattering. We have started working on this with C. Milstene
of Fermilab.
• The calorimeter designs currently on the table are not inherently compensating. Separate determination of response to electromagnetic and hadronic interactions in different
sections of the caloriemeter is high on our list of priorities. The dependence of these
responses on the polar angle needs to be studied as well. Since all cells in a given section
have fixed linear, rather than angular, dimensions, the difference may be significant.
• Another important issue is the differences in energy deposition patterns between different types of neutral hadrons, e.g. n, n̄, and K L0 . For a given kinetic energy, these
particles will deposit different amounts of visible energies in the calorimeter. We need
to investigate how much we may stand to gain by identifying those differences.
We expect to accumulate a substantial volume of test beam data by the end of FY2006.
Careful analysis of those will be critical for tuning our simulation and reconstuction programs.
A significant part of our efforts will have to be devoted to this.
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. We
plan to continue with further development of PFA-based jet-reconstruction and a partial
assessment of physics reach vs calorimeter performance for the ILC.
Although we plan to start addressing most of the above issues during FY2006, considering
the available resources, it is not realistic to expect to complete them all within the span of
one year. We intend to report on tangible progress by the end of FY2006 and hope to come
to reasonable conclusions on the key issues by the end of FY2007.
FY2007 Project Activities and Deliverables
In FY2007, we will try to complete the studies listed above. We will also complete the
physics assessment with a clear statement on the desirability of a digital or analog option
for the hadronic calorimeter. This will, of course, depend to a large extent on the test beam
experience as well. If all goes well, we will also start the development of parameterized simulations of the particle-flow algorithms. The technology and geometry are expected to have
been narrowed down by that time, thus 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.
Budget justification:
The above activities will be carried out by NICADD staff members. Specifically, one Research
Scientist has been working full time on the proposed software R&D, and is expected to
continue likewise through the next 2 years. We request that half of his salary be borne by
the grant in question.
14
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Communication of progress and exchange of ideas through international workshops and conferences will be crucial for our endeavor to have a global impact. Based on the FY2005
experience, we estimate five domestic and two international trips per year. A part of these
travel expenses should be covered as well.
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.
Two-year budget, in then-year K$
Institution: Northern Illinois University
Item
Research Scientist (0.5 FTE)
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 (26% of non-equipment)
Total direct and indirect costs

FY2006
28.32
0
0
28.32
14.73
43.05
0
10.00
0
0
53.05
13.79
66.84

FY2007
29.18
0
0
29.18
15.17
44.35
0
10.30
0
0
54.64
14.21
68.85

Total
57.5
0
0
57.5
29.9
87.4
0
20.3
0
0
107.7
28.0
135.7

References
[1] The NICADD web page, presentations,
http://nicadd.niu.edu/research/lcd/,

documents:

http://nicadd.niu.edu/ and

[2] http://polywww.in2p3.fr/flc/calice.html,
[3] The ILC detector Simulation Requirements document: http://forum.linearcollider.org/
→ “Full Simulations” → “Simulation Requirements Document”.
[4] http://nicadd.niu.edu/∼jeremy/lcd/simreq/,
[5] http://nicadd.niu.edu/lcdg4/,
[6] http://nicadd.niu.edu/∼jeremy/lcd/tbeam/,
[7] http://nicadd.niu.edu/digisim/,
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5 GeV pi0, 0.5 mrad opening angle resolution
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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.
This project is part of the design of a detector for the International Linear Collider (ILC).
At the ILC, in order to disentangle W and Z bosons via their hadronic decay into a pair of
jets, jet energy resolutions of the order of 30%/√Ejet or better are required. Simulation
studies have shown that with the help of Particle Flow Algorithms (PFAs) these types of
resolutions can be achieved. Contrary to conventional methods relying solely on the
calorimetric measurements, PFAs attempt to measure each final state particle in a jet
separately utilizing the detector component able to provide the best momentum/energy
resolution. So, charged particles are measured by the tracking detectors imbedded in a
strong magnetic field, photons are measured with the electromagnetic calorimeter and
neutral hadrons, i.e. neutrons and KL0, are measured with the electromagnetic and
hadronic calorimeters. The major challenge of this approach is the separation of energy
clusters in the calorimeter originating from charged and neutral particles. In order to keep
this contribution, commonly named the ‘confusion’ term, to the resolution small the
readout of the RPCs will be extremely finely segmented, 1 cm2 laterally and layer-bylayer longitudinally. The optimal segmentation for the ILC detector will be determined
after evaluation of the test beam results and the subsequent tuning of the simulation of
hadronic showers (see below).
The electronic readout will be reduced to a single bit per readout channel (digital
readout). Simulation studies have shown that a digital readout of finely segmented pads is
able to preserve, if not improve, the energy resolution of single hadrons, traditionally
measured with analog readout of calorimeter towers. The readout system will be entirely
compatible with the readout of Gas Electron Multiplier chambers (GEMs), which are also
being considered for digital hadron calorimetry [1].
The proposed digital hadron calorimeter (DHCAL) for the ILC is an entirely novel idea,
which will be substantiated with measurements in test beams at Fermilab. The tests will
be either in stand-alone mode or together with a prototype of the electromagnetic
calorimeter placed in front of the DHCAL. The proposed technology of a digital hadron
calorimeter with RPCs is equally applicable to all three ILC detector design efforts,
namely the SiD, the LDC, and the GDC concepts.
The major reasons for constructing a prototype section of a DHCAL and subsequent tests
in particle beams are summarized in the following. This effort is arguably the most
important R&D project related to the development of an ILC detector:
-

Test of a calorimeter with RPCs: even though RPCs have been employed in a
large number of HEP experiments, to date no calorimeter with finely segmented
readout using RPCs as active medium has been built and tested. Our tests will
validate the use of RPCs in calorimetry.
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-

-

-

-

-

Tests of the novel idea of a DHCAL: in simulation studies of a DHCAL the
resolution obtained for single 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 on 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 and provide very detailed information on hadronic showers.
Validation of Monte Carlo simulation of hadronic showers: the measurements
obtained in particle beams 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, see Figure 1. 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 [3] is assembling a prototype section of a hadron calorimeter
(AHCAL) 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. A technology
choice for the hadron calorimeter for an ILC detector will be based on a detailed
comparison of the performance of the AHCAL and DHCAL prototypes.

Figure 1. Comparison of the shower radius in a hadron calorimeter as predicted with
fifteen different MC models of the hadronic showers normalized to the result with G4FTFP.

769

Studies of the performance of a digital hadron calorimeter
Detailed Monte Carlo studies based on GEANT4 are being performed to understand the
response of calorimeters, develop PFAs and to optimize the design of an ILC detector for
the measurement of hadronic jets. The studies summarized in the following are based on
the SiD concept [3].
The SiD concept study defined a baseline design for their detector as a starting point for
subsequent design studies. The baseline design features a six layer vertex detector, a five
layer silicon tracking detector, a Silicon-tungsten electromagnetic calorimeter with 0.16
cm2 readout cells, a RPC-Steel hadronic calorimeter with 1 cm2 readout pads, a
superconducting coil providing a 5 Tesla fields and an instrumented return yoke.
The single particle response for 5 GeV π+ is shown in Figure 2 a) using analog readout
and b) using 1 cm2 pads with digital readout. Digital readout is clearly able to preserve
the resolution. In addition, due to its inherent insensitivity to Landau fluctuations, the
response measured with digital readout is more symmetric and does not feature a tail
towards larger values.

Figure 2. Response of a hadron calorimeter to 5 GeV π+: a) with analog readout of
scintillator tiles, σ/µ~ 22% , and b) with digital readout of 1 cm2 pads, σ/µ~ 19%.
Several groups are involved in the development of PFAs using the SiD baseline design.
The PFAs contain the following major ingredients: clustering of the calorimeter cells,
track-cluster matching, identification of photons, identification of neutral hadronic
clusters, and assignment of cluster fragments to charged or neutral particles. First results
have been presented at conferences and workshop. As an example, Figure 3 shows the
reconstructed mass obtained in e+e- → Z0 → 2 jets. The central part of the response is fit
to a Gaussian with a width of 3.2 GeV, corresponding to approximately σ/E = 33%/√Ejet,
and containing 60% of the events. Even though further improvements are necessary to
reduce the tails, these results demonstrate, within the credibility of the simulation of
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hadronic showers, that jet energies can be measured with a resolution significantly better
than the 50 – 100%/√Ejet obtained in calorimetric measurements.

Figure 3. Reconstructed mass of dijets in e+e- → Z0 → 2 jets events. The width of the
central Gaussian is 3.2 GeV and contains approximately 60% of the events.
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Description of the 1 m3 Prototype Section
General description
The planned prototype section features 40 layers each with an area of 1 m2. The physical
extend is approximately one meter in depth. Simulation studies showed that 98% of the
energy of a 10 GeV π+ is contained in the prototype section; see Figure 4 for a visual
impression of the spatial distribution of the energy deposition of a hadronic shower.

Figure 4. Average energy deposition from a 10 GeV π+ in the prototype electromagnetic
and hadronic calorimeters.
Mechanical structure
The mechanical structure consists of a movable table and the 40 absorber plates. The
latter are made of stainless steel with a thickness of 16 mm and an area of 1 m2. They are
suspended such, that the gap between neighboring plates can be adjusted from 0.5 to 1
cm, depending on the thickness of the active elements.
The table provides all the flexibility of positioning necessary in a test beam, such that
every cell in the prototype section can be exposed to a muon beam without having to
move the beam. In addition, the table can be rotated along a vertical axis for studies of
the response of particles entering the calorimeter at an angle. Figure 5 shows the threedimensional design of the table.
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The design and construction of the table are the responsibility of DESY in Hamburg,
Germany.

Figure 5. Three-dimensional design of the table for beam tests including stack of absorber
plates of the hadron calorimeter.
Active medium
Resistive Plate Chambers (RPCs) with small readout pads are an ideal candidate for a
hadron calorimeter designed to optimize the application of PFA. They can provide the
segmentation of the readout pads of the order of 1 to 4 cm2, which is necessary to keep
the ‘confusion’ term small, and they can be built to fit small active gaps (less then 10
mm) to maintain a small lateral shower size. Glass RPCs have been found to be stable in
operation for long periods of time, especially when run in avalanche mode, and the rate
capabilities are adequate for the ILC and for test beam studies of hadronic showers. RPCs
are inexpensive to build since most parts are available commercially. The readout
electronics can be simplified to a one-bit per pad resolution. Signals in avalanche mode
are large enough to simplify the design of the front-end electronics.
Figure 6 shows a schematic diagram of a single-gap RPC. The chamber consists of two
plates with high electrical resistance. Readily available window glass of thickness 0.8 to
1.1 mm will be used to construct the RPC. High voltage is applied to a resistance coating
on the outside of the glass plates. The resistance of this coating must be low enough to
re-charge the glass locally after a signal hit, and high enough to allow the electric field of
the electron avalanche in the gas to reach the external signal pick-up pads. The glass
plates enclose a gas volume in which ionization and electron multiplication takes place.
Particles traversing the gas gap ionize the gas, creating an avalanche of electrons drifting
towards the glass plate at positive high voltage. The signal is picked up inductively with
pads located on the outside of the glass.
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Figure 6. Schematic diagram of a typical Resistive Plate Chamber.
For the prototype section each layer with an area of 1 m2 will be equipped with three
chambers with an area of 32x96 cm2. Each chamber contains 3072 readout pads.
Since digital hadron calorimetry is a new approach, additional beam tests with Gas
Electron Multiplier chambers (GEMs) replacing some layers of RPCs in the prototype
section are planned. Differences in pad-to-pad cross talk, rate capability, operational
stability, etc. will be studied. The electronic readout system is designed such, that both
RPCs and GEMs can be read out with the same front-end and back-end system.
Electronic readout system
Considerable effort is dedicated to the development of the electronic readout system, a
challenge by itself, given the large number of channels, of order 4 × 10 5 for the prototype
section and 5 × 10 7 for the DHCAL of an ILC detector. The readout electronics is suitable
for both the RPC and the GEM readout. The gain of the front-end is adjustable to
accommodate the different signal sizes of the two devices. Particular care was devoted to
keeping the cost per channel as small as possible.
The electronic readout system consists of several stages: a) the front-end ASIC; b) the
front-end boards, c) the data concentrator; d) the super concentrators, e) a VME-based
data collector; and e) a trigger and timing system. In the following we briefly describe the
individual stages:
a) The front-end ASIC receives signals from 64 individual pads. The signals are
shaped, amplified, and discriminated. The resulting hit patterns are time stamped
and stored at a speed of 10 MHz. In triggered mode, an external trigger selects the
events to be passed on to the data concentrator. In triggerless mode any hit pattern
with at least one hit will be written out. The ASICs will be located directly on the
PC boards containing the readout pads of the chambers.
b) The front-end boards are located directly on the chambers. Two boards with
dimensions of 32x48 cm2 are required per chamber. The boards contain the
readout pad and transfer lines to the ASIC (analog signals) as well as the path for
the digital output signals from the ASIC. Special care is necessary for proper
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c)
d)
e)

f)

shielding of the analog circuitry from digital noise. The boards contain 8 – 10
layers.
The data concentrators receive data from 12 individual ASICs. They mainly
consist of FPGAs and will be located on the side of the 1 m3 prototype section of
the hadronic calorimeter.
The super concentrator further multiplexes the readout by reading out six data
concentrators. Their design is similar to the data concentrators.
The data collector is VME–based and receives the output of the super
concentrators. Each card will connect to 12 individual data concentrators. The
system specifications are very similar to the recently developed system for the
MINOS test beam effort.
The trigger system distributes the trigger information to the data concentrators.
The timing system provides the clocks and clock resets of the readout system.
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Planned measurements in the Fermilab test beam
We plan to expose the prototype DHCAL section to the MTB6 test beam at Fermilab.
The calorimeter will be tested both in standalone mode as well as in combination with a
prototype electromagnetic calorimeter located in front. The latter will be provided
initially by the CALICE collaboration [3] and later by the SLAC-Oregon group [4]. A
tail-catcher [5] consisting of steel plates and scintillator strips will be placed behind the
DHCAL prototype. In the following we briefly describe the planned test beam activities:
Standalone tests of the DHCAL prototype including the tail catcher
Standalone tests of the prototype section of the DHCAL will be performed in the
following configurations:
▪ Energy Scans with Pions and Protons: Single pion responses, linearity and
energy resolution will be measured using a wide range of momenta (from 1 GeV/c up to
66 GeV/c). The response to protons over the entire momentum range (up to 120 GeV/c)
will be measured as well.
▪ Incident Angle Scans: Measurements with at least three different angles of
incidence will be performed. The angles will be changed by rotating the table with
respect to the beam and off-setting the calorimeter structure in depth in order to optimize
the lateral containment. These tests are foreseen using at least two different energy
settings.
▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons
will be performed for muon detection efficiency measurement, testing reconstruction
codes and developing calorimeter tracking algorithms.
▪ Calibration Runs: For calibration purposes, measurements with defocused
muons will be performed at regular intervals during the testing period.
Combined tests of electromagnetic and hadronic calorimeters including tail
catchers
The following test program is foreseen for the combination of ECAL and DHCAL
prototypes:
▪ Electron Energy Scans: These tests require electrons with the highest achievable
energy, to provide a data set with combined ECAL and DHCAL information.
▪ Energy Scans with Pions and Protons: Single pion responses, linearity and
energy resolution will be measured using a wide range of momenta (1 – 66 GeV/c). The
response to protons over the entire momentum range (up to 120 GeV/c) will be measured
as well.
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▪ Incident Angle Scans: Measurements with at least three different angles of
incidence will be performed. These tests are foreseen using at least two different energy
settings.
▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons
will be performed for testing MIP reconstruction codes and developing calorimeter
tracking algorithms.
▪ Calibration Runs: For calibration purposes, measurements with defocused
muons will be performed at regular intervals during the testing period.
These tests will start in 2007 and last until approximately the end of 2008. The CALICE
collaboration plans to use the same beam line for measurements with their
electromagnetic and analog hadron calorimeter prototypes. Comparison of the results of
the analog and digital hadron calorimeters using the same beam line (and absorber
configuration) will be essential for deciding on the technology to be used for the ILC
detector’s hadron calorimeter.
Recently Fermilab reviewed [6] the feasibility of modifications to the MTBF beam line
as requested by the CALICE collaboration. The decision was taken to move the target for
the production of secondary particles closer to the experimental area, thus increasing the
rate of low energy pions by several orders of magnitude.
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Current status of the project
R&D on Resistive Plate Chambers
Work on developing RPCs for application in a hadron calorimeter has been underway for
the past two to three years at Argonne National Laboratory. A number of single- and
multi-gap chambers have been built and have been tested thoroughly with sources and
cosmic rays. The chambers vary in design, containing one to three glass plates and
resistive coats of different surface resistivity. Table I lists the different measurements
performed on the chambers. For more details see [7].
Measurement
Signal characterization
HV dependence
Single pad efficiencies
Geometrical efficiencies
Tests with different gases
Mechanical properties
Multipad efficiencies
Hit multiplicities
Noise rates
Rate capability (source and cosmics)
Tests in 5 T magnetic field
Tests in particle beams
Long term tests
Design of larger chamber

Status
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed by other groups
Planned
Ongoing
Ongoing

Table I. List of measurements performed on the ANL prototype RPCs.
As an example of the measurements performed with the prototype chambers, Figure 7
shows the hit multiplicity versus detection efficiency for chambers operating at different
high voltages.
Based on these tests we have developed a base design of RPCs for the digital hadron
calorimeter. We are confident that these chambers will perform as required for the
prototype beam tests.
R&D on the electronic readout system
A conceptual design of the electronic readout system for the prototype section has been
developed and documented [8].
The ASICs have been designed by Fermilab in collaboration with ANL. A first prototype
run is currently being evaluated. A computer controlled test board has been designed and
fabricated, see Figure 8. Several changes to the analog part of the circuitry are planned
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requiring a second iteration before production of the required 8000 chips for the
prototype section can be envisaged.

Figure 7. Multiplicity as a function of single particle detection efficiency for a RPC
operated at three different high voltage settings.

