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Proposal for University-based Detector R&D
for the 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 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.
5
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Proposal for University-based Detector R&D
for the International Linear Collider: Project Description
Introduction
This is a collaborative proposal by university groups and affiliated laboratories to carry
out detector R&D for the ILC. Its projects broadly cover the previously identified
detector R&D needs of the International Linear Collider (ILC) [1]. Support for the
projects in this proposal will provide urgent, supplemental support for high priority
projects currently supported with annual subcontracts within the LCDRD program. This
proposal derives from 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. The set of projects included in this proposal were
selected by the American Linear Collider Physics Group (ALCPG), under the auspices of
the Linear Collider Steering Group of the Americas (LCSGA) from abstracts for projects
submitted from the community. The selection was based on the urgency, priority level,
deliverables, strength of team and research plan, and anticipated impact of each of the
submitted projects.
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
9
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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.” In April,
2006, the EPP 2010 report was released, providing an assessment of the field of
elementary particle physics and making recommendations for the future of the field; the
report strongly supported aggressive R&D efforts in preparation for the ILC.
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. With
the development of a joint process for the review and funding of ILC R&D at
universities, UCLC and LCRD have effectively merged. All concerned are working
together to coordinate their activities to the single task of building the linear collider.
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
10
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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 modelindependent 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.
3. The Need for Detector R&D for the International Linear Collider
Four 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 Concept
(LDC) lies midway between the two, using a medium-sized gaseous tracker. A fourth
concept is based on compensated calorimetry. 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 andgluons 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 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.
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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 few 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. 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
12

last modified: February 9, 2009

Helen Quinn) for 450 science high school students at the 2002 workshop at Santa Cruz.
At the ALCPG workshop in Snowmass outreach was an important component.
The broader impacts are discussed in more detail in the descriptions of the individual
projects.
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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PROJECT DESCRIPTION
and
STATUS REPORT
Extraction Line Energy Spectrometer
Personnel and Institution requesting funding
Eric Torrence, University of Oregon
Collaborators
Mike Woods, Ray Arnold, SLAC
Mike Hildreth, Notre Dame
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.[?] In the WISRD scheme, shown in Figure ??, 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 RDR design for the ILC, we have inserted 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.
A prototype detector has been built by Oregon using previous LC R& D funds and has been
operated in a test beam at SLAC End Station A (ESA) in 2007. With the shutdown of that
facility, we propose to keep some effort alive on understanding the response of this detector
with the development of a bench-top test stand based on an intense 90 Sr source. If facilities
become available again at SLAC or elsewhere, we would be interested and ready to restart a
beam-test program on this topic.
1
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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, notably SLAC (Woods) and Notre Dame (Hildreth), along
with several UK institutions.
Broader Impact
The previous work leading up this proposal has involved several undergraduate physics majors
at the University of Oregon both in the construction of the prototype detector, the simulation
of the ILC extraction line, and data analysis from the 1997 test beam run. Several recent
undergraduate students who have been supported by this project are now graduate students in
Physics or other sciences, including Rodrigo Guzman (now at Northwestern), Matt Sternberg
(now at the University of Chicago), and Elizabeth Olhsson (now at Berkeley). The availability
of funding to incorporate undergraduates into a real research project with tangible benefits
over a longer period of time than just one summer makes for a unique educational opportunity
which these students likely would not otherwise have experienced.
Results of Prior Research This project has been funded since FY03 by DOE with University LC R&D funds. In that time, the Oregon group has constructed two prototype quartz
fiber detectors. The first, 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, saw some limited
beam time in 2005 exposed to the synchrotron radiation from one of the ESA bend line main
dipoles. The second prototype, shown in Figure ??, has 64 fibers on a 200 micron pitch read
out with a Hamamatsu R7600 (64 channel) multi-anode PMT. This device was installed as
T-475 as part of the SLAC ESA test beam program, and was specifically designed to observe
synchrotron radiation from a refurbished Spear II wiggler magnet as part of the spectrometer
program starting in 2007. Much of the two week run was spent commissioning the device,
and while signals were seen in all channels, cross-talk on the order of 10% was also observed
and could not be further debugged.
With the shutdown of the SLAC test beam program after the 2007 run, work continued at
Oregon making bench measurements of linearity properties of multi-anode PMTs under ILC-

2
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Figure 2: Prototype T-475 synchrotron radiation detector under construction at Oregon (left) and
installed in End Station A (right).
style bunch structures using a Tektronics AFG3102 arbitrary function generator. This current
proposal would move attention back to the prototype detector from T-475 by developing a
test-stand at Oregon which could map out the single-fiber response function without having
to rely on the availability of a test beam.
Facilities, Equipment and Other Resources
The HEP group at the University of Oregon has dedicated lab space which can be used to
set up an existing 5 mCi 90 Sr source to provide a large flux of few MeV electrons. This lab
space includes a VME-based data acquisition system modeled on what was used for the SLAC
ESA test beam runs. On-site machine and electronics shops enable us to fabricate whatever
mechanical and additional electronics components are necessary for this project at material
cost. Equipment previously purchased as part of this project including motion control stages
and stepper motors will be re-used for this detector test stand.
FY2009 Project Activities and Deliverables
The FY2009 deliverables will be the construction and commissioning of a test stand to allow
direct detector response tests to be made by undergraduate students at Oregon. This data will
be compared to the data recorded in the 2007 test beam data to allow a better understanding
of those results, and conclusions to be drawn about the viability of this design.
In particular, the suitability and feasibility of using 64 channel multi-anode PMTs for this
design is an important design parameter. If the large cross-talk seen from the test beam is
due to cross-coupling of light at the PMT face, a simple design modification may be enough
to fix the problem. If, in fact, no large cross-talk is seen in the bench tests, this would point
to backgrounds in the test beam environment, which would then point to the need for much
more rigorous shielding designs (and potentially longer fibers) than foreseen in the current
design.
Project Activities and Deliverables Beyond FY2009
Depending on the results of the work in FY2009, the out-year activities might include a new
prototype design and construction, modification to the existing prototype and further bench3
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work to test this, or studies of alternative photon-detection technologies. We have made some
initial evaluations of Hamamatsu Multi-Pixel Photon Counters (Silicon photomultipliers) but
the limited dynamic range of these devices seems to make them a poor match.
If the test beam program at SLAC can be resurrected, we would be interested in continuing
a series of beam tests with the ultimate goal of proof-of-principle for both the downstream
and upstream BPM-based spectrometer concepts.
Budgets
Total Project 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(26%)
Total direct and indirect costs

FY2009
0
0
10.8
10.8
0
10.8
0
0
3
0
13.8
3.6
17.4

Budget justification:
One and a half undergraduate workers are requested at an average rate of $12/hr for 10 hours
per week during term (30 weeks) plus 30 hours per week during the summer (10 weeks).
Three thousand is requested for modest additional equipment costs related to building a
collimation and containment system to hold the 90 Sr source and mechanical structures to
precisely position the prototype detector in the electron beam.