Computer
interface

DCAL

Figure 8. Photograph of DCAL test boards: board containing DCAL chip (left) and
computer interface board (right).
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A prototype of the Front-end board has been fabricated. The board is designed
specifically for the study of the cross-talk between digital (LVDS signals) and analog
signals. The measurements indicate a small cross-talk, of the order of 10 – 20 fC, which
is within the range of acceptable values for operation with RPCs. Due to the significantly
smaller signal size, of the order of a factor of 10, further reductions of the cross-talk are
necessary for the readout of GEMs.
Design work on the data concentrators and the VME-based data collector has initiated.
The possibility of using the data collector system (CRC-boards) of the analog hadron
calorimeter prototype is being investigated.
Preparation for the test beam
Discussions with the management of Fermilab and the people responsible for the test
beam have initiated some time ago. A detailed technical note [9] written by the
worldwide ILC calorimeter test beam group was submitted to Fermilab in February 2005.
The note details the goals and requirements of the test beam program.
As a further step towards a test beam program at Fermilab, the ANL and University of
Iowa groups are planning on testing single layers of RPCs in the MTBF test beam. These
tests will be particular useful in determining the particle rates for pions as a function of
energy. The groups plan to perform measurements of the single particle detection
efficiency as a function of incident particle rates. A Memorandum of Understanding
between ANL, University of Iowa and Fermilab is in preparation. The tests are planned
for early 2006.
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Construction of the 1 m3 prototype section
Construction of RPCs
To fully equip the 1m3 prototype section a total of 120 RPCs are necessary. The
chambers will be mounted on a strong – back, a 4 mm copper plate. The perimeter of the
strong – back will be equipped with cooling tubes to cool the heat generated by the
ASICs located on the front-end boards.
A quality assurance procedure to ensure the high quality of the chambers and uniform
response will be devised. The procedure will include tests of the gas tightness as well as
measurements of the single particle detection efficiency.
Construction of the electronic readout system
Table II lists the different parts of the readout system and the number of units needed to
fully equip the prototype section. Each unit will be thoroughly tested in computer
controlled test fixtures.
Component
Planes
Chambers
DCAL ASICs
Front-end boards
Data concentrators
Super concentrators
Data collectors
VME crates

#/chamber
0.333
1
24
2
4
0.667
-

#/plane
1
3
144
6
12
2
0.166
-

#channels/unit
9216
3072
64
1536
768
4608
55,296
387,072

Total # units
40
120
5760
240
480
80
7
1

Table II. List of the parts of the electronic readout system.
Responsibilities as assigned to institutions participating in the project
Table III summarizes the responsibilities as assigned to the different institutions
participating in the project.
Argonne National Laboratory

Boston
Chicago
DESY*
FNAL

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
Mechanical structure
Front-end ASICs
Front-end readout boards
781

Iowa
UTA*
*

High voltage distribution system
Gas distribution system
Timing and triggering system

not part of this proposal

Table III. Responsibility for the construction and testing of the various subsystems of the
prototype DHCAL section.
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Budget and budget justification
Table IV summarizes the projected M&S costs for the construction of the prototype
section.
Item
RPC mechanics
DCAL ASIC
Front-end boards
Data concentrators
Super concentrators
VME data collectors
Timing system
Power supplies
Cables
Total

Cost
32,200
240,000
110,000
106,000
25,000
46,500
20,000
20,000
27,500
627,200

Contingency
9,500
11,600
55,000
53,000
12,500
19,250
10,000
10,000
13,750
194,600

Total
41,700
251,600
165,000
159,000
37,500
65,750
30,000
30,000
41,250
811,800

Table IV. Summary of the M&S costs for the prototype section.
The following comments regarding the costs in Table III need to be made:
-

The costs for the RPC mechanics include a gas distribution system
The cost for the DCAL ASIC includes a second prototype run
The power supplies include both low and high voltage power supplies

Table V summarizes the expected labor costs based on the current rates at ANL and
FNAL.
Item
Mechanical assembly
DCAL ASIC
Front-end boards
Data concentrators
Super concentrators
VME data collector
Total

Cost
87,600
16,200
31,625
60,950
11,500
35,200
243,075

Contingency
21,900
8,100
15,800
30,475
5,750
17,600
99,625

Total
109,500
24,300
47,425
91,425
17,250
52,800
342,700

Table V. Summary of labor costs based on current labor rates at ANL and FNAL.
The total cost of project, including labor, M&S and contingency, is $1,164,500. The cost
of the mechanical structure and beam test table is not included in this estimate, since it
will be provided by the DESY laboratory.
Table VI lists the financial contributions expected from participating institutes and others.
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Institution
Argonne
and
participating
institutes
Fermilab

Contribution
Labor for assembly
and testing

Base amount
226,875

Contingency
91,538

Total
318,413

ASIC production and
testing

264,200

19,700

283,900

491,075

111,238

602,313

Total

Table VI. Summary of the financial contributions from participating institutions and
others.
Argonne’s contribution will be to provide the labor for assembling the RPCs and to
check-out the different parts of the electronic readout system. The participating
universities will provide the labor to check out the electronic components for which they
have assumed responsibilities, see Table VI.
Table VII, finally, lists the amounts still to be funded over the period of the next two
years.
Total cost
Contributions
Outstanding amount

Base amount
870,275
491,075
379,200

Contingency
294,225
111,238
182,987

Total
1,164,500
602,313
562,187

Table VIII. Summary of funds still needed for the construction of the prototype DHCAL
section.
We realize that the outstanding amount of about $400,000 (excluding contingencies) can
not be funded entirely out of LCRD funds. The possibility of receiving funding through
supplemental proposals to the DOE is being explored. The current proposal, therefore,
requests funding of the order of $105,000 through the LCRD funds, which is
commensurate with the overall size of the LCRD funds.
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.
784

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.
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6.16: Dual-Readout Calorimetry for the ILC
(renewal)
Calorimetry
Contact person
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Institution(s)
U.C. San Diego
Iowa State
Texas Tech
INFN Trieste
Pavia
Rome
Cosenza (Italy)

FY05 award: 22,500
New funds requested
FY06 request: 71,500
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STATUS REPORT
Dual-Readout Calorimetry for the ILC
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
INFN Trieste (Italy): A. Penzo
University of Pavia (Italy): M. Livan
University of Rome, La Sapienza (Italy) : C. Ciapetti
University of Cosenza (Italy): G. Susinno
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Name of 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, and
thus addresses one of the most critical Detector R&D needs of the ILC..
The DREAM 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.
In the context of the approved ILC R&D component of this project, we concentrate on two
aspects:

1
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1. 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. In particular, homogeneous detectors generating both scintillation and
Čerenkov light are an attractive option. The challenge is then of course to separate these
two types of signals. This is the main topic of our studies.
2. The readout of a fiber-based hadronic section. 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 equipped with
standard photomultipliers (PMTs), two per tower. An attractive readout alternative for
application in an ILC detector is offered by silicon photomultipliers. We want to equip
the existing DREAM calorimeter with such a readout and study its performance.
Status Report
Because of the very limited ILC Detector R&D funds received, we have had to choose what to
concentrate on in FY05/06, and we have decided that the electromagnetic section would be
our main priority. This decision was also inspired by the fact that several other groups in the
ILC Detector R&D program are working on SiPMs. We would like to wait and take advantage
of their results before embarking on the hadronic-readout program. We will reconsider this
situation again one year from now.
The current status of our project can be summarized as follows.
• We have concluded the analysis of dedicated measurements with the existing DREAM
module, aimed at unraveling mixed scintillation/Čerenkov signals into their components.
We used the time structure of the signals and the angular photon distribution for this
purpose. This analysis was recently published:
Separation of Scintillation and Čerenkov Light in an Optical Calorimeter,
N. Akchurin et al., Nucl. Instr. and Meth. A550 (2005) 185 – 200.
• We have started studies to find suitable candidates for a homogenous electromagnetic
calorimeter that can be used in a dual-readout mode. There are two possible configurations:
1) A relatively poor scintillator that generates sufficient Čerenkov light, and whose scintillating properties are conveniently different from those of the Čerenkov light. PbWO4
is the prime candidate. We are looking into ways to selectively reduce the scintillation
light in this crystals.
2) A suitable Čerenkov detector that can be doped with a proper scintillating agent.
Lead glass and PbF2 are the leading candidates.
2
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• We have requested and been allocated beam time at the CERN SPS during the summer
of 2006 to perform tests with the selected detectors. If time permits, these tests will
be carried out in conjunction with the existing DREAM module, which will then serve
as hadronic section in the measurements. Most likely, the latter measurements will be
continued and completed in 2007.
• We have enlarged our collaboration with a number of Italian groups (Pavia, Rome,
Cosenza), who have agreed to take prime responsibility for preparing these beam tests
at CERN.
FY2006 Project Activities and Deliverables
Project activities and milestones:
• Order candidate detector samples (see previous section, January 2006)
• Study the signals from these detectors with sources and electron beams from the TTU
Van de Graaff accelerator (February - April 2006)
• Study techniques to separate scintillation and Čerenkov signals from these detectors in
the TTU lab environment (February - April 2006)
• Build full size em calorimeter based on selected technology (May - July 2006)
• Test this detector at the CERN SPS with high-energy electron and hadron beams (August 2006)
Deliverables: A homogeneous dual-readout electromagnetic calorimeter, as well as test results
obtained with this instrument.
FY2007 Project Activities and Deliverables
We plan a combined electromagnetic and hadronic prototype test at the CERN SPS. The
new 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”
(secondaries from interactions in an upstream target). The viability of the dual-, and possibly
triple-readout techniques for improving hadronic performance will be tested.
Budget justification: Texas Tech University
The requested budget only concerns work on the em section, and is thus significantly lower
than in the original proposal. Depending on the funding situation and on progress made
elsewhere in the development of SiPMs, we may decide to revise our FY2007 request later on.
Texas Tech University will be the lead institution in this project. In order to reduce paperwork
and complexity, no subcontracts will be used. Travel for our UCSD and ISU collaborators
will be handled by TTU, which charges no overhead on travel.
Equipment, materials and supplies, and travel dominate the cost of this project.

3
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We are using professional expert assistance (colleagues in our chemistry department, as well as
outside consultants) in scintillator dopants and doping techniques. Undergraduate students
are involved in the (preparations for the) tests planned for next year. The fringe benefits rate
is assumed to be 25% on salaries.
There will be no overhead charged on equipment and travel. TTU will charge overhead on
salaries, materials and supplies at the off-campus rate (26%).
Two-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

FY2006
5.0
0
3.0
8.0
2.0
10.0
10.0
20.0
15.0
10.0
65.0
6.5
71.5

FY2007
3.0
0
3.0
6.0
1.5
7.5
5.0
20.0
15.0
5.0
52.5
5.9
58.4

Total
8.0
0
6.0
14.0
3.5
17.5
15.0
40.0
30.0
15.0
117.5
12.4
129.9

4
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6.18: Development of a New Concept
Detector [also includes vertex, tracking and
muon systems]
(new proposal)
Calorimetry
Contact person
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Institution(s)
Iowa State
Lecce (Italy)
IFIN-HH Bucharest

New funds requested
FY06 request: 39,300
FY07 request: 39,900
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ILC Detector R&D Proposal:
Calorimeter and Muon ID
Hadron Calorimetry and Muon Detection at the ILC, using the BESIII type
of Resistive Plate Chamber as the active detector element.
Changguo Lu, Peter D. Meyers, James D. Olsen, William Sands, A. J. S. Smith, Jed
Biesiada (graduate student), and one undergraduate student
Princeton University
Collaborators
Yifang Wang, Associate Director of IHEP; Jiawen Zhang, group leader of BESIII Muon
detector, IHEP, Beijing. Collaborating personnel will work on the project but are not
requesting funding.
Project Leader
Name: A. J. S. Smith
Email: smithajs@princeton.edu
Phone: 609-258-5590
Project Overview
1. Introduction. All proposed detector concepts for International Linear Collider
experiments require a hadron calorimeter and muon identification. Each of these two
subsystems must have detectors with the following common features:
— large area
— low cost
— suitability for industrial mass production
— high efficiency under actual hit rates
— longevity
So far two major technologies have been brought forward for such applications:
RPC’s of various types, and plastic scintillator strips. Mainly because of their lower
cost, RPC’s have been adopted by several large colliding-beam detectors, and have
been operating for many years with mixed success. An extensive R&D program has
been underway in many experiments, including BaBar, ATLAS, and CMS, to
understand and correct various problems and weaknesses that showed up under highrate operation.
Recently a new type of RPC has been developed for BESIII that appears to be a major
improvement, making it a promising candidate detector for ILC hadron calorimetry
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and muon ID. However, many properties must still be researched and characterized
before one can be sure it will meet the many demanding requirements for successful
long-term operation under ILC conditions.
2. RPC use in major HEP Experiments. The following table gives a brief survey of
large RPC systems in present and future experiments:
Experiment

Working
mode

Gap
# gaps

width
(mm)

BaBar

Streamer

1

2

Belle

Streamer

2

2

ALICE TRI
ATLAS
CMS

Streamer
Prop.
Prop.

1
1
2

Electrodes

Gas mixture (%)

material, ρ(Ωcm)

oiled bak., 1011 ~ 1012
glass,
1012 ~ 1013

Readout

60Ar/35C2H2F4/5C4H10

strips xy

30Ar/62C2H2F4/8C4H10

strips xy

2

9

oiled bak., ≈3× 10

51Ar/41C2H2F4/7C4H10/1SF6

strips xy

2

10

96.7C2H2F4/3C4H10/0.3SF6

strips xy

10

96C2H2F4/3.5C4H10/0.5SF6

strips x

13

95C2H2F4/5C4H10

pads

90C2H2F4/5C4H10/5SF6

pads
strips xy

oiled bak.,
oiled bak.,

2

≈ 10
≈ 10

STAR

Prop.

5

0.22

glass,

≈ 10

ALICE TOF

Prop.

10

0.25

glass

BESIII

Streamer

2

2

Special Bakelite

50Ar/42C2H2F4/8C4H10

ARGO-YBJ

Streamer

1

2

Bakelite

15Ar/75C2H2F4/10C4H10

OPERA

Streamer

1

2

Bakelite

48Ar/48C2H2F4/4C4H10

1012 ~ 1013

psudopad
strips

The failure of the BaBar RPC’s in summer 1999 prompted the international RPC
community to devote tremendous effort on aging studies, and mainly due to the LHC
RPC R&D work, we now have much better understanding for the mechanism of RPC
operation, aging, rate capability, etc.
It has been clearly shown that RPC
performance and degradation are determined by complex interactions among the
operating conditions and the materials of the RPC’s, in which the current, integrated
charge, humidity, production of hydrofluoric acid, etc. affect the linseed oil, graphite
coating, and the bakelite itself, in complex ways that result in degraded performance
(increased dark current, reduced efficiency, increased resistivity, “death” by
migration of graphite, etc.) In some ways glass RPC’s are more robust, but the high
resistivities of inexpensive glasses make them unsuitable for high-rate operation.
We shall continue to investigate and characterize these mechanisms as part of our
proposed R&D project, comparing “conventional” and “new” RPC’s, with the goal of
designing an optimal RPC configuration for the ILC. The following sections will
explain all this in more detail.
3. The BESIII RPC concept and performance. Linseed oil coating, a dominant feature
of bakelite RPC technology, has brought both advantages and serious problems. The
performance of Bakelite RPC’s with and without a linseed oil coating differs greatly,
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as can be seen in Fig. 1 and Fig. 21, which demonstrate that the dark current and
singles rate for an oiled RPC are two orders of magnitude less than for a non-oiled
chamber; it is therefore not surprising that most large RPC systems used oiled
bakelite surfaces. However, the aging problems of oiled surfaces prompted the IHEP
group to take another look at non-oiled bakelite, with great result.

Figure 2. Dark current vs. high voltage for
oiled and non-oiled RPC. The triangle dots
represent a reference RPC.

Figure 1. Singles rate vs. high voltage for oiled
and non-oiled RPC.

So far the BESIII group has fabricated ~1000 RPCs with non-oiled bakelite of
extremely high surface quality. The average area for the endcap RPC’s is 1.3m2, for
the barrel, 1.4m2. The largest RPC they can make with their present capability is
1.2m×2.4m. The performance of 444 barrel RPCs is summarized in figure 3. The
dark currents, efficiencies, and singles rates of this sample are comparable to those of
oil-coated Bakelite RPC’s, at least for short term operation at low rates.

a

b

c

Figure 3. Statistics of the performance of BESIII RPCs: (a) Dark current; (b) Efficiency; (c) Singles
rate.

1

M. Abbrescia et al. NIM A394(1997)13, Effect of the linseed oil surface treatment on the performance of
resistive plate chambers.
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4. Test results on BESIII RPC’s at Princeton. We have obtained a prototype RPC from
BESIII (50×50cm2 in area) and performed various tests on it. Measurements of dark
current and singles rate plateau confirm the BES results, and indicate steady
improvement during high voltage training over several weeks. Figure 4 shows the test
results. After a month of training the dark current is approaching 0.5µA/m2 and the
singles rate curve starts to show a plateau with HV. The counting rate in the plateau
region, ~ 0.075/cm2, is only ~3 times of the cosmic ray background, approximately
the same as for top-quality linseed-oiled bakelite RPC’s.
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Figure4. The evolution of the dark current and single’s rate plateau during the high
voltage training for a BESIII RPC prototype.

The excellent performance of the prototype led us to begin serious R&D work to
understand this superiority over the ordinary Bakelite RPC. First, we have taken
surface morphological images of the BESIII Bakelite and BaBar Bakelite with an
Atomic Force Microscope. The images in Figure 5 show the BES bakelite to be
significantly smoother. (Note differences in vertical scale as given in the figure
caption)

A

B

C

D

Figure 5. Bakelite surface morphological images: (A)(B) BaBar sample,
(C)(D) BESIII sample. Note the vertical scale difference: (A) 996nm, (B)
783nm, (C) 264nm, (D) 528nm.
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5. Analysis of Test Results. The feature structure of the defects on the surface as we can
see from figure 5 may be categorized into the four types shown in Fig. 6: “pin,”
“ball,” “dome,” and “ridge.” We have used finite element analysis software ANSYS
to calculate the electric field variation due to these defects. The tips of “pin” and
“ridge” have been rounded to R = 0.5µm, and the height is the distance from the base
to the tip (before being rounded).

“Pin”

“Ball”

“Dome”

Figure 6. Illustration of the parameters of the surface defects used in the Finite Element
Analysis calculation.

The FEA results, shown in Table 2, show that the most serious defect type is the
“pin”. Hence one can conclude that the linseed oil coating plays an important role in
covering this kind of surface defect, thereby avoiding regions of excessive electric
field on the electrode, and preventing field emission, a likely source of high dark
current and high singles rates.
Table 2. Maximum electric field at the defect, for V = 1000V in a gap of width 2mm.