4
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PROJECT DESCRIPTION
and
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
Ray Arnold, Mike Woods, Glen White, SLAC
Stewart Boogert, Royal Holloway University
David Urner, Oxford University
The ATF2 Collaboration, KEK
Project Leader
Michael Hildreth
mikeh@undhep.hep.nd.edu
(574) 631-6458
Project Overview
This project 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. 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 . Provisions must be made in the overall accelerator design to provide adequate beamline space for the devices which will provide these
energy measurements. Moving accelerator components well after construction in order to provide additional space for energy measurement instrumentation is likely to be both extremely
disruptive and extremely expensive. Spectrometer techniques must be developed which meet
the specifications demanded by physics measurements.
Previous experimental requirements on precision energy measurements have led to the development of several techniques. At the SLC, the WISRD (Wire Imaging Synchrotron
Radiation Detector)[4] was used to measure the distance between two synchrotron stripes
1
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created by vertical bend magnets which surrounded a precisely-measured dipole that provided a horizontal bend proportional to the beam energy. This device reached a precision of
δEbeam /Ebeam ∼ 2 × 10−4 , where the limiting systematic errors were due to component relative alignment and background issues. At LEP2, a BPM-based magnetic spectrometer was
incorporated into the LEP ring[5]. 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.
These two measurement techniques have been pursued to provide the necessary energy resolution in various locations within the accelerator. Constrained by limited manipulation of
the beam, the BPM-spectrometer is able to provide a “passive” beam energy measurement
upstream of the interaction point. The synchrotron spectrometer will be placed downstream
of the interaction point and will be able to examine the outgoing beam to study effects of
disruption and provide additional information on dL/dE. These techniques were chosen because both have relatively straightforward upgrade paths to provide the necessary resolutions
at ILC beam energies.
Each of these techniques, however, requires significant development to approach the necessary energy resolution for the ILC. Stability and resolution requirements for the BPM-based
spectrometer are three to five times more stringent than the LEP design. The synchrotron
spectrometer requires two completely different photon detection technologies as well as a
different detector geometry.
The overall goal of this project is to develop a prototype support and position-monitoring
system for the “magnetic spectrometer” option for Energy measurement, and, coupled with
RF-BPM development, a prototype BPM-based energy spectrometer which can demonstrate
the required accuracy and stability. This will result in the design of a magnetic-spectrometerbased Energy Measurement system for the ILC which can reach the desired precision.
From previous experience, we know that realistic beam tests are essential to evaluate measurement components. In January 2006 we initiated a test beam program at SLAC’s End
Station A[6] designed to provide running experience in what is effectively an ILC beam in
terms of bunch charge and beam size. This facility comprised test beam programs for several
separate ILC-related experiments. This was a significant resource for the ILC community,
provided entirely by SLAC. The 2008 running was to include a cross-check of the BPM-based
and synchrotron-stripe spectrometer systems. Unfortunately, the End Station A program
was terminated prematurely, and the 2008 run never happened, leaving the spectrometer
program unfinished. Here, we propose to continue the mechanical stability program with
an installation in the ATF2 beamline at KEK, a natural test-bed for high-precision position
measurements. If the effort to revive the End Station A beamline is successful, the work
at KEK will position us to install a full stability monitoring system at SLAC in order to
complete the spectrometer tests.
The need for development and beam tests of this nature is critical at this stage of ILC
planning, since it directly impacts the design of the ILC Beam Delivery System. The allowed
emittance growth in the chicane is a primary design parameter and requires design iteration
with the optics experts. 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. In the worst case, these technologies will
have to be abandoned in lieu of as-yet-unidentified alternatives. Clearly, achieving a stable,
2
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performant design as early as possible would minimize future disruptions to the global design
and costing effort.

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 ILC 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”), 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.
BPM Resolution and Stability
For the chicane pictured above, the resolution of the spectrometer is determined by the
precision with which one can measure the central deflection of 5 mm. For δEbeam /Ebeam ∼
1 × 10−4 , the total error on the BPM position measurement must be bounded by 0.5µm.
Several aspects of the accelerator conspire to push the performance significantly below this
3
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Figure 2: Drawing of the FY07 installation of a four dipole chicane and the wiggler for the
combined spectrometer test. Installation was finished winter 2006.
value, however. Betatron position jitter of (0.25 − 0.5) × σx will lead to lateral movements of
order 50 microns during a bunch train; the contribution from betatron angle jitter is smaller,
but still amounts to a few microns. Corrections for these effects will need to be made on
a pulse-by-pulse basis using the BPMs external to the chicane. Extrapolation to the center
position will be limited by the uncertainties in several factors, dominated by the precision
with which the magnetic fields in the bends are known. Also, it is expected that many of early
pulses in the ILC train will contribute less to the luminosity because of the time required for
the various feedback loops in the machine to correct the drifts that have occurred between
trains. Therefore it is desireable to obtain an energy measurement over a subset of the
train, necessitating higher ultimate BPM resolution. Finally, information gleaned on energy
and position variation on a pulse-by-pulse basis, if this is possible, may prove an invaluable
diagnostic tool for accelerator tuning. Based on the above issues, we are aiming for a total
resolution that is significantly smaller than the upper bound of 0.5µm. Since cavity BPMs
at ATF have demonstrated a pulse-by-pulse resolution of 17 nm[7], a total mechanical and
electrical resolution of order 100 nm should be achievable. The extent to which we fall short
of this goal determines the level of averaging that will be necessary to obtain the desired
accuracy on the energy measurement.1
Prototyping the (mechanical) stability of a BPM-based Energy Spectrometer breaks down
into several projects:
• development of “local” monitoring capability that can survey the electrical and mechanical stability of a BPM pair or triplet located at a given position
• design, fabrication, and testing of mechanical support structures and BPM movers to
ascertain their short- and long-term stability using the local monitoring equipment.
• 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
1
The complementary studies of BPM performance and susceptibility to various beam parameters (tails, current
variation, accelerator backgrounds, etc.), and BPM calibration and stability are an integral part of the spectrometer
tests but have been funded in the past by a separate proposal led by Yury Kolomensky. Only mechanical and
integration issues are discussed here.
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BPMs