“pin”

“ball”

“dome”

“ridge”

Height

0.05

0.02

0.005

0.05

0.01

0.2

0.2

0.1

0.01

Base

0.02

0.008

0.002

0.1

0.02

0.6

1.4

0.04

0.004

Emax

60

14

4

1.5

1.5

0.87

0.66

7.6

2.25

(mm)

(mm)

(MV/m)
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Figure 7. Schematic view of the experimental setup for the measurement
of fluorine production rate in the RPC.

6. Proposed R&D program at Princeton and IHEP. Our results so far are highly
promising, and indicate that oil-free RPC’s could be an attractive candidate for
hadron calorimetry and muon ID at the ILC. However, many more tests must be
done before this technology can be considered sufficiently robust and stable to trust in
an ILC detector, which must operate with high performance for many years. In
particular, a recent report describes intensive studies and presents new insights2 on
several serious aging issues in conventional RPC’s. The BESIII RPC’s have not yet
been subjected to these absolutely crucial tests; our R&D proposal is therefore aimed
at studying these issues and others for the BESIII RPC’s under ILC conditions. We
are also confident the results of this work will be of interest to the international RPC
community.
a. Hydrofluoric acid damage to Bakelite surfaces. Hydrofluoric acid (HF) is
produced in the RPC gas by the decomposition, under electrical discharge, of
tetrafluoroethane, C2H2F4, the main component of most RPC gas mixtures. This
very aggressive acid is expected to have a main role in damaging the RPC inner
surface.
This issue has been studied in detail by Santonico et. al 2, in
experiments where the significant concentration of HF in the exhaust gas from
RPC’s was trapped by bubbling the gas in water where the fluorine is detectable
as F- ions. The output gas was bubbled through a liquid mixture known as Total
Ionic Strength Adjusting Buffer (TISAB), optimized to perform accurate Fmeasurements with electrode probes. The apparatus is shown in Fig. 7. The Fions contained in the exhaust gas were trapped by the TISAB and the resulting
concentration of F- ions was measured by an electrode probe immersed in the
TISAB and connected to an acquisition system which monitored on line the probe
output voltage. During the entire test, which lasted usually several hours, the
fluorine produced inside the chamber was continuously transferred to the TISAB
and the increase of the F- ions concentration was measured on line. In figure 8
2

R. Santonico, “RPC understanding and future perspectives”, NIM 533(2004)1.
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they show the amount of F- ions trapped by the TISAB vs. time for two different
i-C4H10 concentrations, 5% and 30%, and the same working current of 15 mA.
The slopes of the curves represent the rate at which F- ions are generated.
We plan to conduct similar measurements with the BESIII RPC’s. In addition,
and perhaps most important, we shall determine as quantitatively as possible the
correlation between fluorine concentration and damage from aging.

Figure 8. F- - ions gathered vs. time for two different isobutane concentrations: 5% and 30%. The
operating current kept constant at about 15 µA in both cases.

b.

3

Bakelite Resistivity Studies. Experience has shown that long-term operation of
RPC’s at high rates results in a gradual increase in resistivity of the plates, which
has the consequence of decreasing the RPC’s rate capability. This is due to at
least two effects – drying of the bakelite, and reduction of the thickness of the
graphite coating. The evolution of the electrode plate resistivity vs. the aging
time in the course of about 15 months irradiation at X5-GIF, is shown in Fig. 9 for
six ATLAS standard production RPCs3. The integrated charge per unit surface
and the gas relative humidity are also reported in the figure. The gas humidity was
set at controlled values during the test. In the last 5 months of test, as is also
indicated in Fig. 9, the external environment was humidified at about 50%
relative humidity. The operation at low gas humidity during most of the first 11
months of test produced a gradual increase of the resistivity that is mainly related
to the integrated charge. It was found that when the relative humidity is increased

R. Santonico, “RPC understanding and future perspectives”, NIM 533(2004)1.
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at about 50% both in the working gas and in the environment, the resistivity starts
decreasing back towards its initial value. This test suggests that the free charge
carriers responsible for the conduction in the plastic material are produced by
water electrolysis: the current across the plates removes the charge carriers and
produces the observed increase of resistivity if these are not replaced by new ones.
This mechanism of electrical conduction can be studied in the laboratory using
small size samples of laminate that are kept under large currents. It should be
stressed that a satisfactory understanding of the electrical conduction in all kind of
materials used as RPC electrode plates, still remains a central task for the RPC
scientific community. This issue also needs careful study on the BESIII electrode.

Figure 9. Electrode plate resistivity vs. time for 6 ATLAS RPCs irradiated at X5-GIF. The
integrated charge and the relative humidity (RH) of the working gas are also reported (right side
scale). In the last 5 months of test (starting from the vertical dotted line) the environment RH was
also controlled and kept around 50%. The integrated charge during 10 years working at LHC is
expected to be 0.3 C/cm2 including a safety factor of 5.

Another serious aging effect is the diminishing of the graphite coating after flowing
certain amount of charge through the chamber. BaBar has observed such effect4. The
present limit for this effect to take place is ~0.3C/cm2 5. It might depend upon the
graphite coating technique; also may related to the electrode material, therefore the
test for BESIII RPC is also required.

4

C. Lu, “RPC experience: Belle, BaBar and BESIII”, Talk at 2005 International Linear Collider Physical
and Detector Workshop, Snowmass, August 14-27, 2005.
5
G. Aielli, et al., “Further advances in aging studies for RPCs”, NIM A515(2003)335.
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c. Detailed morphological studies for BESIII Bakelite. At this time ours is the only data
on the morphology of Bakelite surfaces, and only a very limited set of samples have
been tested. We plan to assemble a comprehensive set of samples and scan them
under our atomic force microscope. Once this data has been analysed we shall then
study the effect of various surface treatments on the surface smoothness. As
appropriate we may also study other types of bakelite.
d. Rate capability of the BESIII RPC. To meet the various rate requirements of the real
experiments it is advantageous to be able to specifiy the optimal resistivity of the
RPC electrodes. Bakelite is very attractive in this regard because the manufacturing
process can produce plates of well-determined resistivity over the range of interest in
this important parameter. To determine the optimum, we shall build a series of RPC
prototypes with different Bakelite resistivities, and then test their efficiencies vs.
background hit rate. This test will be done at IHEP, Beijing, where we can use a
strong gamma source, and also use the electron test beam line to check the efficiency.
e.

Overall aging performance of BESIII RPC. We have listed various works on the
RPC aging performed so far in the world RPC community, most of which were done
on a very special category of RPC based on Italian Bakelite electrodes. Since many
of the materials in the BESIII type differ greatly, it is critical to perform new
independent, thorough aging studies on the BESIII configuration. In fact this direct
aging test is a major final criterion by which to judge the chamber.
We shall use the same setup used in the rate-capability tests to perform overall
aging tests. Specifically, the test RPC’s, while at full high voltage, will be radiated
for long periods by a strong gamma source. The current will be recorded and
integrated to measure the total accumulated charge, and the chamber efficiency will
be measured periodically in the IHEP beam line.

Facilities, Equipment and Other Resources
1. Princeton HEP group Facilities and Equipment.
a. General. The Princeton Elementary Particles Laboratory provides a comprehensive
suite of mechanical and electronics fabrication and test facilities, including a large
class-100 cleanroom; electronics fabrication and test equipment; modern CAD
systems, FEA analysis capabilities, and software for circuit and chip design; CNC
and NC machining centers, lathes, and mills; 3000 sq-ft fabrication area covered by a
2-ton crane.
b. Specific to RPC R&D. Princeton has been involved in the BaBar RPC improvement
project for 6 years, and have accumulated a significant amount of dedicated
equipment for our studies, such as a CAMAC system, 10kV high voltage supplies,
mass flow control systems, a LabVIEW data acquisition system, etc.
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c. Princeton University Facilities. We are very fortunate to have access to world-class
imaging and materials-testing facilities in our Engineering School, specifically those
housed in the PRinceton Institute for the Science and Technology of Materials
(PRISM). These have been, and remain essential to our studies of surface morphology,
and to various diagnostics on the RPC materials as they age.
d. Recent R&D experience. Beginning in February ‘05 our R&D has focused on the
feasibility of switching over the second-generation BaBar endcap RPC’s from
streamer to avalanche (proportional) mode; the project is of utmost importance as
without such intervention the inner regions of many layers would suffer serious aging
and loss of efficiency under the high-rate conditions of operation at >1034 luminosity.
The main challenge, of course, is that neither the detector, gas mixture, power
supplies, signal transmission lines, nor the electronics had been designed to deal with
the tiny signals produced and other implications of avalanche mode operation.
Fotunately, our project has been highly successful, and we are already taking data
with 3 of the highest rate layers in avalanche mode. The rest will be switched over
within the next few months. This work, all done at Princeton, is not only directly
relevant to the research of this proposal, but has given us the added benefit that our
test facility is up-and-running.
e. Beijing Facilities and Resources. The good link between Princeton and IHEP, Beijing,
is essential for this project. The IHEP scientists, who developed the Bakelite surfaces,
and are very interested in working with us to produce an RPC system suitable for the
ILC. Furthermore, IHEP’s strong radioactive sources and test beam lines are very
critical resources for the aging test. We also point out that a Princeton-IHEP
collaboration is particularly natural because Changguo Lu had worked there from
1982 to 1989 as the group leader of the shower-counter system for the BES barrel.
FY2006 Project Activities and Deliverables
In the first year of the project we plan to concentrate on aging studies for several
prototypes.
1. Aging tests will be performed in summer 2006 at IHEP, Beijing, at their CO-60
source and test beam line.
2. In preparation for these tests we shall build several new prototypes at IHEP and
Princeton.
3. Lu and an undergraduate student will work on new morphological studies at
Princeton on RPC’s with various surface treatments, and confirm our present
appraisal of the BESIII Bakelite electrode.
4. A fluoride test station and gas analysis system will be set up at Princeton this
spring to analyze the production and effects of fluoride ions. Results will be reported
either at the end of FY 06 or early in FY 07.
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FY2007 Project Activities and Deliverables
The main tasks and deliverables for FY 2007 are:
1. Based on results from the above FY 2006 R&D, design and build full-size RPCs
with various electrode resistivities.
2. Use the IHEP test beam to study the rate capability and optimize the readout
configuration.
3. Prepare a design report for a reliable, cheap RPC system for hadron calorimetry
and muon ID at the ILC.
Budget justification: Princeton University
1. Personnel costs. We require support for one technician-month/year for making
parts, etc. We also need to hire a undergraduate student for three months to participate
the Bakelite morphological study in the first year and data taking for RPC testing in
the second year. We also request summer suppport for one graduate student in FY
2006 and FY 2007. Engineering and additional technical support will be provided
from the Princeton base program as needed.
2. Apparatus. As described above, a large fraction of the necessary apparatus is
already in hand from previous R&D. However, we need the following items to
complete the system.
a. Gas Chromatograph system. and fluoride ion detection system. During the SSC
era we assembled a very good mass-flow controller system, but it still leaves
uncertainties in the absolute final mixing ratio. Adding a GC system is needed to
reduce these uncertainties to the levels required for definitive results. It is also good
for training the students who want to do experimental work in our lab.
b. Electronics. We possess very small amounts of modern electronics, but have to
rely too much on items more than 15 years old (they were granted to us for SCC
R&D). It is still useful for the non-critical parts of the system, for which we plan to
deploy it. We shall implement the modern ADC’s, linear fan-in/out’s, and low-level
discriminators requested for the most sensitive measurements.
c. Fluoride-ion probe.
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Requested Apparatus (As much in FY 2006 as possible)
item

Use of the item

Qty

Gas Chromatograph

Analyze gas for gas mix

1 set

CAMAC ADC (peak
sensitive) 16 channels

Record signal peak
amplitude

Unit price

Total cost

$15,000

$15,000

2

$3,225

$6,450

NIM Linear fanSplit the analog signal to
in/fan-out, 16 channels multiple outputs

4

$925

$3,700

Low threshold
discriminator, 16 ch.

1

$5,800

$5,800

Analyze the fluoride ions 2
in the gas mix

$500

$1,000

Fluoride probe

$31,950

Two-year budget, in then-year K$
Item
Other professionals (1 technician/mo/yr, incl. benefits)
Graduate Student (2 mo/yr )
Undergraduate Student (2 mo/yr)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs (no indirect on equipment)
Total direct and indirect costs

FY2006 FY2007 Total
6.965
7.174 14.139
7.500
7.800 15.300
3.520
3.650
7.170
17.985
18.624 36.609
16.000
15.950 31.950
5.000
5.000 10.000
5.000
3.000
8.000
0
0
0
43.985
44.574 88.559
16.231
15.441 31,671
60.216
60.051 120.267
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6.20

Calorimetry

6.20: A Calorimeter based on Scintillator
and Cherenkov Radiator Plates Readout by
SiPMs
(new proposal)
Calorimetry
Contact person
Tianchi Zhao
tianchi@u.washington.edu
(206) 543-936
Institution(s)
Washington

New funds requested
FY06 request: 90,503
FY07 request: 93,008
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A Calorimeter Based on Scintillator and Cherenkov
Radiator Plates Readout by SiPMs
(New Proposal)
Calorimetry
Contact person
Tianchi Zhao
University of Washington
tianchi@u.washington.edu
(206) 543-9136
Institutions
University of Washington
Fermilab
Funds requested
FY06: $90,503
FY07: $93,008
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A Calorimeter based on Scintillator and Cherenkov Radiator Plates Readout
by SiPMs
Classification (subsystem)
Calorimeter
Personnel and Institution(s) requesting funding
University of Washington: Tianchi Zhao
Collaborators
Adam Para
CD-Computer & Engineering for Physiscs
Fermi National Accellerator Lab
para@fnal.gov
(630) 840-2132
Contact person
Tianchi Zhao
University of Washington
tianchi@u.washington.edu
(206) 543-9136
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Project Overview
We propose to study the design of a calorimeter for the ILC experiment constructed by using
plastic scintillator and Cherenkov radiator plates to achieve compensation based on the dual
readout principle. We also will investigating the possibility of using the Cherenkov light
observed in hadron jets to help separate the neutron components and the charged hadron
components that is an essential requirement in the content of the particle flow algorism (PFA) for
jet energy reconstruction. Both the plastic scintillator plates and the Cherenkov radiator plates
will be readout by using imbedded WLS fibers and SiPM [1] mounted directly on the plates. We
believe with sufficient R&D effort, a design of a compact and fully compensated calorimeter
with an EM energy resolution less than 10% / E and a jet energy resolution (20 − 30%) / E plus a
constant term of ~1% can be developed.
The concept of using Cherenkov radiation to achieve compensation in a homogeneous hadron
calorimeter was first studied using computer simulation method by D.R. Winn and W.A.
Worstell [2] and in 2003, a proposal titled “Cherenkov compensated calorimetry” lead by Yasar
Onel of University of Iowa was submitted to the LCRD program [3] for further studying this
method. Studied by another group lead by Richard Wigmans using quartz fiber and scintillating
fibers imbedded in copper have shown very promising results [4] based on this dual readout
concept. Although sharing some common design principles, the configuration of our proposed
calorimeter are quite different from the one described in ref. [4].
The calorimeter configuration that we are proposing will have several advantages. Its main
advantage is the possibility of achieving compensation by exploring the dual readout technique.
The hadron cluster shape defined by the Chrenkov radiation will be narrow that may help the
separation for charged and neutron hadron clusters in the PFA scheme. The fine segmentations
both in the transverse and longitudinal direction will allow the identification of electromagnetic
and hadron showers. This design also will be better adapted to the environment of a collider
detector.
1. Introduction
Jet detection with good energy resolution is fundamentally important for physics and also is one
of the most challenging tasks at the International Linear Collider with the central of mass energy
at 1 TeV. The three main detector concepts at ILC are investigating different approaches in
order to meet the very challenging requriements. The GLD concept has chosen a calorimeter
baseline that uses plastic scintillator plates as active media and tungsten/lead plates as passive
absorbers. Several different technologies are been investigated by LDC and SiD detector
concepts. In the DHCal design, the technologies used in EM section and the Hadron section are
completely different. One of the EM calorimeter choices is highly segmented silicon pad
detectors with thin tungsten absorber plates. The hadron section is based on binary readout with
very small (1 cm2) detector cells. The total readout channels for the EM and hadron calorimeters
combined can exceed 100 million in this design. These calorimeter design concepts rely on the
Particle Flow Algorism (PFA) to achieve the required jet energy resolution. The calorimeter
depths (EM plus hadron) for the 3 main detector concepts are about 1.5 meters and have 5 to 6
interaction lengths. The absorber materials being considered are tungsten, lead or steel.
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We propose to study a different design of a calorimeter constructed by using plastic scintillator
plates, Cherenkov radiator plates and structural material. In addition to the plastic scintillator
plates used as active detectors in the GLD concept, we propose to study the possibility of
partially or completely replacing the passive absorber plates by Cherenkov radiator plates. The
preferred Cherenkov radiator material will be high density lead glass. Heavy metal sheets can be
inserted if we need to make the calorimeter more compact. The calorimeter will have both
transverse and longitudinal segmentations that can be similar to that used in the GLD concept.
Both the scintillator and Cherenkov radiator plates are readout by the new silicon
photomultipliers.
The basic principle of achieving compensation in our proposal is the same as the one studied
earlier and discussed in ref. [2],[3],[4]. As shown in Fig. 1, the calorimeter design of ref. [4] is
based on the spaghetti calorimeter geometry with two types of fibers, the scintillating fibers and
quartz fibers imbedded in copper absorber. The scintillating fibers are sensitive to both hadronic
and EM components of the hadron showers and the quartz fibers are mostly sensitive to EM
components. The large bundles of two different types fibers are separated at the outside end of
the calorimeter and are routed to large photomultipliers. The compensation can be achieved on
an event-by-event based on the two independent energy measurements by properly adjusting the
relative energy scale between the EM and the hadronic components of the jets. In such a design,
fibers are laid in the radial direction and run the full depth of the calorimeter without longitudinal
segmentation. The energy response has an angular dependence and discriminating EM and
hadron showers can be difficult especially for high energy jets in which many particles are
densely packed together without knowing the depth of shower development from the
longitudinal segmentations.

Fig. 1. The basic configuration of the DREAM calorimeter discussed in ref. [4].
2. Proposed detector configuration
Our proposed detector configuration is quite different from the DREAM calorimeter described
above. The basic configuration of the calorimeter is shown in Fig. 2. Optimum segmentations
and choices for active detector and passive absorber materials will be the subjects for the R&D
program. Here, we provide some general discussions.
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Lead glass plates
Scintillator
Heavy metal
absorber sheet

Fig. 2. The basic detector configuration.
The behavior and energy resolution of calorimeters constructed from scintillator plates readout
by SiPM and passive absorbers have been studies extensively. Results of these studies can be
used as a guide when we conduct our design studies. We will concentrate our effort on the
Cherenkov detectors and their effects on compensation based on the dual readout scheme.
The properties of some common Cherenkov radiators are given in the Table 1. Lead glass is a
common Cherenkov radiator that has been used in the electromagnetic calorimetors extensively
in the past. Lead glass with PbO content as high as 80% with density as high as 6.2 g/cm3 is
commercially available. Such kind of lead glass will be an ideal Cherenkov radiator material for
our design. Both the radiation length and the hadronic interaction lengths are reasonably short
allowing us to design a very compact calorimeter. We expect only the first ~3 interaction lengths
of the calorimeter are important for achieving compensation. Therefore after 3 radiation lengths,
the dual readout will likely not be necessary and the lead glass can be replaced by regular heavy
absorbers. The total volume of Cherenkov radiator required will be on the order of 100 m3.
Table 1. Properties of Cherenkov radiators.
Material

Density
( g/cm3)

Lucite
Non-Leaded Cover Glass
Medium-density lead glass
Medium-density lead glass
High-density lead glass

1.18
2.5
3.2 - 3.7
4.2
5.2 - 6.2

Refractive Index Nuclear Interaction
n
Length (cm)
1.47
1.52
1.59
1.70
1.81-1.9

~70
~40
_
_
~25

The calorimeter will need to be divided into two sections, the EM section and the hadronic
section. In general, segmentations in the EM section need to be finer than the segmentations in
the hadron section. In principle, both can be constructed using the same Cherenkov and
scintillation radiator sandwiched structure with somewhat different geometric parameters. We
assume the thickness of lead glass plates is 2.5 cm for the hadron section in the following
discussions.
The calorimeter configuration discussed above can also be used as hadron calorimeter only and
the tungsten silicon or tungsten scintillator EM calorimeters can be placed in front of it. The EM
calorimeter typically is about one interaction thick and a significant fraction of hadrons will
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interact in it. Therefore, the EM calorimeter must also be able to compensate its different
response to EM and hadron showers.
The Cherenkov radiator can also be made from Lucite in conjunction with high z metal such as
tungsten and uranium. The Chrenkov light yield in Lucite will be about 50% lower compared to
the light yield in high quality lead glass because lower refraction of index and the spectrum
response. With a much smaller sampling frequency, we expect the performance of the detector
will be degraded somewhat if we choose this approach.
3. Cherenkov light yield
The yield of the Cherenkov light when a charged particle penetrates a piece of radiator is
determined by the index of refraction of the radiator and the velocity β of the particle. The
photon absorption in the radiator also plays a critical role. The Cherenkov photon yield as
functions of β and the index of refraction in the wavelength range of 400 to 700 nm is shown in
Fig. 3. For materials listed in Table 1, the light yield is 260 to 350 photons per centimeter or 650
to 875 photons for a 2.5 cm thick radiator plate if β approaches one.

Fig. 3. Cherenkov light yield as a function of particle velocity and the index of refraction of the
radiator.
The Cherenkov threshold βth is given by
β th =

1
n

where n is the index of refraction of the radiator. As the Fig. 3 shows, the Cherenkov light yield
increases with the particle velocity β and reaches a maximum when β approaches one.
4. Exploring the Cherenkov light
We plan to study two main effects of the Cherenkov light in the calorimeter.
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(1) Compensation
Within showers produced by hadron jets, the Cherenkov light is mostly produced by the EM
components of hadron showers. This is because the majority of electrons and positrons produced
in showers mostly have β value very close to unity, whereas the majority of the hadrons
produced in hadron showers have β value much less than one. Also, the total number of charged
particles in a hadron shower with β > β th is much large in EM showers than in the hadron
showers of similar energy. The calorimeter compensation will be base on these phenomena. We
need to study these effects in detail to find the best and the most economical detector
configuration.
(2) Shower shape and separation
Because the hadron interaction length is much larger than the radiation length in detector medias,
an EM shower is concentrated in a much smaller volume compared to hadron showers that will
have a much larger spatial spread. The charged particles that are capable of emitting Chrenkov
light tend to be concentrated in the forward direction. The shower shape defined by the Chrenkov
light in a Cherenkov radiator based calorimeter will be more compact that the shape defined by a
scintillating lights in a scintillator based calorimeter. The configuration of the calorimeter that we
are proposing can take advantage of these phenomena.
In a calorimeter based on the PFA algorism, separating the neutron clusters from the charged
hadron cluster is very difficult because particle showers in the high energy hadron jets tend to
overlap in the calorimeter. The fact that the showers measured from the Cherenkov light are
much more compact can be used to help separating energy clusters caused by neutral and
charged hadrons. Monte Carlo studies are needed in order to verify this speculation.
5. Cherenkov light readout
Both the plastic scintillator plates and the Cherenkov radiator plates are readout by using
imbedded WLS fibers and SiPMs that are directly mounted on the plates in a similar fashion as
used in other scintillator plate based calorimeters. A basic readout configuration is shown in Fig.
4 as an example.

Fig. 4. WLS fiber readout for a scintillator plate with a SiPM mounted at the lower right corner.
This photo was taken by the CALICE collaboration.
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Here, we only discuss the Cherenkov light readout. Since the Cherenkov light yield is much
lower than the scintillating light yield in plastic scintillators, maximizing the light collection
efficiency is more important in order to collect sufficient amount of photoelectrons.
(1). Cherenkov light collection using WLS fiber
The photoelectron yield from Chrenkov light in a piece of lead glass readout by WLS fiber was
studied at DESY for the design of the TESLA forward calorimeter [5]. As shown in Fig. 5, the
lead glass strip used in this study has a cross-section 10 mm x 10 mm and the length is 4 cm. A 1
mm diameter WLS fiber was imbedded in a groove on the top surface of the lead glass strip. The
lead glass was SF57 flint glass with an index of refraction ~1.8. The WLS fiber was readout by a
XP1911 PMT with an estimated average quantum efficiency of 15 ± 2%. The number of
photoelectrons observed by the PMT were measured by using spectrum hardened cosmic ray
muons and the result obtained was 2.4 ± 0.5 photoelectrons per muon.
Lead glass SF57
10 x 10 x 40 mm3

Fig 5. Lead glass strip with a imbedded WLS fiber.
Once the number of Cherenkov photons (Nγ) produced is known in a radiator block, the number
of photoelectrons (PE) observed by a photon detector attached to one end of a WLS fiber
imbedded in the Cherenkov radiator can be estimated by
PE = N γ η1η2 η2 η4

η1: the probability of a photon hits the WLS fiber
η2: the quantum efficiency of the WLS fiber
η3: the light “trapping” efficiency of the WLS fiber
η4: the quantum efficiency of the photon detector
The light collection efficiency of the WLS fiber η1 can be enhanced by the multiple reflections of
photons on the surface of the radiator block and can be much larger than the fraction of the aerial
coverage by the WLS fiber. The quantum efficiency η2 should be close to one if the wavelength
of the photons is greater than the absorption limit of the WLS fiber. The trapping efficiency η3
depends on the numerical aperture of the WLS fiber and is determined by the fiber manufacture.
Typically it is between 4% and 10% if the wavelength shifted photons are readout from only one
end of the fiber without considering the reflection from the other end. The quantum efficiency of
the SiPM in ref. [1] made in Russia is about 15%, similar to the average quantum efficiency of
the PMT used in the DESY study. This technology has made great progress since its invention
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just a few years ago and will certain improve further in near future. The quantum efficiency of
the new SiPMs manufactured by Hamamatsu has already approached ~30% as reported in the
2005 ALCPG Snowmass workshop. Fig. 6 shows the photoelectron peaks by using a
Hamamatsu prototype H100 SiPM. It demonstrates the remarkable capability of this new photon
detector technology. With a 100 pixel device, photoelectron peaks up to 60 pe’s are visible.

Fig. 6. Photoelectron spectrum obtained by a Hamamatsu H100 prototype silicon photomultiplier.
With square or rectangular Chrenkov radiator plate, we expect to lay the fibers on to the top
surface in the direction of Chrenkov light cones to maximize the light collection efficiency.
Depending on the size of the radiator, multiple turns or spiral shaped fiber arrangement can be
considered. Fiber aerial coverage fraction in the range of 10% to 20% should be sufficient since
the multiple light reflection will further improve the light collection. The light collection
technique should be optimized by Monte Carlo simulation and tests.
We expect that the combined conversion efficiency from produced Cherenkov photons to
photoelectrons can reach about 1% when the fiber size, the fiber aerial coverage and SiMP
coupling, etc. are optimized. If we can achieve this level of conversion efficiency, the number of
photoelectrons collected by a photon detector attached to one end of the fiber for a minimum
ionizing particle with β ~ 1 penetrating a 2.5 cm thick high density lead glass will be between 6
and 9 if we use the radiator materials listed in Table 1. Based on this analysis, we expect that the
number of photoelectrons will not be a limiting factor for achieving a reasonable energy
resolution based on Cherenkov radiation with WLS fiber and SiPM readout.
(2). Directly collect Cherenkov light by SiPM
It is possible to consider mounting a SiPM directly on the top surface of the Cherenkov radiator
without the WLS fiber if the size of the radiator is not too large. The active area of the current
SiPM is only 1 mm2 and the light collection will be quite low by using this method even we
include the enhancement due to photon multiple reflections. However, we do not expect that the
total number of photoelectrons collected in a shower to be the limiting factor determining the
performance of the compensation as discussed above. The situation also will improve when
larger active area SiPMs that are under development by industry become available.
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Proposed Plan of Work
•

Investigate the response and energy resolution of the scintillator and Cherenkov radiator
hadron calorimeter. Optimize the detector design to accomplish the compensation.

•

Investigate the performance of Particle Flow Algorithm of the hadron calorimeter using
Cherenkov radiator. Optimize the detector granularity to accomplish the separation of
showers induced by charged and neutral particles.

•

Develop a conceptual design of a hadron calorimeter constructed from lead glass glass
crystals and plastic scintillator plates.

•

Determine the light yields of lead glass crystals read out with waveshifting fibers and/or
with Silicon PM's as a function of crystal material, geometry and surface treatment.

•

(If the initial studies demonstrate feasibility) Construct a prototype and demonstrate its
performance in a test beam.

Broader Impact
This research direction of proposal, if funded will contribute to the knowledge base in our
Physics Department. The beneficiaries of that will be postdocs and graduate students. If the
research is successful, results will not only be useful to the future International Linear Collider,
but also can be applied to other high energy particle physics experiments.

Results of Prior Research
The University of Washington group has been working on GEM based digital calorimeter in
collaboration with the University of Texas at Arlington since 2004. We received funding from
DOE through University of Oregon in 2005 to develop a DAQ system that supports the cosmic
ray test of GEM chamber stack under construction at UTA. This work is progressing well. In
recent years, the UW group has worked on a number of large detector development projects,
including the ATLAS muon system design and construction, the D-zero forward muon system
construction and the D-zero silicon microstrip detector tracking upgrade project for RunIIb. We
have also worked in collaboration with IHEP in Beijing on developing a new type of RPC
chambers for the muon detection. All these detector development projects were highly successful
and have resulted a number of instrumentation papers in NIM and IEEE Transactions on Nuclear
Science that are listed in the Biographical Sketch of the investigator of the University of
Washington.
Dr. Adam Para of Fermilab has been doing ILC calorimeter related detector design studies and
Monte Carlo simulations, in particular the PFA studies. Dr. Para has extensive experiences in
calorimeter and muon detector development for high energy and neutrino physics experiments.
He has authored a number of instrumentation papers on the subject of calorimeters based on high
pressure gas and scinitllators with WLS fiber readout in recently years.
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Facilities, Equipment and Other Resources
The University of Washington Physics Department has a small electronics shop that can design
electronics boards, etch and drill printed circuit boards. The Elementary Particle Experiment
Group at UW has extensive history in HEP detector development, particularly in gas detector
development and construction. Recently we have just completed a large detector construction
project that involved building ~32,000 high precision drift tubes and 80 high precision chambers
for the ATLAS forward muon system in our laboratory. We have a gas mixing system, some
NIM, CAMAC and VME based readout electronics.
Our Physics Department machine shop is one of the largest physics department machine shops in
the United States. We have available four CNC mills, two CNC lathes (turning centers), a wire
EDN machine, the Dysecker, five conventional lathes and four conventional mills with digital
readout. In addition, we have clean-room facilities with temperature control available. The
machine shop is staffed with six experienced machinists and tool & dye makers. The joint work
with mechanical engineering gives us access to the Department of Mechanical Engineering
composite materials laboratory, which has available for our use a hot press and oven. We also
have access to a larger oven in the Department of Material Sciences, which we used for
fabrication of the D0 silicon vertex detector layer 0 installation tooling. The Physics Department
machine shop provides facilities on a cost-sharing basis. The Physics Department contributes
two-thirds of the cost on a cost-share basis for certain research projects.

FY2006 Project Activities and Deliverables
• Establish Monte Carlo models so that realizable and realistic results can be obtained.
• Perform initial calorimeter simulation and detector optimizating
• Perform small scale prototype tests and report the results in conferences.
• Investigating the source and quality of high density lead glass.

FY2007 Project Activities and Deliverables
• Perform detailed simulation to compare the performance of various detector configurations
for compensation and cluster separation techniques.
• Continue prototype tests
• Submit paper(s) for conferences and instrumentation journals.

Budget justification for University of Washington
We request support for a post-doctoral associate who will perform Monte Carlo simulations to
verify the design concept of the dual readout calorimeter described in this proposal and conduct
small scale test to provide technical information for the design studies. We also request a small
amount of funding for materials and supplies need for these studies and tests. The purpose of
these tests will be providing technical information for general design studies.
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Two year budget in then year K$ for University of Washington
Item

FY2006

FY2007

Total

Other Professionals
Post Doc (12 mos.)
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Prototype Test Hardware
Total Direct Costs
Indirect Costs

$43,008
$43,008
$9,978
$52,986
$$2,000

$44,316
$44,316
$10,281
$54,597
$$2,000

$87,324
$87,324
$20,259
$107,583
$$4,000

$5,000
$59,986
$30,517

$5,000
$61,597
$31,411

$10,000
$121,583
$61,928

Total Direct and Indirect Costs

$90,503

$93,008

$183,511

Notes
Fringe Benefits calculated at 23.2% for PostDoc (research) staff
Indirect Cost of 55.5% applied to PostDoc salary/fringe benefits and travel

More collaborators
A number of Fermilab physicists have expressed interests in this project and may join in at a
later stage. Also, the IHEP (Beijing), China and HEP group from the University of Science and
Technology of China have expressed interests in participating.
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[5] Ralph Dollan, “Investigation of a Crystal Calorimeter Technology with Longitudinal
Segmentation”, Diplomat, Humbolt University at BERLIN, 1997.
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Introduction to Muon and Particle ID Systems 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.
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Scintillator Based Muon System R&D: Status Report
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Robert Abrams and Rick Van Kooten, Indiana University, Bloomington, Indiana.
Gerald Blazey, Dhiman Chakraborty, Alexandre Dychkant, David Hedin and Vishnu Zutshi,
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(313) 577-5424

Project Overview
The high-purity identification and precise measurement of muons is critical to the physics
program of the ILC. The muons produced from decays of W and Z bosons provide key signatures
for the Higgs and possible new particles, as well as identifying dominant backgrounds for these
new signals. Muons may be produced directly from decays of new particles. Muons are an
important part of flavor tagging of jets, which is crucial for distinguishing signal and backgrounds,
as well as for measuring branching ratios.
Our R&D project addresses three critical areas that have emerged from discussions inside the ILC
detector community.
1. What is the additional capability for muon identification that an instrumented iron magnetic
flux return can provide beyond that from a finely segmented particle flow capable hadron
calorimeter?
2. What performance for muon identification (efficiency and purity) can be provided by a strip
scintillator detector with barrel and endcap pieces combined with the hadron calorimeter?
3. What is the best candidate for photon detection for scintillator readout among the established
and newly developed devices: multi-anode photomultiplier, Geiger-mode avalanche photo-diode,
silicon photomultiplier and silicon avalanche photodiodes?
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Question 1 above is relevant to all of the detector concepts which include an instrumented flux
return muon detector. Scintillator technology is considered as a candidate technology in some of
the concepts, and in all cases provides a benchmark for comparison.
There are two main components of this project: simulation and detector prototyping. The
Fermilab group (Milstene and Fisk) does the simulation studies. Fermilab and the university
groups contribute to the prototyping effort. The major accomplishments in prototyping are the
fabrication and testing of three detector planes, two using multi-anode phototube readout and one
with silicon photomultiplier readout.
Two new groups have joined this effort since last year’s proposal. These groups are Indiana
University and Northern Illinois University. Both groups are already involved in ILC muon
detector development. The Indiana group has led the testing at Fermilab of the planes read out
with MAPMTs. The NIU group has developed and tested planes read out with SiPMs as part of
the Tail Catcher Muon Tracker project.
The major funding for this project has come internally from Fermilab and the participating
universities, not from the University of Oregon umbrella funding. For the universities, internal
funding is coming to an end. The university groups will not be able to sustain the current level of
activity on this project without a substantial increase in external funding.