Interferometers

Figure 3: Photograph of the FY06 interferometer installation in End Station A, completed
July 2006. Each of the three interferometer heads on the aluminum table (left) illuminates
a retro-reflector mounted on each of the three copper BPM blocks on the right of the photograph. The image on the right shows the CAD drawing of the installation, including a
schematic drawing of the laser paths.
• linking multiple BPM stations using the straight line reference to monitor the stability
of the beam-based measurements
• addition of a dipole chicane to prototype the full spectrometer system and provide a test
of the full energy resolution
It is this list of issues that are addressed by this proposal.
SLAC End Station A Test Beam
As mentioned above, an extensive test beam program began at SLAC’s End Station A[6] in
2006, comprising four main experiments and several smaller efforts. Two of these experiments, designated T-474[8] (based on this project), and T-475, were intended to provide for
a complete test of a BPM-based spectrometer and sychrotron-based spectrometer system,
respectively, in a multi-year series of short experiments. This was a global effort, with essentially all interested parties world-wide involved in various aspects of the design, construction,
and analysis. It also represented a substantial effort and investment by SLAC in this program. SLAC provided infrastructure, mechanical design, and logistical support for all of the
experiments.
For the spectrometer effort, SLAC is currently refurbished four SPEAR dipoles that were used
to construct a chicane for beam energy measurements, an integral part of the tests needed
to demonstrate the technical performance of the spectrometer systems. This installation is
shown in Figure 2. T-474 was been re-designated as T-491 for the dipole chicane test.
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]. The cancellation of the FY08 running at SLAC was a setback to this
proposal, in ways that will be outlined below.
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2006 Results

position (nm)

position (nm)