Status Report
Fermilab
The Fermilab group has developed software for muon tracking, encompassing both the calorimeter
and muon systems. The tracking employs a Kalman filter which takes into account multiple
scattering, energy loss and magnetic field. Results on the efficiency and purity of muon
identification for the barrel detector were recently presented by Gene Fisk and Caroline Milstene
at the SiD meeting, Fermilab, 12/16/05. The Fermilab group coordinates the muon detector design
with the SiD detector collaboration [1].
The simulation is at the hit level for the hadron calorimeter and the muon detector. The simulated
HCal has 33 layers and 4.8 interaction lengths. It is assumed to be digital and capable of particle
flow algorithm reconstruction. The muon detector has 24 steel barrel absorbers each with 10 cm
thickness. Scintillator detectors are located in 23 gaps each with 5 cm thickness. An inner-toouter algorithm starts with charged particle trajectories measured in the tracker which are then
linked to hits in the HCal and Muon detectors. The algorithm used to separate simulated muons
from hadrons in the HCal relies on the fact that most hadrons begin to shower by the time they
have reached the middle of the HCal, while muons do not shower, but deposit minimum
ionization. Using 10,000 bb(bar) events, preliminary results for muon efficiency and purity versus
the number of interaction lengths are shown in Figure 1. These results show that the instrumented
flux return muon detector can achieve an efficiency of 93% while improving the purity from 69%
using the HCal alone to 88% when the muon detector is added. We expect that improvements in
the algorithm will further increase the purity and that average efficiency is higher when taking into
account that some muons range out in the muon detector.
The Fermilab group coordinates the fabrication and operation of the prototype detector. Fermilab
purchased commercially extruded scintillator, optical fiber and 10 64-channel MAPMTs, and
provides laboratory space, mechanical infrastructure and electronics instrumentation. The splicing
of WLS and clear fiber is performed at Fermilab.
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Figure 1. Simulation results (preliminary) using 10,000 bb(bar) events.

University of Notre Dame
During the past year the University of Notre Dame group successfully fabricated four prototype
muon detectors for a potential Linear Collider detector [2]. These detectors use long scintillator
strips read out by a combination of wavelength shifting and clear optical fibers to 64-channel
multianode photomultiplier tubes. The detectors are rectangular with total dimensions of 1.4 by
2.8 meters and 2.2 cm thickness. Each detector contains a total of 64 scintillator strips of varying
length which are oriented at ± 45o to the detector edge, as shown in Figure 2.. The first two
detectors constructed are read out at one end of the scintillating strip. These are currently under
test with cosmic rays and radioactive sources in the Lab 6 facility at Fermilab, as shown in Figure
3. The other two detectors are read out from both ends of the strips and are still at Notre Dame,
ready to deliver when needed at Fermilab.
The basic detection element in this design is the scintillator strip. These come to Notre Dame with
a uniform length of about 3.5 meters. Each strip is covered with a white, reflective coating and
has a groove cut down the middle of its length. To test the integrity of each strip we designed an
apparatus that injects ultraviolet LED light into the groove and measure the light detected by
photodiodes located 14 inches away, in both directions along the groove. This device is moved
along the entire length of the strip, giving a total of 10 pairs of data points per strip. These data
are analyzed for both an individual strip and compared over the entire sample of strips. While the
scintillators showed good uniformity at about the 95% level, we found a few with significantly
lower output in some regions – these were discarded. Once they passed the quality control test the
strips were cut to length and the ends were cut to the appropriate angle and covered with white
reflective paint.
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Figure 2. Simplified layout of a plane of scintillator strips, each read out at one
end.

Figure 3. Two, 2.5 m X 1.25 m, 64-strip planes under test at Fermilab. A
H7546B MAPMT (bottom plane) and a standard single anode PMT (top plane)
are used for initial tests.
.Every piece of optical fiber, both wavelength shifting and clear, was tested before assembly into
the detector. The fibers are first cut into the requisite number of pieces, all of the longest possible
length for the detector. The fibers are manufactured and stored on large spools, so they retain
some residual curvature. We remove this by gently heating the fiber’s end, which in turn
improves the quality of the fiber polish and subsequent splice. After a visual inspection, each
piece is measured for optical throughput by illuminating one end with a green LED and measuring
the light out the other end into a photodiode. The outputs are compared to a control standard and
pieces with low throughput are removed and replaced. The pieces are then cut to the appropriate
lengths and sent to Lab 7 at Fermilab for polishing and splicing. More specifically, for the two
single-ended detectors the “far” ends of the wavelength shifting fibers are coated with a thin
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aluminum mirror, and the “near” ends are thermally spliced to their mating clear fibers. For the
double-ended detectors both ends of the wavelength shifting fibers are spliced to clear fibers.
After the fiber combinations are spliced they are returned to Notre Dame for testing and
installation. Since one end of the single-spliced fibers is mirrored, we can no longer use our green
LED – photodiode test. Instead, we excite the wavelength shifting fiber with a UV LED and
measure the far end with a photodiode. Another complication is that the lengths of both the active
and clear fiber change from piece to piece. However, this change is gradual and the total light
output of the fiber combinations should follow a smooth curve. By comparing the measured result
to this curve it is fairly straightforward to identify poor splices and these are removed and
replaced. For consistency, we test the double-spliced fibers with the same method, comparing
each end and the sum from both ends with the expected curve.
The actually assembly of the detector begins with the outer frame constructed with 3/4 inch square
tubing. A 1/16 inch aluminum skin is riveted and glued to the frame, providing the surface to
which the 64 scintillator strips are glued. After that, the fibers are carefully laid out and glued into
the grooves in the scintillator. The mechanically sensitive regions where the fibers are spliced are
well-protected within the groove. The clear fibers are routed along an open channel along the
long edge of the detector and threaded into a Delrin connector. Once the connector is filled with
fibers they are glued into place and then optically finished with a diamond fly cutter.
The final step in the fabrication is the installation of the calibration and monitoring system. In
order to inject a controlled amount of light into each wavelength shifting fiber, a series of flat
optical panels are laid over a small, exposed length of each fiber. These panels are illuminated by
a single LED and produce a fairly uniform “ribbon” of light. There are 9 such panels in each
detector. The LEDs are wired to an electrical connector mounted at the far end of the detector,
next to the optical readout connector. In order to monitor the LED light, we added a photodiode
mounted on each flat panel. These are also wired to an electrical connector next to the LED
connector.
Finally, the second aluminum skin is riveted and glued into place, creating a light tight detector.
At this point the detector is ready for use. One additional step involves the precise alignment and
gluing of the Hamamatsu multianode PMT into a Delrin jacket. By doing this, we guarantee that
each PMT will be precisely aligned with the optical fiber connector, and any PMT can be used on
any of the completed muon detectors.
The work described above has been completed on schedule as described in our proposal of one
year ago. The fabrication and testing effort has been led by a technician, Mr. Michael McKenna.
We greatly profited from the help of two high school teachers and three students over the past
summer who worked with us as part of the Notre Dame Quark Net program. Clearly, the $4,500
in funding over the past year was nowhere near sufficient to support this effort, and a considerable
increase will be needed to sustain this work in the future.

Indiana University
The Indiana University group tests the prototype detector modules at Fermilab using a radioactive
source (Cs-137) and cosmic rays [3]. A recent (Fall 2005) result is from the operation of two 1/4
size prototype planes, shown in Figure 3. A cosmic ray trigger is defined by scintillator paddles
and absorbers above and below the planes.
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Figure 4. Response of prototype detectors to cosmic rays from two individual triggers. CH1 is the
signal from a single anode PMT. CH2 is from a single anode of a multi-anode PMT.
Figure 4 shows typical phototube anode signals from the prototype planes shown in Figure 3. CH1
corresponds to the plane where all fibers are routed to a single anode phototube. CH2 corresponds
to one fiber readout by one channel of the multi-anode phototube. The multiple peak structure is
due, in part, to the approximately 12 ns decay time of the wavelength shifting fluor. Reflections
inside the scintillator may also contribute to the multiple peak structure.
Northern Illinois University
The Northern Illinois University group is developing a tail-catcher, muon tracker (TCMT)
detector using silicon photomultiplier readout [4]. This effort will be integrated into the scintillator
muon project. The existing TCMT design has 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 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.
The TCMT design has 16 layers, each of active area 1m x 1m. Extruded scintillator strips are 5 cm
wide and 5 mm thick. Steel absorbers have thickness 2 cm (8 layers) and 10 cm (8 layers). There
is X or Y orientation of strips in alternate layers and Silicon Photomultiplier (SiPM)
photodetection.
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 are
1 m long, 10 cm wide, 5 mm thick and have two co-extruded holes running along the full length of
the strip. A 1.2 mm outer diameter Kuraray wavelength shifting fiber is inserted in each of the
holes. Detailed studies of the strip-fiber system were carried out to converge on this solution [6].
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Not only was the performance of this novel fiber-coextruded-hole configuration better than
anything that could be obtained for a fiber-machined-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 are ten centimeters wide. To have the
required five centimeter wide readout segmentation, each of the strips has a 0.9 mm wide epoxyfilled separation groove in the middle. All the strips needed for the TCMT have been fabricated
and have passed extensive quality control measurements. Photographs of extruded bars and
assembled arrays are shown in Figure 5.

Figure 5. Scintillator bars extruded at the NICADD facility and assembled arrays.
The scintillator strips and their associated photodetectors in each layer are enclosed in a light tight
sheath which we refer to here as a cassette (see Figure 5). 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.
We will use novel solid-state devices like SiPMs [7] or MRS (metal resistive semi-conductor) for
photodetection [8]. 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
(30-80 V) implies that they can be mounted in or very close to the scintillator strips. Consequently
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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 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. Photographs of the silicon photomultiplier assembly are shown in Figure 6. While SiPMs
are our preferred solution for the TCMT prototype we will remain active in evaluating the
potential of new photodetector candidates such as the geiger mode avalanche photodiode [11]
under development by our Colorado State collaborators.

Figure 6. Photographs of the silicon photomultiplier assembly.
A plane of the tail-catcher muon tracker was recently operated (in October 2005) in an electron
beam at DESY. Data from beam scans and LED pulsing is under analysis.
Wayne State University
The Wayne State University group is developing test and calibration methods for multi-anode
photo-tubes and helps coordinate the work of the collaboration [12]. Light emitting diodes
provide an inexpensive, time-controlled source of photons for calibrating and monitoring the gain
of single-photon sensitive detectors. We previously showed [13] that MAPMT gain can be
measured from the anode charge distribution response to time-gated LED pulses. The charge
distribution is analyzed as a Poisson distribution. This technique requires no absolute calibration
of the light source intensity and hence is suitable for in-situ calibration and monitoring for a muon
detector system.
Recently, we tested a variety of LEDs for their suitability as photon sources. We used LEDs from
Panasonic and Nichia producing red, orange-red and blue-green wavelengths. We tested two of
each type of diode to look for manufacturing variations. A typical single-anode MAPMT
response, integrated over many oscilloscope sampling cycles, is shown in Figure 7. Note that for
about half of the samples, the MAPMT produces a fast rise-time, narrow pulse. However, for the
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other half of the samples, there is no response. We established that it is the LED that does not
respond. The average number of photo-electrons is of order 40, based on the mean and variance
of the MAPMT charge distribution. Thus, the Poisson probability for getting no electron is
negligible. All of the diodes we tested exhibited this behavior. Our conclusion is that we can use
Poisson statistics to analyze the charge distribution, providing we ignore the number of zero
counts. The fast pulse behavior we found for LEDs was a surprise to us and is apparently not
widely known.

Figure 7. MAPMT response (top) to LED pulse integrated over many samples. The bottom trace
shows the timing gate used for charge measurement by a QVT multi-channel analyzer.
Colorado State University
Associate collaborators from Colorado State University are developing a geiger mode avalanche
photodiode detector [11] in a package that will be compatible with the optical interface of our
prototype system.

FY2006 Project Activities and Deliverables
In the next year, we will continue fabrication of prototype planes and tests with radioactive
sources and cosmic rays. We plan to obtain a detailed understanding of the relative contribution to
the multiple peak signal structure from the fluorescence decay time in the WLS fiber and
reflections inside the scintillator. We will collect charge integral data from all the strips with
sufficient statistics to measure the distribution of the mean number of photoelectrons.
Furthermore, we will study the dependence of the mean number of p.e.'s on strip position and strip
length for single and doubled-ended readout. We plan to test whether it is possible to route two 1.2
mm diameter fibers to a single 2 mm X 2 mm photocathode cell. If detection efficiency is not
degraded by this scheme, we could halve the number of photo-detector channels needed for strips
with double-ended readout.
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We plan to operate the prototypes in a test beam at Fermilab, before the March 1, 2006 accelerator
shutdown, with additional operation after the shutdown. A Memorandum of Understanding [14] is
being submitted to Fermilab (concurrently with this proposal) for the 2006 Meson Test Beam
Program.
We plan to measure position and timing resolution using upstream tracking as a position reference
and upstream beam counters as a time reference. The tests are to study the performance of a set of
four prototype muon detector modules. The modules are each 1.25m x 2.5m and consist of 64
strips of scintillator oriented at +/- 45 degrees to the edges of the module. Thus far the group has
tested two of the modules in Lab 6 using radioactive sources and cosmic rays. The source does
not accurately reproduce the energy deposition of a muon in the scintillator, and the cosmic rate
rates are too low to map the response of the detectors at sufficient numbers of points on all the
strips. Thus we need to test in a beam to determine the strip-to-strip variation in efficiency and the
average number of photoelectrons from the modules. The test data will also provide important
information about the position-dependence of the response along the strips. Two of the modules
have readout at one side of the counter and the other two have double-sided readout. The tests
will provide a quantitative answer to whether it is necessary to use double-sided readout or not.
For the TCMT, the design of the absorber stack and table has been developed in collaboration
with Fermilab mechanical engineering. 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 900 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 ready and construction needs to
commence soon. We have already located (Fermilab scrapyard) and reserved most of the absorber
plates required for the TCMT. Significant processing in the shape of flame cutting, welding etc.
will however be required. Only a couple of plates will have to be bought outright. All sixteen
cassettes have been mechanically assembled and are waiting for photodetector delivery to be fully
instrumented. This is scheduled to happen in Spring of 2006.
We will develop an integrated design to allow placement in the stack of either SiPM or MAPMT
readout planes and their associated electronics.
We will calibrate the gains of all MAPMTs and develop a common calibration platform for
MAPMTs and SiPMs. Response of both types of detectors to WLS light will be compared.
We plan to investigate the properties of WLS fibers doped with newly developed fast decay time
fluors.
Simulation studies will continue towards establishing the efficiency and purity for a barrel
detector with and without an instrumented flux return detector. We would like to begin simulation
of the endcap detectors.

FY2007 Project Activities and Deliverables
On the time scale of 2-3 years, we hope to have well-established performance data from beam
tests as well as realistic estimates from simulation studies of efficiency and purity for both barrel
and endcap detectors.
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Also, on the time scale of 2-3 years, we want to compare the performance of multi-anode phototube readout with the emerging solid state technologies employing avalanche photo-diodes and
silicon photomultipliers. Of particular interest are the photo-electron yield, noise rate, and time
accuracy. Unique requirements on the WLS fiber may be required for each type of optical
detector.
We want to develop (or adapt) a dedicated readout chip (application specific integrated circuit)
that measures both time of arrival and integrated charge. The Fermilab schedule calls for test beam
operation in 2007 with a full EM and hadronic calorimeter with tail-catcher. We will explore the
possibility for a common readout architecture between the Si-PMT's used for the tail-catcher and
the muon system.
We expect to establish techniques for mechanical support systems, optical fiber splicing, routing
of fibers and the interface between the scintillator and the various types of photodetectors.
We plan to establish realistic cost estimates for construction, testing and installation of an ILC
muon detector system.
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Budget and Justification
Currently our progress is limited by lack of personnel. The university groups have no external
funding for students, support staff (engineers and technicians) or physicists (postdocs and research
scientists). The universities have provided personnel through their own, limited institutional
funding. We cannot answer questions 1-3 without enough personnel to operate the equipment,
analyze the data and perform computer simulations.
Indiana University
Funds are requested for 6 months salary each year for research physicist Robert Abrams. He will
lead the test beam effort at Fermilab. Travel support is requested for Abrams and P.I. Van Kooten
for trips to Fermilab and an ILC conference.
ITEM

2006

2007

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

$21,420

$21,956

$21,420
$ 6,623

$21,956
$ 7,008

$28,043

$28,964

$ 4,000

$ 4,000

$32,043
$ 8,331
$40,374

$32,964
$ 8,571
$41,537
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Northen Illinois University
In 2006, the major item requested is technician labor to assemble the absorber stack at the
Fermilab test beam. In 2007, the major item is support for a graduate student who will take major
responsibility for detector operation with the test beam and subsequent data analysis.
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

2006

2007

22,000
22,000

$ 5,000
$ 1,500

22,000
3,000
1,500

$ 15,000
21,500
4,300
25,800

26,500
10,500
37,000
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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.

ITEM

2006

2007

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (20% of other prof.)
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

$30,000
$ 5,000

$30,000
$ 5,000

$35,000
$ 6,000
$41,000
$ 6,000
$ 2,000

$35,000
$ 6,000
$41,000
$ 4,000
$ 2,000

$49,000
$11,180
$60,180

$47,000
$11,180
$58,180
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Wayne State University
Salary support is requested for 2 months per year for Research Engineer Alfredo Gutierrez in
support of MAPMT and SiPM instrumentation and testing. He has 10 years experience with
computers and electronics for high energy physics experiments and has 3 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 2 MAPMTs and 2 SiPMs and associated electronics components
per year to develop calibration and monitoring procedures for the prototype modules. Minor costs
are also included for shipping of materials.

ITEM

2006

2007

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

$ 8,843
$12,239

$ 9,020
$12,484

$21,082
$ 5,566
$ 3,948
$30,596

$21,504
$ 5,677
$ 4,027
$31,208

$ 6,500
$ 8,300

$ 6,500
$ 8,300

$45,396
$10,776
$56,172

$46,008
$10,915
$56,923
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Project Total Cost
ITEM
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

2006

2007
$60,263

$60,976

$17,239

$39,484

$77,502

$100,460

$18,189

$18,685

$3,948

$4,027

$99,639

$123,172

$11,000

$7,000

$14,000

$14,000

$8,300

$8,300

$15,000
$147,939

$152,472

$34,587

$41,166

$182,526

$193,640
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Continuing Studies of Geiger-Mode Avalanche Photodiodes
for Linear Collider Detector Muon System Readout:
Status Report and 2nd Year Continuation
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
Continuation Summary In this document we present a status report of our investigation of
Geiger-mode Avalanche Photodiodes (GPDs) as a potential readout for a scintillator-based muon
system, with potential applications to other Linear Collider Detector (LCD) systems. The
majority of funds for the investigation are provided by a sub-contract from aPeak Inc., but this
work was supplemented by $13,500 awarded in 2005 as a result of the International Linear
Collider University-based Linear Collider Detector R&D (LCRD) initiative. These funds have
allowed the group to ensure that the substantial industry R&D project is more tightly coupled to
the requirements of Linear Colliders detectors. Collaboration with aPeak Inc. through this LCRD
project allows the investigator formal access to the proprietary devices and evaluation results
being performed under the SBIR sub-contract. Release of this information at LC meetings and
workshops is negotiated with the company on a case by case basis to protect their intellectual
property rights, but our experience in this regard has been good in each of the past two years of
the collaboration.
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In the remainder of this section we provide a short overview of the project to provide a context
for the status report that follows.
Wavelength Shifting (WLS) fiber readout of scintillator strips remains the primary candidate for
at least one US Linear Collider Detector (LCD) concept. 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.
Geiger-mode Avalanche Photodiodes (GPDs) are an interesting candidate photodetector to
replace PMT read-out of WLS fibers. We have been working together with aPeak Inc., a small
firm in the Boston area that develops novel photodetector devices, to contribute to the
development of GPDs specifically for this application. 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 multipixel readout of each fiber (similar to the principal of the Si-PM) - such a configuration could be
self-triggering by incorporating multiplicity logic in the readout.
GPDs have generated significant interest in the HEP community over the past year.
Presentations were made at the Snowmass conference detailing the operation of prototype
Hamamatsu GPD-based photodetectors, sometimes generically referred to as “Silicon PMTs
(SiPM).” The Hamamatsu devices are being considered for use by the T2K neutrino oscillation
collaboration (which includes some of the CSU group). Testing of SiPMs produced by a Russian
group will continue at Northern Illinois Univ and other locations for possible use in muon system
and calorimeter readout systems. These devices consist of large (~1000 pixel per 1mm diameter
fiber) arrays of very small (less than 50µm diameter) GPD pixels, with outputs summed to
approximate an analog readout of the photon flux. The aPeak approach is to simplify these
devices as far as possible, using much smaller numbers of much larger pixels (~16 square pixels
~165 µm per side per fiber) to reduce complexity and provide a high rate, low cost photodetector
option for detectors that need only binary (hit/no-hit) information, or photon counting ability
over a modest range. The aPeak device has the potential advantage of even lower operating
voltage them the other similar devices, around 14 V, rather than above 100 V (other advantages
include high volume manufacturing and process repeatability due to the use of industry standard
processes). Preliminary results were presented by Wilson at the 2005 ILC Physics and Detector
Workshop (Snowmass, Colorado) and Stefan Vasile (aPeak Inc.) at the IEEE Nuclear Science
Symposium, Rome 2004.
A combination of the GPD features could reduce the system cost considerably. Geiger-mode
devices produce volt-size signals that do not need a preamplifier and the simple active quench
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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 2004 proposal for research into Geiger-mode Avalanche
Photodiodes applications that was partially funded as part of the LCRD program last year; we
received a small ($13,500), but beneficial, component of that proposal (the funds were received
only in October of this year). These funds allowed us to integrate our system with the muon
system test bed. The previous year, we received modest but essential LCRD program funding
($15,000) that allowed us to develop temperature control hardware and software to control GPD
operating temperatures and study the impact of this control on dark count rate and detection
efficiency. This system is used extensively in the current and proposed stages of this project.
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 Inc. The
results from this research were sufficiently interesting that aPeak was granted a Phase II award of
$735,000 to continue this research, with a subcontract to CSU of approximately $170,000 over
two years. A great deal of critical research on GPD performance is supported by this SBIR
funding, but it is essential that LCRD funding continue to allow us to interface with the LCRD
muon group. In particular we wish to:



continue participation in the design and planning of the muon system test beds to ensure
compatibility with the GPDs (Year 1);
optimize our GPD fiber readout system using the experience from the SBIR-funded
research and in the LCD muon system test bed (Year 2).

Status Report
A combination of LCRD and aPeak SBIR funding allowed us to develop a LabVIEW based
computer controlled temperature control system to regulate the temperature of the GPD junctions
to approximately +/- 1 degree Celsius (see Fig. 1, Fig. 2).
The temperature control was achieved by monitoring the temperature of the GPD case with a
thermocouple and using this as feedback to control the current supplied to a Peltier junction
cooling system. The analog readout and current control was provided by a LabJack U12 DAQ
system, controlled and monitored via a LabVIEW routine developed and tested at CSU. Data
from this temperature control system was integrated directly into our GPD data collection
system, allowing us to monitor the GPD temperature on an event-by-event basis.
Measurements of prototype GPD pixels from aPeak have been conducted on a test bed developed
here at CSU, and show a clear dependence on temperature of both dark count rate (DCR) and
detection efficiency (DE) for cosmic ray events (see figures 3, 4). We observe DCR reductions
of a factor of three to four and single pixel detection efficiencies in the range approaching 20%.
These are the first such measurements on the aPeak devices.
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Significant progress has been made at aPeak (funded by the SBIR) towards producing a 64-fiber
readout GPD device. Indeed, an initial prototype device has been fabricated (Fig. 5) and the
functionality has been validated at aPeak Inc; testing with triggered light sources and cosmic rays
will begin early next year at CSU.
Testing of this device in an LCD muon system test bed is listed as one of the primary goals and
justifications for the SBIR award. We have received funding as part of that award to develop the
hardware and software necessary to make these tests; the necessary EDIA and travel for this
work is being funded by the LCRD grant we received in October 2005 and the funds that we
request from LCRD in 2006 and 2007. Work has begun on the design of an optical coupling
transition allowing us to read out fiber bundles from the muon system test bed.

Fig. 1A: Peltier junction cooling device inside

Fig. 1B: Peltier junction cooling device closed
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Fig. 2: Temperature stability as a function of time for -20, -30 and -40 degrees Celsius, as
measured by a thermocouple mounted to the GPD case.

Fig. 3B: Variation in detection efficiency as a
function of bias voltage at different
temperatures

Fig. 3A: Variation in dark count rate as a
function of bias voltage at different
temperatures

Figure 4: Maximum detection efficiency as a function of temperature.
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Fig. 5: 64-fiber readout prototype device produced by aPeak Inc. [Proprietary information under
the FOIA act.]

Project Activities, Deliverables, and Budgets
We present our proposed activities, deliverables, and budgets below in two sections: a minimal
proposal, which assumes funding at the level awarded as a result of last years’ proposal, and an
optimal version, which allows us to expand the scope of our work to a level that takes better
advantage of the opportunities presented by the SBIR funds. These funds will be enhanced also
by an internal Academic Enhancement Program (AEP) award from Colorado State University.
This award is to expand our High Energy Group photodetector applications research lab, so that
we can test and compare a wider range of devices for LCD system readout. For example, during
the next few months we will acquire an MAPMT and readout electronics using these funds. Our
ultimate goal is to work with the muon system group on whichever photodetector system is
demonstrated to be the optimal choice for the experiment.
2006 Project Activities and Deliverables
Testing of the GPDs in the LCD muon system test bed is scheduled for the mid-2006. LCRD
funding from 2006 will allow us to interface with the LCD muon system team to ensure a
smooth mechanical interface between the GPD array and the test bed fiber bundle, and also to
develop the interfaces necessary to allow us to read out the GPD array signals as part of the
muon system test bed electronics. This will allow a direct comparison between GPD
performance and that achievable with other photodetector technologies.
The additional funding requested beyond the previously-awarded funds will allow us to support a
second-year graduate student for the summer to participate in the data analysis of GPD data, as
well as additional personnel and travel funds to support a trip to an ILC meeting and a summer
conference (ILC workshop, such as Snowmass ‘05), to present results from our GPD research.
These additional funds will leverage the AEP award from the University for a photodetector
research lab to serve the needs of the ILC community. Our goal is to increase our overall
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involvement in ILC photodetector research. This activity would also contribute to the
development of detectors required for specialized hadron identification systems if such is
desired.
2007 Project Activities and Deliverables
In 2007 we will analyze the data collected in the 2006 test beam run. Using this information, we
will design an improved GPD-based system with the goal of developing a proposal for a highreliability, cost effective GPD-based readout system for use in LCD muon system readout.
Additional funding requested beyond the existing LCRD program will allow us to involve a
second-year graduate student in the muon system program, assisting us either to integrate the
GPDs into the muon system readout system software and electronics hardware and/or to take
advantage of the funding available through the AEP to further our involvement in ILC photo
detector applications.
Budget Justification
Year 1:
Integration of the GPD array prototypes into the ILC test bed will require cooperation with the
muon detector group, largely centered in close proximity to Fermi National Accelerator Lab. A
continuation of the current level of funding (Table 1) would provide funds to cover
approximately 152 hours of EDIA (at the Technical Design Facility rate of $53 per hour) and
two 2-day trips (@ $600 each) to the Chicago area for coordination of this effort. This modest
level of support would allow us to sustain a basic presence and linkage between the aPeak
development and LCD.
A modest additional level of support (Table 2) would take far better advantage of the SBIR and
university funds. It extends the minimal support with: summer salary for a non-resident graduate
student (Rey Nann Ducay – who has 5 months experience working with the devices in our lab);
purchase of enough WLS and clear fiber ($4150) machined and polished at FNAL ($2,000) to
built a small 64-fiber test bed at CSU (currently we have only 8 fibers); a trip an international
ILC workshop/conference to report on progress/ results ($1200); additional travel ($800) to bring
the aPeak designer (Stefan Vasile) to a LC workshop to present technical data about the device
(this small business does not have funds to provide this themselves); and an additional 48 hours
of EDIA support to increase technical support of the ILC muon detector project, particularly for
integration of both GPD and MAPMT readouts.
Year 2:
Following testing in the ILC muon system test bed, the GPD array readout concept will need to
be revised and developed for potentially larger scale systems. Designs for electronics and
mounting schemes demonstrating feasibility of the GPD concept will be required. The same
level of continuation funding as this year would provide approximately 157 hours of EDIA (at
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the projected Technical Design Facility rate of $55/hour) but only a single 2-day trip to the
Chicago area to begin development of an initial muon system readout utilizing GPD arrays.
Optimal support would provide also: salary for a senior non-resident graduate student for a full
year to participate in the full system testing and analysis; additional trips to FNAL and an
international ILC workshop/conference; and additional EDIA (200 hours total) to allow greater
involvement of our technical personnel in the ILC muon detector project; an estimate for M&S
of $7,500 is based on past experience for such items as cables, mounting prototype and
fabrication, other supplies needed for a beam test. More detailed budget would be provided in the
next continuation proposal.
Table 1: Budget – FY05 Level
Item
Other Professionals*
Graduate Students
Undergraduate Students
Total Salaries & Wages
Fringe Benefits (grad. student only @ 3.6%)
Total Salaries, Wages & Fringe Benefits
Equipment
Travel
Materials & Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (46%)
Total Direct & Indirect Costs

Year 1
$ 8,047

Year 2
$ 8,647

Total
$ 16,693

8,047
8,047
$0
1,200
9,247
4,253

8,647
8,647
$0
600
9,247
4,253

16,693
16,693
$0
1,800
18,493
8,507

$13,500

$13,500

$27,000

Table 2: Budget Request
Item
Other Professionals*

Year 1
$10,600

Year 2
$11,000

Total
$21,600

Graduate Students
Undergraduate Students
Total Salaries & Wages
Fringe Benefits* (grad. student only @ 3.6%)
Total Salaries, Wages & Fringe Benefits
Tuition
Equipment
Travel
Materials & Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (46% on TDC excl. tuition)

$4,560
$0
$15,160
$164
$15,324
$3,200
$6,150
$24,674
$11,350

$18,240
$0
$29,240
$657
$29,897
$1,958
$2,400
$7,500
$41,755
$18,307

$22,800
$0
$44,400
$821
$45,221
$1,958
$5,600
$13,650
$66,429
$29,657

Total Direct & Indirect Costs

$36,024

$60,062

$96,086

* EDIA is billed at an hourly rate so fringe benefits are not provided explicitly. The fringe
benefit rate for engineers in this facility is 20.3%.
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Particle Identification Issues
for Linear Collider Detectors
Classification:
Linear Collider Detector – Particle Identification

Institution and Personnel requesting Funding
Colorado State University
Robert J. Wilson, Professor
David Warner, Engineer
Wilson has designed and built particle identification systems in experiments such as the SLD
experiment Cerenkov Ring Imaging Device (CRID); BaBar Detector of Internally Reflected
Cherenkov light (DIRC). He has been the coordinator of the Particle ID subgroup of the
American Linear Collider Physics Group, contributed to the Snowmass Resource Book, and has
given numerous presentations on hadron ID issues for Linear Collider experiments.

Collaborators
Blair Ratcliff (SLAC) – subsystem hadron ID performance and hardware
Anthony Johnson and Norman Graf (SLAC) – software infrastructure

Project Leader
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033

Project Overview
A primary goal of the next linear collider is to provide detailed investigations of fundamental
physics in the 500-1000 GeV energy regime that are not possible with a hadron collider. While
Particle Identification (PID) in the broad sense will certainly play a central role [1], the extent to
which identification of stable hadrons (pi, K, p) is required remains an open question. The issue
has particular relevance for detectors without gas-based tracking systems, such as the SiD
detector concept, which lack even rudimentary hadron ID [2]. The primary purpose of this
proposed research is to support the core of activity of a Linear Collider Detector Particle ID
group.
A similar research plan proposed several years ago received strong support from the review
panel at the time but, as with many other priority requests, the available level of support allowed
for only slight progress. However, as a more concrete timeline for detector Conceptual Design
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Reports is now being developed, the issue has reach a level of urgency that warrants a renewed
attempt to provide more concrete information on which to base detector design decisions.
We propose to build on previous work in three areas: (1) Investigation of the need for particle
identification in linear collider physics analyses, with particular emphasis on hadron
identification – in particular, this will include conversion and expansion of an existing fast
Particle ID package [3] and its integration into the JAS31-based Linear Collider Detector (LCD)
simulation package; (2) Investigation of the performance parameters required of a specialized
hadron ID subsystem (if one is justified) and its impact on the overall experiment performance;
(3) Liaison with detector concept groups and to re-establish and maintain an ILC PID web site
[4].
This effort is not uniquely affiliated with any of the existing detector concept groups since
the primary questions to be addressed in the proposal are generic to ILC physics. In addition,
historically, the investigation of dedicated hadron ID subsystems has not been favored by current
groups since the physics benefit for doing so is unclear and the effect on other aspects of detector
performance is presumed to be negative. We will address both of these issues quantitatively in
this activity.
Investigation of the LC physics justification for hadron ID will be done in collaboration with
members of the various detector concepts groups and with the Linear Collider Flavour
Identification collaboration in the UK [5]. For hadron ID hardware subsystem issues we will
communicate closely with Stanford Linear Accelerator Center (SLAC) scientist Blair Ratcliff
and members of his group. The software infrastructure tasks will be done in close collaboration
with Anthony Johnson and Norman Graf (SLAC).

Broader Impact
The broadest impact of this proposal is, of course, as part of the vast intellectual endeavor of
the International Linear Collider itself. However, this activity will make specific contributions to
the broader impact of the project in several ways.
One example is the integration of research and training of the next generation of scientists.
This project will continue a successful strategy used by the PI for several years, in which linear
collider (LC) projects have been used to introduce new students (primarily graduate, but also
some undergraduate) to high energy physics and scientific software design and implementation.
Two recent PhD recipients (Mahalaxmi Krishnamurthy and Qinglin Zeng) received their initial
training working with a prototype of the particle identification package proposed here. Both
learned object oriented programming and the fundamentals of event generation and detector
simulation on the LC tasks. They were both then able to move directly into analysis of a current
experiment (BaBar). Recent B.S. (John Cairns) and M.S. (Sky Rolnick) recipients worked
together to produce a complete package and though are no longer with the CSU HEP group,
report that the experience has opened up opportunities for them on their career paths. As with
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those previous projects, we will again train students in skills (software and web-based tutorial
and information access) that will be valuable beyond the direct application to LC physics.
Another example of broader impact is the investigation of specialized hadron ID systems,
which will involve collaboration with existing detector hardware projects. We anticipate that a
demonstration of the need for such systems will spark interest and development in industry,
particularly for the development of new photodetectors. The PI has already been approached by a
small business (aPeak Inc., Boston, MA) about the possibility of a collaboration to develop
silicon devices optimized for use with a compact Cerenkov detector (this would be an outgrowth
of work currently being done with aPeak Inc. for LC muon systems).

Background
As described in the overview, the most pressing PID issue is the longstanding question of the
need for hadron identification for high energy Linear Collider physics; this question is
particularly acute for the SiD detector concept, which has silicon as the primary tracking device.
This detector would lack even the basic hadron ID capabilities provided by gas-based trackers
[2]. There have been a few limited efforts to address this issue: Mercadante and Yamamoto [6]
have shown that the production of long-lived tau slepton pairs in a certain mass range may be
detected with dE/dx in a gaseous tracking chamber; Wilson [7] has investigated the effect of
hadron ID on neutral B meson tagging; and Soffer has considered the use of hadron ID for charm
vertex tagging and R-parity and baryon number violating SUSY decays [8].
Most such studies have been done with crude event generator-level ID, partly due to the lack
of tools in the U.S. group's standard simulation and reconstruction package. No compelling
justification for hadron ID has been found, however, the investigation is clearly incomplete, in
large part due to the lack of a sustained effort. As a practical matter, many of the associated
issues have low priority in the individual detector concept groups, but taken together they
represent an important part of any overall detector design optimization.