The development of “local” position monitoring capability was completed in 2006. In July
2006, a three-head Zygo interferometer system was installed in the End Station A beamline
to monitor the mechanical position of three BPMs installed on a single girder. As shown in
Figure 3, a retro-reflector mounted on each of the BPMs acts as a target for the individual
interferometers. The optical signals are combined and transported via an optical fiber to
a VME-based ZMI-4004 board, where analysis of the modulation and phase shift of the
heterodyne interferometer signal provides λ/2048 spatial resolution (∼ 0.3 nm per count) at
velocities up to 5 m/s.
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Figure 4: Positions of the BPM blocks relative to the interferometer table recorded at 1 ms
intervals for the first (left plots) and second (right plots) BPMs on the girder, along with the
FFT of each of the spectra. Significant energy at 60 Hz is present in the first BPM, whereas
the second BPM is mechanically decoupled and oscillates at a lower frequency, but with much
larger amplitude.
The first data on the stability of the BPMs on the girder yielded images of large transverse
oscillations of the BPMs relative to the interferometer table. Figure 4 shows the position of
the upstream and central BPMs recorded at 1 ms intervals, as well as the FFT spectrum. For
the central pickup, oscillations large compared with the measured resolution (∼ 0.5 µm) can
easily be seen. This is due to the cooling water circuit for an upstream protection collimator,
which is currently under study for possible remediation, and the pliant design of the support.
So, as an initial study, the mechanical structure supporting these high-resolution BPMs fails
the criteria for a stable support and will need to be redesigned for future tests with these
pickups.
Figure 5 shows the difference in measured BPM resolution for the central pickup compared
to the upstream outer pickup. Here, the residual is computed using the beam trajectory
extrapolated from BPMs elsewhere in the beamline compared with the position measured
by the BPM in question. Due to the vibration, the resolution is 50% worse on the central
6
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Figure 5: Residual means (left) and residuals (right) extrapolating the horizontal beam position from the surrounding BPMs to the center BPM (top plots) and the first outer BPM
(bottom plots). While the mean of the residual is very similar, the resolution for the outer
BPM is much better due to the smaller girder vibration. The width of the gaussian is 1.5 µm
for the central BPM and 1 µm for the outer BPM.
pickup. Analysis is underway using the interferometer data to remove the vibration and
measure the intrinsic BPM resolution. The stability of the residuals, as shown in the left
hand plot, has already achieved better than 100 nm over a 30 minute period. Better intrinsic
resolution, however, is required to meet the Spectrometer goals. In 2006, the timing of the
data acquisition “read” for the interferometer was too late (80ms) compared to the beam
crossing time, so a detailed subtraction of the vibration information is impossible. This was
remedied in 2007, as explained below.
The operation of the interferometer during the test beam running can be called an uqualified
success. The radiation shielding of the laser allowed flawless operation for the duration of the
run, and the interferometer readout was successfully integrated into the End Station A data
acquisition system and was synchronized with the BPM data. The interferometer system was
able to diagnose severe vibration issues with the BPM mounting girder.
The complete results of the 2006 running, including those shown above, were recently published in N.I.M.[10]. The overall performance of the system is very encouraging, but many
issues remain to be addressed by future tests.
2007 Running
In 2007, four refurbished SPEAR magnets and a wiggler were installed in the End Station A
test beam, creating a chicane that allows energy measurements, and, potentially, a cross-check
between the BPM-based and synchrotron-stripe spectrometer techniques.
The mid-chicane location and the upstream BPM platform were “linked” by placing a retroreflector on the upstream platform and forming a single arm interferometer approximately 8
meters long. This configuration, which was in place for the March 2007 run, is shown in
7
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Figure 6: A shaded CAD drawing of the SPEAR girder assembly, showing the girder, two
of the dipoles, the upstream and mid-chicane BPMs, and the two interferometer tables. The
light pipe ran between the two interferometer tables at approximately beam height, allowing
relative motion of the two tables to be measured.
Figure 6; see caption for details. This installation allowed a first look at the issues related to
stability and position measurement over long distances. For isolation, we used a PVC pipe
to block air currents rather than a full vacuum system. The inteferometer data measuring
the relative distance between the two tables showed large (> 2µm) long term drifts due to
temperature and air pressure effects. Because we lacked a vacuum system to mitigate these
large biases, the long interferometer arm was eventually replaced by a transport line to an
upstream interferometer head that then provided local vibration information on one of the
upstream BPMs.
Many studies of the stability and performance of the interferometer and BPM systems were
conducted during the two runs in 2007. As mentioned above, one of the important modifications introduced for the summer 2007 running was to read the interferometer system in
conjunction with the beam arrival. Five readings spaced by 1ms were written to the data
stream every beam pulse. Subsequent studies indicate that using the measured position and
velocity, an extrapolation over 1 ms predicts (and hence can correct) the next measured position with an rms of approximately 10nm, essentially the single-measurement resolution of
the interferometer system itself. This is true even with mechanical vibrations as large as
2µm peak-to-peak, since the frequencies of the large amplitude motion are relatively low.
An analysis to demonstrate substantial improvement in the measured BPM resolutions by
applying a vibration correction determined by the interferometer system is in progress, being
conducted by an undergraduate student from Notre Dame. Timely analysis of all of the 2007
data suffered dramatically as a direct result of the funding cuts in FY08. The UK analysis
effort, effectively the backbone of the experiment, was essentially dispersed; as yet no final
results are available from the 2007 run.
Some analysis, however, was completed. Figure 7 shows the beam energy measured in the
spectrometer chicane using the BPM readings during an energy scan obtained by manipulating
the linac configuration. While the pulse-to-pulse jitter is large, the overall shape of the scan
can clearly be seen, demonstrating that an energy measurement is possible.
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Figure 7: A plot of the energy measured in the spectrometer chicane versus time (pulse
number). The energy is computed using the measured position in the spectrometer BPMs
and the value for the magnetic fields in the chicane dipoles.
FY2008 Activities
After the cancellation of the 2008 SLAC running, we continued work on the development of
the “straightness monitor” necessary for monitoring the relative positions of the BPMs over
the length of the spectrometer chicane. The design concept has evolved from our previous
proposal to one where a single, inertially-referenced laser beam can be used as a straight
line reference. This will be explained below. The interferometer components were moved
from SLAC back to Notre Dame, and we made a series of measurements to characterize the
“bench-top” resolution of the system. These tests were performed on our optical table in the
lab, in air. No attempt has been made to isolate the optical table from temperature fluctuations or any other environmental variable, including variations in atmospheric pressure and
temperature. Our resolution investigations were aided by a piezo stage with a minimum step
size of approximately 50 nm. In Figure 8, we show a comparison between an interferometer
where the target retro-reflector is bolted to the table (bottom) vs. the interferometer next to
it where the retro-reflector is on the nano-mover.
One can see that the stationary interferometer still has several tens of nanometers of drift over
the course of this experiment (This exposure was taken over 30 minutes.). A similar pattern
is seen on the interferometer with the moving stage: the entire pattern drifts negative over
time. The steps, however, are well-delineated. A projection of this plot with the linear drift
subtracted is shown in Figure 9. Over the full time-span of the measurement, each of the
steps is clearly visible, and the spacing between them remains constant. An example step is
also shown in Figure 9 , where, again, the linear drift has been subtracted. These figures show
a single-measurement resolution of approximately 7nm. Clearly, an algorithm that averages
the measured position over time could obtain a sub-nm measurement of the Gaussian center.
It is worth noting from these results that no large oscillatory behavior is seen.
Proposed Installation in ATF2
An opportunity to continue our work on mechanical stabilization has arisen as part of the
ATF2 project[11]. The proposal outlined below was presented to the ATF2 Technical Board
in December 2008; a positive decision to procede is expected but has not yet been officially
announced. No energy measurement will be possible at ATF2, but it offers a nearly-ideal
9
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Figure 8: A comparison of two adjacent interferometers, one with a stationary retro-reflector and
one with the target retro-reflector mounted on a piezo nano-stage moving in a pre-selected pattern.