Results of Prior Support
In late summer 2003 we received supplemental funds from DoE to develop a JAS2-based
package for PID fast simulation and reconstruction that would be easy to use, flexible, and
provide tools to allow users to use PID information in their analyses. This work was a subset of a
more comprehensive 2002 proposal to investigate the hadron ID issues, similar to that being
proposed here.
The award of $30,000 was used primarily to provide salary and tuition for graduate student
Sky Rolnick and partial salary for undergraduate student John Cairns (who was also a
professional software developer at the time). The package was essentially completed, tested,
documented and presented at the 2004 Linear Collider Workshop in Victoria. In this section we
summarize the results of that activity.
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Introduction
The Particle ID package consists of simulation, reconstruction, and analysis code specifically
designed to simulate particle identification at the Linear Collider. It provides the infrastructure to
add fast simulation for detector subsystems; provides functional examples of subsystems; and
extends the existing event reconstruction class with particle ID information that can be used in
user analysis code. It includes the capability to read several different data types, including LCD
simulation files and StdHep data files directly. The package was designed to be detector
independent so the user will be able to simulate a wide range of detectors either by creating a
custom geometry file or choosing from several predefined geometry files. Other useful features
of the PID package are: the ability to use multiple PID subsystems; run-time change of geometry
parameters; set global or subsystem specific ID thresholds, such as log-likelihood differences;
tools for calculating efficiencies and purities; and a class to combine the PID information derived
from multiple subsystems (e.g. tracker dE/dx and calorimeter energy) into a single best-estimate
parameter.
The current framework, available on the web [9], is a functional version of how particle ID
could be implemented into the JAS v2.2.5 LCD structure. Future development is needed in order
to bring the PID package into full functionality and, since the PID project was started, the core
ILC software groups at SLAC and DESY have changed the base code to JAS3, which makes
extensive use of the AIDA2 system. A deliverable of this proposal is to convert the existing
package to function with JAS3 and AIDA.
The particle ID package has been designed to be simple, flexible, and extensible for the end
user. Our aim was to create a package that would allow users to simulate detector subsystems
and include particle ID information into their analysis with minimal coding effort. A user can
now add particle ID information to an existing driver file with as little as four lines of code. The
package is flexible, in that it allows many of the detector parameters to be altered directly from
the driver file during compile time and allows users to simulate several detector geometries
simultaneously (e.g. l2, l2dirc, s2, s2dirc) for comparison in analysis.
A significant improvement over the original package was to restructure the code into separate
fast simulation, fast reconstruction, and user analysis code modules, as illustrated in Figure 1. By
separating out the simulation code from the reconstruction code, it is more portable and
maintainable and provides the user with more flexibility in the way they choose to do analysis. In
Figure 2, we provide an example of the basic JAS code to perform an analysis that includes PID
information layered on top of the original MCFast code for fast simulation (track smearing) of
generator level Monte Carlo events. After MCFast fills the LCDEvent, MCFastPID performs the
equivalent fast simulation for PID parameters (track energy loss, dE/dx, by default). This is
followed by a PIDRecon module that takes subdetector specific information such as dE/dx or
Cerenkov angles and converts it to particle likelihoods based on models of expected values for
different particle hypotheses. The PIDCombiner module uses PID information from all available
subsystems and combines it into a single best-estimate for particle type and provides a numerical
2
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value for the confidence in the ID assignment. This information is made available to the user
analysis code (PIDAnalyzer). If desired, a final module PIDEfficiencyPurity will calculate and
print the efficiency and purity matrices for the analysis.

Figure 1: Program flow for particle ID software package, and the separation of simulation from
reconstruction.

Figure 2: Program flow for particle ID software package, and the separation of simulation from
reconstruction.

R.J.Wilson

5

Colorado State University

857

Software Design and Infrastructure
To allow the user to control all the parameters of simulation and reconstruction from a single
driver file, without having to modify the source code, we have developed several control classes.
The abstract class AbsPIDSystem can be extended to allow the user to define a detector and
build all the necessary PID components based on the detector design. An instantiated PIDSystem
defines a set of contributing systems and a detector name and provides the functionality to add,
post facto, subsystems not implemented in the original design. The use of these classes allows a
user to create a set of detector subsystems and add the output of the subsystem simulation or
reconstruction to the event reconstruction data.
The detector geometry for PID subsystems is no longer hard-coded into the software, as in
earlier versions, but rather is provided through data files consistent with other LCD detector
geometry files. New parameters have been added to the geometry files that are specific to the
particle ID module, and provision has been made for others to be added in future simulation
modules. Several of these parameters can be modified at run time through convenience methods,
allowing the users to loop over various subsystem combinations such as dE/dx alone, then dE/dx
plus Time-of-Flight.
The PIDInfo class is the primary class through which the user extracts and stores particle ID
information for an event. It contains all relevant particle ID information such as: lnLikelihood
differences, lists of contributing subsystems, reconstructed best-ID (“goodness”) parameters, and
the various convenience tags (isaKaon, notaPion etc.). The information stored in PIDInfo can be
accessed through the ReconstructedParticle class after all Particle ID information has been
combined using the PIDCombiner. The ReconstructedParticle class was developed in
collaboration with SLAC LCD detector group. The user can use this information to create their
own selection algorithms and likelihood cuts. Subsystems can be enabled or disabled at run time
by the user, which is useful for studying PID algorithms.
The user has the ability to incorporate their own analysis routines and PID subsystems into
the structure. This is done by the standard JAS procedure of extending a Driver (or
AbstractProcessor) and including a process method to make the LCDEvent available. A feature
of the package is that the user can choose either default PID selection parameters, such as
minimum ID thresholds (e.g. 2-sigma pi-K separation) for the various subsystems, or set
thresholds themselves. In order for users to simulate subsystems not currently implemented into
the package they must create classes that extend these base classes, as well as modify the
detector.ini files to include detector geometry specific parameters. Example simulation classes
are provided, including a module SmearDEdx that has user-selectable models of track energy
loss in gas-based detectors (e.g. Sternheimer model and the Yamamoto et al. parameterization
[10]). There is also an example module for fast simulation of a specialized hadron ID system
SmearDIRC (developed by Wilson). Developing additional modules based on these examples is
straightforward.
By default the driver module MCFastPID will check for available subsystems through the
detector.ini file, but additional “smearing” drivers can be passed to MCFastPID directly by the
user. Figure 3, shows the code structure of the fast tracker simulation and illustrates one aspect of
the kinds of modern code design tools used for the project.
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Figure 3: Code structure for fast simulation of energy loss in a tracker – the user may instantiate one of
several energy loss models that have been implemented (Dzierba, Sternheimer, Yamamoto), or add their
own.

Example uses and results of the PID Package
In this section we illustrate the functionality of the package by presenting a representative
selection of histograms that may be created. They are produced from a dataset of ILC Monte
Carlo top quarks events generated at 500 GeV center of mass energy (except for Figure 7, which
came from a Z-Higgs dataset).
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Figure 4: Example distributions from the fast PID simulation. Top row – gas-based tracker energy loss
resolution, energy loss as a function of momentum, and comparison of energy loss for pions and kaons.
Bottom row – a compact Cerenkov system (DIRC) fast simulation of the Cerenkov angle resolution,
value for pions and kaons for the entire spectrum, and comparison for pions and kaons in a limited
momentum range.

Figure 5: Energy loss (left) and separation in units of detector resolution sigma (right) for pions
and kaons as a function of momentum in a gas-based tracker with energy loss resolution of 4.5%.

R.J.Wilson

8

Colorado State University

860

Figure 6: Reconstructed particle types (“PTypes”) from fast simulation. The histograms show the particle
identity assigned by the reconstruction code based on user criteria for ID “goodness” (likelihood
differences) for true pions (top left), kaons (top right), electrons (bottom left), and muons (bottom right).

Figure 7: Momentum distributions (top) and reconstructed log-likelihood difference (bottom) between the
best ID hypothesis and the next best hypothesis for true pions (left) and kaons (right). The plateau at a
lnLikelihood difference of 50 (~10 sigma separation) is imposed by the package as a practical cutoff.
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Figure 8: Efficiency and purity for kaons as a function of the achievable energy loss resolution in a gasbased tracker (left) and the efficiency and purity for kaons as a function of the user set separation
threshold (in Gaussian sigma). These plots illustrate the flexibility of the package to allow the user to loop
over detector performance parameters to investigate the effect of design decisions on PID performance.

Physics Requirements for Particle ID
To ensure the success of the Linear Collider program, the detector capabilities needed to
address different physics scenarios should be well-understood before significant resources are
spent on detector R&D. For example, detector designs should not be optimized assuming that
hadron ID is not required before there has been a thorough study of the physics that may be lost
due to this assumption. Though preliminary studies found no obvious need for hadron ID, it is
clear that more time and thought should be invested to understand these questions. In some
cases, improvements to our previous work are obvious. For example, Soffer’s study of the use of
proton ID to detect Rp and baryon number violating neutralino decays should be extended to the
lower-background center-of-mass energies below the t-tbar threshold, and repeated with different
SUSY parameters. Wilson’s b-tagging and single particle ID studies should be extended to
higher energies and integrated with the work of the Linear Collider Flavor Identification
collaboration. Similarly, the significance of other PID requirements, such as low-momentum
lepton ID, must be determined in coordination with detector subsystem and physics working
groups.
In parallel with the task of identifying physics processes that might benefit from hadron ID,
there should not only be an evaluation of the hadron ID potential of gas and silicon-based
tracking systems, but also of specialized detectors, such as scintillator time-of-flight or quartzbased Cerenkov ring-imaging devices. The state-of-the-art in the technology used in such
systems has advanced considerably in the last few years so that compact PID systems are more
feasible than it appeared in the past.
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The detrimental effect of introducing an additional subsystem into a detector needs to be
investigated carefully. A study on photon resolution degradation in the calorimeter due to
additional material was been performed by G. Bower [11] gave reason for optimism, but it did
not include the effect on particle flow algorithms that are now an essential component of several
calorimeter designs. A set of benchmark physics processes is needed to allow a quantitative
comparison of the loss or gain associated with different technology choices.

Facilities, Equipment and Other Resources
The High Energy Physics group at Colorado State University maintains a cluster of more
than 20 LINUX computers and data servers providing 2 Tb of RAID storage. The HEP
laboratory is equipped with a standard data acquisition and other equipment needed for
photodetector testing. In 2006 the group will receive university funds to update both the
computing facility and photodetector applications lab.

Year 1 (2006/07) Project Activities and Deliverables
TASK I. SIMULATION

We will: convert the existing fast JAS v2.2.5 PID simulation and reconstruction package to allow
its integration with existing core code-base (and continue to adapt it as the implementation of the
core packages are refined by the central software groups at SLAC and elsewhere); refine existing
subsystem simulation and reconstruction as needed (e.g. updated DIRC simulation based on
feedback from the Ratcliff group); add new basic fast simulations for other PID systems, such as
Time-of-Flight, as needed.
TASK II. USE OF HADRON ID FOR LC PHYSICS

We will: perform a broader study of the physics justification for hadron identification – this will
include extensions to our previous studies to other energies, and a broader range of physics
channels; help to generate a list of benchmark physics processes for the physics working groups
to use for quantitative comparisons of the capabilities and negative effects of particle ID
technologies.
TASK III. PID COORDINATION ACROSS SUBSYSTEMS

We will: work with detector concept groups to develop a definition of the software interface and
infrastructure issues related to heavy particle identification; re-establish and maintain a web site
for communication of particle ID developments.
TASK IV. PLANNING FOR SPECIALIZED HADRON ID SUBSYSTEM

We will: do first stage planning for a potential hadron ID subsystem R&D program to be started
in Year 2 if such a system is indicated by the preliminary results of tasks I and II.

R.J.Wilson

11

Colorado State University

863

Deliverables will include reports on each of these categories at ILC workshops or other
meetings.

Year 2 (2007/08) Project Activities and Deliverables
Task I. Continuation of tasks I, II, and III of year 1, but to include final recommendations of the
PID investigation to the Global Design team.
Task II. If there is sufficient indication from Year 1 of the need for a specialized hadron ID
subsystem, such as a next generation DIRC or TOF system, a significant R&D program should
be started in Year 2. The specific program will depend on the outcome of Year 1 planning (Task
IV).

Budget and Budget Justification
Table 1: Project budget. Year 2 entries are only estimates, and do not include M&S and equipment (see
text for further explanation).

FY2006/07 (k$)
1 FTE post doctoral researcher (12 mths)
fringe@20.3%
Graduate student (12 mths incl. fringe)
fringe@3.6%
Technical support*
Domestic Travel:
International Travel
Equipment
M&S
Tuition (2 semesters non-resident)
Total direct costs
Indirect cost @ 46% (excl. tuition)
Total:

46.0
9.3
18.6
0.7
4.2
5.4
5.0
0
0
15.0
104.2
41.0
145.2

FY2007/08 (k$)
Estimates
47.8
9.7
19.3
0.7
19.6
6.6
5.2
tbd
tbd
16.2
125.1
50.1
175.2

*Technical support is provided at an hourly rate of $53 in AY2006 and estimated with 4% inflation in
AY2007. This charge includes personnel salary fringe rate of 20.3%.

The major expenses in both years 1 and 2 are for personnel. The primary impediment to
progress on the hadron ID issues has been the lack of full-time effort at the level of a PhD.
Providing support for a graduate student in addition will not only increase the number of topics
that can be addressed but also provides the opportunity for training future personnel and give
additional support for performing this activity in a university setting. The tuition amount is for a
full-time non-resident graduate student.
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The technical support request is for project engineer and HEP lab manager David Warner. In
year 1, we request 80 hours, which we estimate is the time needed for Warner to assist in the
planning for an R&D program the following year. This time includes one trip to SLAC to consult
with SLAC collaborators. In the second year, we estimate the need for two months of effort from
Warner, however, this request and that for M&S and equipment for such an R&D effort will be
revisited in a revised Year 2 proposal based on the outcome of the year 1 studies.
Travel support in year 1 is estimated at 6 domestic trips at $900/trip. These include 2 trips
each to ILC workshops for the PI and post doc, 1 such trip each for the student and project
engineer. An additional trip is budgeted in year for the engineer. Two international trips at
$2500/trip are budgeted to allow participation of the PI and post doc in ILC workshops in Europe
or Asia.
Fringe benefits account for less than 10% of the request. The indirect cost (IC) rate is 46%;
no IC is applied to tuition. Inflation at 4% has been used in the estimated of Year 2 costs.
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Appendix: Participation Data and Table of Project Summaries
Participation Data
Number of projects, regardless of funding status
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

year 1
33
9
3
11
12
3
71

year 2

year 3

29

30

9

9

3

1

11

12

13

10

3

3

68

65

Funds already awarded, or promised: DOE + NSF FY04
FY05
Accelerator Physics total
$442,430 $506,780
Luminosity, Energy, Polarization total
$75,000 $112,250
Vertex Detector total
$72,000
$64,500
Tracking total
$152,000 $211,250
Calorimetry total
$320,000 $277,500
Muon and Particle ID Systems total
$26,000
$27,000
Total
$1,087,430 $1,199,280

Funding requested by new (and renewal)
proposals
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

this year
36
7
5
9
12
3
72

FY06
$458,015
$0
$0
$0
$0
$0
$458,015

FY06
FY07
$3,323,202 $3,242,089
$355,574 $376,156
$319,237 $396,370
$630,914 $733,100
$1,158,480 $1,267,171
$363,750 $428,902
$6,151,157 $6,443,788
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Status of FY06 support
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

Participation by institutions
U.S. Universities
National and industrial laboratories
Foreign institutions
Total

Authors
U.S. Universities
National and industrial laboratories
Foreign institutions
Total

funding
promised
11
0
0
0
0
0
11

new
proposal

renewal
proposal

22

3

3

4

4

1

4

5

6

6

1

2

40

21

year 1
47
7
11
65

year 2

year 3

48

49

5

7

11

23

64

79

year 1
209
70
18
297

year 2

year 3

220

204

58

71

25

55

303

330

total
36
7
5
9
12
3
72

this year
51
8
25
84

this year
248
76
42
366
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Table of Project Summaries
renewal

2.2. Beam Test Proposal of an Optical Diffraction Radiation Beam Size
Monitor at the SLAC FFTB (p. 35)

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: FY06: DOE
Request for new support: FY06: 30,000 FY07:
progress
2.3. Design and Fabrication of a Radiation-Hard 500-MHz Digitizer
report
Using Deep Submicron Technology (p. 51)
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: 60,000 FY06: 75,000 DOE
Request for new support: FY06: 75,000 FY07: 64,000
progress
2.4. RF Beam Position Monitors for Measuring Beam Position and Tilt (p.
report
59)
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: FY06: 34,600 FY07:
2.7. Fast Synchrotron Radiation Imaging System for Beam Size
renewal
Monitoring (p. 71)
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: FY06: 28,790 FY07: 0
progress
2.9. Radiation damage studies of materials and electronic devices using
report
hadrons (p. 76)
Accelerator
David Pellett
pellett@physics.ucdavis.edu
(530) 752-1783
Physics
Collaborating institutions: UC Davis Fermilab SLAC
Previously awarded support: FY04: 33,059 FY05: 38,000 FY06: 38,000 DOE
Request for new support: FY06: 38,000 FY07:
progress
2.18. Control of Beam Loss in High-Repetition Rate High-Power PPM
report
Klystrons (p. 87)
Accelerator
Chiping Chen
chenc@psfc.mit.edu
(617) 253-8506
Physics
Collaborating institutions: MIT
Previously awarded support: FY04: 20,000 FY05: 30,000 FY06: 35,000 DOE
Request for new support: FY06: 35,000 FY07:
870

progress
report
Accelerator
Physics

2.22. Investigation of Novel Schemes for Injection/Extraction Kickers (p.
97)
George Gollin

g-gollin@uiuc.edu

(217) 333-4451

Collaborating institutions: Cornell Fermilab Illinois
Previously awarded support: FY04: 22,822 FY05: 16,822 FY06: 16,822 DOE
Request for new support: FY06: 16,822 FY07:
progress
2.25. Investigation and prototyping of fast kicker options for the TESLA
report
damping rings (p. 110)
Accelerator
Mark Palmer
map36@cornell.edu
(607) 255-4240
Physics
Collaborating institutions: Cornell Illinois
Previously awarded support: FY04: 7,900 FY05: 135,000 FY06: 88,335 DOE
Request for new support: FY06: 88,335 FY07:
new
2.26. Continuing Research and Development of Linac and Final Doublet
proposal
Girder Movers (p. 117)
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: FY06: 77,300 FY07: 69,900
progress
2.27. Effects of CSR in Linear Collider Systems: A Progress Report (p.
report
128)
Accelerator
James Ellison
ellison@math.unm.edu
(505) 277-4613
Physics
Collaborating institutions: New Mexico New Mexico State SLAC
Previously awarded support: FY04: 36,758 FY05: 36,758 FY06: 36,758 DOE
Request for new support: FY06: 52,386 FY07: 41,408
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. 143)
Accelerator
Dave Rubin
dlr@cesr10.lns.cornell.edu
(607) 255-3765
Physics
Collaborating institutions: Cornell SLAC
Previously awarded support: FY04: 16,060 FY05: 21,000 FY06: 33,900 DOE
Request for new support: FY06: 33,900 FY07:
2.34. Experimental, simulation, and design studies for linear collider
renewal
damping rings (p. 150)
Accelerator
D. Sagan
dcs16@cornell.edu
(607) 255-0918
Physics
Collaborating institutions: Cornell Minnesota DESY SLAC KEK LBNL NCA&T
Previously awarded support: FY04: 45,133 FY05: FY06: NSF
Request for new support: FY06: 94,854 FY07: 0
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progress
2.37. Demonstration of Undulator-Based Production of Polarized
report
Positrons at FFTB at SLAC (p. 161)
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: FY06: 0 FY07:
progress
2.40. Development of Polarized Photocathodes for the Linear Collider (p.
report
191)
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: FY06: 34,600 FY07:
progress
2.44. 20-MW Magnicon for ILC (p. 197)
report
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: 60,000 FY06: 65,000
Request for new support: FY06: 65,000 FY07: 65,000
new
2.47. Magnetic Investigation of High Purity Niobium for
proposal
Superconducting RF Cavities (p. 204)
Accelerator
P. Lee
lee@engr.wisc.edu
(608) 263-1760
Physics
Collaborating institutions: Fermilab Wisconsin
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 70,000 FY07: 70,000
new
2.48. 3D Atom Probe Microscopy on Niobium for SRF Cavities (p. 213)
proposal
Accelerator
D.N. Seidman
d-seidman@northwestern.edu
(847) 491-4391
Physics
Collaborating institutions: Argonne Fermilab Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 43,800 FY07: 43,800
new
2.49. Experimental Study of High Field Limits of RF Cavities (p. 223)
proposal
Accelerator
D.N. Seidman
d-seidman@northwestern.edu
(847) 491-4391
Physics
Collaborating institutions: Argonne Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 77,200 FY07: 79,090
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new
proposal
Accelerator
Physics

new
proposal
Accelerator
Physics

new
proposal

2.52. Investigation of Plasma Etching for Superconducting RF Cavities
Surface Preparation (p. 237)
Leposava Vuskovic

vuskovic@physics.odu.edu

(757) 683-4611

Collaborating institutions: Old Dominion University TJNAF
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 60,000 FY07: 60,000
2.53. Generation, Measurement and Transport of Flat Beams (p. 253)
Santiago Bernal

sabern@umd.edu

(301) 405 7292

Collaborating institutions: Maryland
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 80,000 FY07: 80,000
2.54. Relationships between deformation and microstructure evolution
and minimizing surface roughness after BCP processing in RRR Nb
cavities (p. 268)

Accelerator
Tom Bieler
bieler@egr.msu.edu
(517) 353-9767
Physics
Collaborating institutions: Michigan State Fermilab Texas A&M
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 103,069 FY07: 106,405
new
2.55. Photonic Band Gap Higher-Order Mode Coupler for International
proposal
Linear Collider (p. 279)
Accelerator
Chiping Chen
chenc@psfc.mit.edu
(617) 253-8506
Physics
Collaborating institutions: MIT
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 40,000 FY07: 40,000
new
2.56. Half-Reentrant SRF Cavity Development for the ILC (p. 295)
proposal
Accelerator
Terry Grimm
grimm@nscl.msu.edu
(517) 333-6455
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 319,950 FY07: 718,600
new
2.57. Circular Waveguide Power Coupler and HOM Damper for the ILC
proposal
(p. 308)
Accelerator
Terry Grimm
grimm@nscl.msu.edu
(517) 333-6455
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 262,180 FY07: 396,261
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new
proposal
Accelerator
Physics

new
proposal
Accelerator
Physics

2.58. Mandrels For Electroformed Superconducting Cavities For The
International Linear Collider (p. 317)
Lou Hand

lnh1@cornell.edu

(607) 255-6023

Collaborating institutions: Cornell
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 20,000 FY07: 0
2.59. Beam Size Monitors for the ILC Damping Rings and LET ILC
Synchrotron Light Monitors (p. 323)
David Hitlin

hitlin@hep.caltech.edu

(626) 395-6694

Collaborating institutions: Caltech SLAC
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 174,064 FY07: 185,330
2.60. Research and development for electropolishing of niobium for ILC
accelerator cavities (p. 339)

new
proposal
Accelerator
Michael J. Kelley
mkelley@jlab.org
(757) 269-5736
Physics
Collaborating institutions: William & Mary Virginia Tech TJNAF
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 227,468 FY07: 206,506
new
2.61. Development of a Helical Undulator for ILC Positron Source (p.
proposal
355)
Accelerator
Alexander
aam10@cornell.edu
(607) 255-3785
Physics
Mikhailichenko
Collaborating institutions: Cornell Daresbury
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 138,800 FY07: 174,700
new
2.62. Study of Space Charge Effects in the International Linear Collider
proposal
Damping Rings (p. 362)
Accelerator
Sekazi Mtingwa
mtingwas@ncat.edu
(336) 334-7423
Physics
Collaborating institutions: NCA&T LBNL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 69,320 FY07: 69,320
new
2.63. Modular DAQ Instrumentation for the ILC (p. 369)
proposal
Accelerator
Satish Dhawan
satish.dhawan@yale.edu
(203) 432-3377
Physics
Collaborating institutions: Yale
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 682,216 FY07: 139,014

874

new
proposal
Accelerator
Physics

2.64. Longitudinal phase space monitors for the ILC injectors and bunch
compressors (p. 377)
Philippe Piot

piot@nicadd.niu.edu

(815) 753 6468

Collaborating institutions: Northern Illinois Argonne Fermilab
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 54,023 FY07: 55,427
new
2.65. Time-dependent electron/positron transverse bunch properties
proposal
measurements (p. 383)
Accelerator
Philippe Piot
piot@nicadd.niu.edu
(815) 753 6468
Physics
Collaborating institutions: Northern Illinois Argonne
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 88,200 FY07: 45,108
new
2.66. Design Studies for Converting CESR to a Damping Ring Test
proposal
Facility (p. 388)
Accelerator
Dave Rubin
dlr@cesr10.lns.cornell.edu
(607) 255-3765
Physics
Collaborating institutions: Cornell SLAC KEK LBNL Royal Holloway
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 88,936 FY07: 164,016
new
2.67. Stability, Matching and Sensitivity of Flat Beams (p. 399)
proposal
Accelerator
Eugenio Schuster
schuster@lehigh.edu
(610) 758-5253
Physics
Collaborating institutions: Lehigh Maryland
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 67,704 FY07: 69,212
new
2.68. DC Field Emission Studies from Isolated Niobium Nanoparticles
proposal
and Arrays (p. 416)
Accelerator
Bellave S.
bss2d@virginia.edu
(434) 924-6818
Physics
Shivaram
Collaborating institutions: Virginia
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 94,253 FY07: 90,434
new
2.69. Weld-Free Multi-Cell SRF cavity Development for the ILC (p. 437)
proposal
Accelerator
Richard York
york@nscl.msu.edu
(517) 333-6325
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 331,075 FY07: 378,966
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renewal

3.1. A Fast Gas Cerenkov Calorimeter for Luminosity Measurement and
Machine Monitoring (p. 456)

Luminosity,
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Energy,
Polarization
Collaborating institutions: Iowa State NIPT (Ukraine) Purdue SLAC Texas Tech
Previously awarded support: FY04: 35,000 FY05: 20,500 FY06: DOE
Request for new support: FY06: 45,500 FY07: 25,800
new
3.2. R&D for luminosity monitor (p. 461)
proposal
Luminosity,
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Energy,
Polarization
Collaborating institutions: METU (Turkey) INFN (Italy) Fairfield Iowa Bogazici
(Turkey) Cukurova (Turkey)
Previously awarded support: FY04: FY05: 0 FY06:
Request for new support: FY06: 30,221 FY07: 25,214
renewal
3.4. Extraction Line Energy Spectrometer (p. 470)
Luminosity,
Eric Torrence
torrence@physics.uoregon.edu
(541) 346-4618
Energy,
Polarization
Collaborating institutions: Oregon SLAC
Previously awarded support: FY04: 24,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 34,200 FY07: 35,200
3.5. A Demonstration of the Electronic and Mechanical Stability of a
renewal
BPM-Based Energy Spectrometer for the International Linear Collider (p.
479)
Luminosity,
Mike Hildreth
mikeh@undhep.hep.nd.edu
(574) 631-6458
Energy,
Polarization
Collaborating institutions: Notre Dame SLAC University College London Cambridge
Oxford
Previously awarded support: FY04: FY05: 25,250 FY06:
Request for new support: FY06: 135,600 FY07: 143,800
new
3.6. Polarimetry at LC (p. 489)
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) METU (Turkey)
Previously awarded support: FY04: FY05: 0 FY06:
Request for new support: FY06: 36,553 FY07: 23,642
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renewal
Luminosity,
Energy,
Polarization

3.7. Compton polarimeter backgrounds (p. 498)
William Oliver

william.oliver@tufts.edu

(617) 627-5364

Collaborating institutions: SLAC Tufts
Previously awarded support: FY04: 10,000 FY05: 12,500 FY06: DOE
Request for new support: FY06: 12,500 FY07: 12,500
renewal
3.8. Incoherent and coherent beamstrahlung at the LC (p. 503)
Luminosity,
Giovanni Bonvicini
giovanni@physics.wayne.edu
(313) 577-1444
Energy,
Polarization
Collaborating institutions: Wayne State
Previously awarded support: FY04: 6,000 FY05: 22,500 FY06: DOE
Request for new support: FY06: 61,000 FY07: 110,000
4.1. Pixel Vertex Detector R&D for Future High Energy Linear e+ erenewal
Colliders (p. 515)
Vertex
Charlie Baltay
baltay@yalph2.physics.yale.edu (203) 432-3386
Detector
Collaborating institutions: Oregon Yale
Previously awarded support: FY04: 72,000 FY05: 64,500 FY06: DOE
Request for new support: FY06: 150,000 FY07: 250,000
new
4.2. Design of a Monolithic Pixel Detector Module (p. 531)
proposal
Vertex
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Detector
Collaborating institutions: U.C. Berkeley LBNL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 62,661 FY07: 70,159
new
4.3. Modular DAQ Development for the ILC SiD (p. 537)
proposal
Vertex
Satish Dhawan
satish.dhawan@yale.edu
(203) 432-3377
Detector
Collaborating institutions: Yale
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 40,000 FY07:
new
4.4. Vertex Detector Mechanical Structures (p. 544)
proposal
Vertex
Henry Lubatti
lubatti@u.washington.edu
(206) 543-8964
Detector
Collaborating institutions: Fermilab SLAC Washington
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 9,376 FY07: 17,611
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new
4.5. Pixel-level Sampling CMOS Vertex Detector for the ILC (p. 553)
proposal
Vertex
Gary Varner
varner@phys.hawaii.edu
(808) 956-2987
Detector
Collaborating institutions: Hawaii Tokyo Institute of Nuclear Physics (Poland) KEK
Pittsburg Nova Gorca Polytechnic (Slovenia) FNAL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 57,200 FY07: 58,600
5.2. Development of Forward Tracking and GEM-based Tracking
renewal
Prototypes for the ILC (p. 572)
Tracking
Lee Sawyer
sawyer@phys.latech.edu
(318) 251-2407
Collaborating institutions: Louisiana Tech Indiana
Previously awarded support: FY04: 35,000 FY05: 27,000 FY06: DOE
Request for new support: FY06: 40,750 FY07: 42,750
5.7. Development of a Micro Pattern Gas Detector Readout for a TPC (p.
renewal
587)
Tracking
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Collaborating institutions: Cornell Purdue
Previously awarded support: FY04: FY05: 27,000 FY06:
Request for new support: FY06: 85,013 FY07: 174,263
5.8. Linear Collider Tracker Alignment System R&D and Simulation
renewal
Studies (p. 603)
Tracking
Keith Riles
kriles@umich.edu
(734) 764-4652
Collaborating institutions: Michigan
Previously awarded support: FY04: 45,000 FY05: 40,250 FY06: DOE
Request for new support: FY06: 147,000 FY07: 136,000
renewal
5.10. Long Shaping-Time Silicon Microstrip Readout (p. 614)
Tracking
Bruce Schumm
schumm@scipp.ucsc.edu
(831) 459-3034
Collaborating institutions: UC Santa Cruz
Previously awarded support: FY04: 72,000 FY05: 49,500 FY06: DOE
Request for new support: FY06: 53,000 FY07: 53,000
5.13. Continuation of Reconstruction Studies for the SiD Barrel Outer
renewal
Tracker (p. 627)
Tracking
Stephen Wagner
stevew@pizero.colorado.edu
(303) 735-6072
Collaborating institutions: Colorado
Previously awarded support: FY04: FY05: 27,000 FY06:
Request for new support: FY06: 61,500 FY07: 63,600
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5.15. Calorimeter-based Tracking for Particle Flow and Reconstruction of
Long-lived Particles with SiD Detector (p. 632)
Eckhard von
Tracking
evt@phys.ksu.edu
(785) 532-1644
Toerne
Collaborating institutions: Kansas State Fermilab SLAC Iowa Northern Illinois
Bonn (Germany)
Previously awarded support: FY04: FY05: 18,000 FY06:
Request for new support: FY06: 18,000 FY07: 18,000
renewal
5.17. Development of thin silicon sensors for tracking (p. 640)
Tracking
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494-5197
Collaborating institutions: Purdue
Previously awarded support: FY04: FY05: 22,500 FY06:
Request for new support: FY06: 68,970 FY07: 84,200
new
5.18. Development of Bulk Micromegas with ASIC Readout (p. 650)
proposal
Tracking
Michael Gold
mgold@unm.edu
(505) 277-2616
Collaborating institutions: LBNL New Mexico Occidental
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 91,165 FY07: 90,567
new
5.19. TPC signal digitization simulation and reconstruction studies (p.
proposal
658)
Tracking
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Collaborating institutions: Cornell
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 65,516 FY07: 70,720
6.1. Design and Prototyping of a Scintillator-based Hadron Calorimeter
renewal
(p. 671)
Calorimetry
Vishnu Zutshi
zutshi@fnal.gov
(815) 753-3080
Collaborating institutions: Colorado DESY Fermilab ITEP Northern Illinois Pavia
Previously awarded support: FY04: 50,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 50,500 FY07: 110,000
6.2. Study of the Performance of a Scintillator Based
renewal
Electromagnetic/Hadronic Calorimeter and Study of the BeamCal (p. 683)
Calorimetry
Uriel Nauenberg
uriel@pizero.colorado.edu
(303) 492-7715
Collaborating institutions: Colorado
Previously awarded support: FY04: 60,000 FY05: 27,000 FY06: DOE
Request for new support: FY06: 306,632 FY07: 559,221
6.4. Particle Flow Studies with the Silicon Detector (SiD) at the
renewal
International Linear Collider (ILC) (p. 689)
Calorimetry
Usha Mallik
usha-mallik@uiowa.edu
(319) 335-0499
Collaborating institutions: Iowa
Previously awarded support: FY04: 50,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 92,499 FY07: 0
renewal
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6.5. Development of a silicon-tungsten test module for an electromagnetic
calorimeter (p. 705)
Calorimetry
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
Collaborating institutions: Oregon SLAC U.C. Davis BNL LAPP - Annecy
Previously awarded support: FY04: 55,000 FY05: 40,000 FY06: DOE
Request for new support: FY06: 68,000 FY07: 71,700
6.6. Digital Hadron Calorimetry for the Linear Collider using GEM based
renewal
Technology (p. 719)
Calorimetry
Andy White
awhite@uta.edu
(817) 272-2812
Collaborating institutions: UT Arlington Washington
Previously awarded support: FY04: 70,000 FY05: 35,500 FY06: DOE
Request for new support: FY06: 177,490 FY07: 176,041
6.9. Development of Particle-Flow Algorithms and Simulation Software
renewal
for the ILC Detector(s) (p. 735)
Dhiman
Calorimetry
dhiman@fnal.gov
(630) 840-8569
Chakraborty
Collaborating institutions: Argonne Fermilab Iowa Northern Illinois Oregon SLAC
Kansas
Previously awarded support: FY04: 35,000 FY05: 44,500 FY06: DOE
Request for new support: FY06: 66,840 FY07: 68,850
6.10. Investigation of ECAL Concepts Designed for Particle Flow (p.
renewal
751)
Calorimetry
Graham Wilson
gwwilson@ku.edu
(785) 864-5231
Collaborating institutions: Kansas
Previously awarded support: FY04: FY05: 27000 FY06:
Request for new support: FY06: 30,000 FY07: 30,000
6.14. Construction of a Prototype Hadronic Calorimeter with Digital
renewal
Readout (p. 765)
Calorimetry
José Repond
repond@hep.anl.gov
(630) 252-7554
Collaborating institutions: Argonne Boston University Chicago Fermilab Iowa
Previously awarded support: FY04: FY05: 18,000 FY06:
Request for new support: FY06: 105,000 FY07:
renewal
6.16. Dual-Readout Calorimetry for the ILC (p. 787)
Calorimetry
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Collaborating institutions: U.C. San Diego Iowa State Texas Tech INFN Trieste
Pavia Rome Cosenza (Italy)
Previously awarded support: FY04: FY05: 22,500 FY06:
Request for new support: FY06: 71,500 FY07: 58,400
new
6.18. Development of a New Concept Detector [also includes vertex,
proposal
tracking and muon systems] (p. 792)
Calorimetry
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Collaborating institutions: Iowa State Lecce (Italy) IFIN-HH Bucharest
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 39,300 FY07: 39,900
renewal
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new
proposal
Calorimetry

new
proposal
Calorimetry

6.19. Calorimeter and Muon ID (p. 797)
A.J.S. Smith
smithajs@princeton.edu
(609) 258-5590
Collaborating institutions: IHEP Beijing Princeton
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 60,216 FY07: 60,051
6.20. A Calorimeter based on Scintillator and Cherenkov Radiator Plates
Readout by SiPMs (p. 810)
Tianchi Zhao
tianchi@u.washington.edu
(206) 543-936
Collaborating institutions: Washington
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 90,503 FY07: 93,008
7.2. Scintillator Based Muon System R&D: Status Report (p. 825)

renewal
Muon
Paul Karchin
karchin@physics.wayne.edu
(313) 577-5424
System
Collaborating institutions: Indiana Northern Illinois Notre Dame Wayne State
Previously awarded support: FY04: 11,000 FY05: 13,500 FY06: DOE
Request for new support: FY06: 182,526 FY07: 193,640
7.5. Continuing Studies of Geiger-Mode Avalanche Photodiodes for
renewal
Linear Collider Detector Muon System Readout (p. 843)
Muon
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
System
Collaborating institutions: Colorado State
Previously awarded support: FY04: 15,000 FY05: 13,500 FY06: DOE
Request for new support: FY06: 36,024 FY07: 60,062
new
7.7. Particle Identification Issues for Linear Collider Detectors (p. 852)
proposal
Muon
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
System
Collaborating institutions: Colorado State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 145,200 FY07: 175,200

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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