platform to study the ultimate resolution and stability of our system pending renewal of the
SLAC program.
We propose to install a position measurement system in the ATF2 beamline to monitor the
vertical positions of the two IP vertical steering feedback BPMs, BPM QD10B and MFB2,
well upstream of the IP. This installation has three purposes:
1. Provide diagnostic guidance on the mechanical stability of the BPM components
2. Eventually, provide a continuous measurement of the relative vertical positions of the
two BPMs that can be used as a correction to the IP steering algorithm
3. Continue development of the straightness monitor system for Energy Spectrometry
The ATF2 beamline is shown in Figure 10. The feedback BPMs to be monitored lie in the
quad string near the beginning of the beamline. The IP is to the left.
The beamsize at MFB2 is expected to be approximately 400nm, so a 10% measurement of
position jitter due to vibration is desired. Special cavity BPMs, with resolutions expected to
be ∼ 100nm have been designed for these measurement positions. The interferometer system
is ideal for this application.
The measurements of the vertical positions of the BPMs can be accomplished by establishing
a straight line horizontal reference passing below the quads and connecting vertically to the
two BPMs in question. A sketch of this is shown in Figure 11. A pass-through like this is
made possible by the space between the two sets of rollers on the FFTB movers that support
each quad, as can be seen in Figure 12. This figure shows a photograph of the beamline; a
stay-clear of 10 × 13 cm is visible below each quad, which is more than adequate for a light
pipe of 8cm diameter.
The final configuration of the optical layout will include two independent measurements of
the distance from the BPMs to a straight line defined by the laser beam itself. The layout
shown in Figure 13 includes two linear interferometers to measure changes in the vertical
distances between the horizontal laser beam and the two BPMs. In order to monitor drifts
10
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Figure 9: (Left) A projection of the nano-stage stepping data, where the position of all measurements has been plotted regardless of the time. A linear drift in the central step position has been
subtracted. (Right) The measured position of two independent nano-stage steps taken from the
figure on the left. A single-measurement resolution much better than 10nm is clearly seen.
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Figure 10: The ATF2 beamline, showing the various components. The vertical steering feedback
BPMs are located in the string of quadrupoles to the right of the figure. The beam travels right to
left.
in the laser pointing, two CCD cameras (Bassler Scout 2MP) will be installed at either end
of the optical beamline. A small fraction of the main beam can be picked-off and imaged
on the CCDs. Extensive studies of center-location and tracking algorithms with our cameras
have yielded single-measurement errors of the order of 100-200nm. Clearly, the laser will not
drift on time scales of seconds, so with any sort of averaging, the pointing stability can be
measured to very high accuracy using the two cameras. For overall system stability, it will
almost certainly be necessary to include a transport tube under low-grade vacuum between
QM13 and QD10B. This will have to be assembled out of short sections, since the space
between the quads limits how long of a tube one can insert at any given time. A future
upgrade may include placing all of the optics inside vacuum boxes. This may or may not
be necessary given the require precision of the measurements; it will be one of the objectives
of the first running to understand what is necessary to obtain the desired resolution and
stability. In addition, the system can be referenced to the ATF floor to provide an absolute
measurement of the height of each BPM by adding two more measurement lines down to the
floor itself. This will be another upgrade to consider for the future.
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Figure 11: Proposed optical path in the ATF2 beamline connecting the two vertical steering feedback BPMs.

Figure 12: A photograph of the ATF2 beamline, showing the support structure underneath each
of the quadrupoles. Note the space between the support movers of each quad. This corresponds to
a 10 × 13 cm stay-clear.
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Figure 13: Schematic layout of optical components, showing approximate locations of the different
functional groups.
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We have begun detailed discussions with the ATF2 management about installation, BPM
supports, the vacuum tube, etc. We have our own stand-alone data acquisition system which
is capable of “publishing” our data to the ATF2 system. Compatibility issues have already
been resolved by our UK collaborators, and we will follow their lead. This is an excellent
opportunity to continue our development in a test beam environment while providing useful
feedback to the host system. Clearly, since ATF2 is the only beamline worldwide dedicated
to ILC, our project is well-coordinated with other international R& D efforts.
FY2009 Project Activities and Deliverables
In summer FY09, if approved, we will begin the installation of interferometer hardware at
KEK. We already have essentially the complete set of optical components. Discussions with
the ATF2 team will need to be completed so that we understand who provides which infrastructure elements, but we do not anticpate any large expenditures. By fall 2009, we should be
able to provide a real-time measurement of BPM vibration to ATF2 for both of the feedback
BPMs. We will also be able to evaluate the performance and stability of the laser system
and to decide what additional work is needed to achieve the stability goals outlined for the
magnetic spectrometer system, including inertial stabilization of the laser system.
FY2010 Project Activities With the experience gained from 2009, we will install additional optical components to reference the straightness monitor to the ATF floor. This will
allow us to provide a measurement of the physical height of each of the BPMs, and their differential vertical displacement. Long-term tests of stability, environmental systematics, and
resolution will be conducted. This information can be incorporated directly into the steering
feedback to correct for any BPM motion. This will serve as a demonstration of the resolution
and stability of the straightness monitor, as measured by the high-resolution BPMs. It will
also provide a high-resolution stability correction to the ATF2 IP feedback, helping them to
achieve their spot size and stability goals at the new IP.
If the SLAC beamline is revived in 2010, we can use the development system currently set
up at Notre Dame to instrument the End Station. A modest investment in hardware will
be necessary to duplicate some of the equipment installed at KEK. Obviously, the end goal
of this proposal is to complete the spectrometer tests that we originally proposed, and this
must be done at the End Station. FY10 could see the first attempts at cross-checking the two
spectrometer techniques and a start at the evaluation of the systematic errors of the system,
such as the effects of varying beam currents, bunch tilts, beam tails, stray magnetic fields,
etc. The technique comparison and the evaluation of systematic errors were the two main
goals of the original proposal and can only be accomplished with significant beam time at
SLAC. It is likely that FY10 running will not be sufficient to answer all of the important
questions.
FY2011 Project Activities For KEK, FY11 will bring contined experience in running a
“production” monitoring system. The long-term stability required may be difficult to achieve,
and modifications may be needed to the optical setup. The monitoring system will continue
to be an integral part of the steering feedback and part of routine ATF2 operations.
If the SLAC program is allowed to continue in FY10, there will almost certainly be a need
for FY11 running for spectrometer testing to finish the R& D program.
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Broader Impact This project has proven to be an excellent training ground for undergraduate students eager for an experience in cutting-edge research. The combination of work in
data acquisition, experiment design and construction, and data analysis has, to date, provided
eight undergraduates with an excellent opportunity to be involved in an international project
while acquiring many different skill important for their future careers as scientists. The link
between the table-top and large, international facilities has given them an appreciation for
how the detailed aspects of a small project can be important for and integrated into a much
larger undertaking. Several of them have spent time at SLAC installing equipment, taking
shifts during the test beam runs, and analyzing data. Two have since graduated and are
currently enrolled in graduate programs, two are writing undergraduate theses on various
aspects of the project, and all of the current students plan to go on to graduate school in
physics. The new installation at KEK will bring the opportunity for some of them to spend
some time in Japan in a scientific exchange, an invaluable experience to broaden their cultural and scientific view of the world. The straightness monitor and its application to BPM
stability will not only provide an important reference for the ATF2 project, it has potential
use in other venues, such as light sources, where beam stability is of paramount importance.
One-year budget, in 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

FY2009
0
0
8
8
0
8
0
13
5
0
26
9
35

Budget justification: Travel funds sufficient for visiting KEK several times this year dominate the budget.
Funds are included to support two undergraduates over the summer. They are budgeted
under participant costs and therefore have no associated overhead.
A small amount of supply money is included for purchasing cables, a computer, and other
optics items.
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
International Linear Collider (ILC) to detect and unambiguously interpret new physics signals
[1]. Therefore, 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 ILC will crucially
depend on the detection schemes for scattered electrons or photons. Quartz Fiber Calorimeters
(QFC) [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 an ILC 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 quartz
fiber (QF) arrangement and in the photo-multiplier tube 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].
We plan to design a polarimeter based on QF technology. The current design will measure both
energy and spatial resolution with the provided pre-shower and calorimeter components. A
drawing for the polarimeter is shown in Figure 1. The pre-shower component has three fiber
arrays normal to the incoming beam interspersed with 0.25-0.5 X0 (with W or Pb as massive
material) by giving total 0.75-1.5 X0. The fibers in the pre-shower compartment are positioned to
create a grid to allow position measurements for the electromagnetic showers.
It is followed by a calorimeter section (6 X0) with longitudinal fibers parallel to the incoming
beam, in which fiber to fiber distance is 1 mm. A front and top view of one layer are shown in
Figure 2. Since the transverse shower size for electrons and photons is very narrow, 10 cm x 10
cm lateral dimensions are considered. The incoming particles have energy in the range 25-250
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GeV. We first implement a Geant4 simulation to study properties of the proposed polarimeter
and to second optimum design parameters.

Figure 1: A drawing for Compton Polarimetry design for ILC.

Figure 2: Front view of a calorimeter layer with grooves and quartz fibers (left). Top view of a calorimeter layer.
Fibers are placed parallel to the incoming beam direction (right). The green box hosts the readout devices.

The Geant4 simulation will also help to determine the necessary packing fraction. For the
readout system there are different choices to allow high channel multiplicity readouts (such as
multi-anode PMTs, avalanche photo-diodes or silicon PMTs ). A drawing for the readout system
is given in Figure 3. The readout system in the current simulation will be using photo-multiplier
tubes with ~25% quantum efficiency at λ = 400 nm.
R&D Program
Our R&D study of a QFC designed for a ILC polarimeter will largely benefit from our
experience on the QF technology and the calorimetry properties of such devices. We gained this
36
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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 ILC polarimeter detector.

Figure 3: A readout box drawing for calorimeter part.

We have already begun our R&D effort with studies and simulations to determine requirements
for a QFC polarimeter and investigate its systematics [see attached progress report]. 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
multi-anode PMT (16 or 64 channels) or SiPMT for the QF readout. The prototype will be tested
over a broad energy range relevant for scattered electrons and backward scattered photons.
We propose to perform detailed simulation and engineering studies during the second year FY07,
to investigate the role of this calorimeter for the electron detection and electron energy resolution
and photon detection. We will also collect data to understand radiation damage properties of
quartz fibers with the 24 GeV proton beam at CERN and gammas/neutrons irradiations at ANL.
We will develop a method to extrapolate our previous measurements at LIL-CERN up to 20
Grad. And finally, we will develop a method to monitor the radiation damage of quartz fibers
online during data taking.
We hope to finalize the conceptual design of the polarimeter towards the end of the second year,
and during the third year, to start design-studies for W-pair asymmetry and we will complete
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
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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 ILC 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.
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.
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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 physics program at the ILC will be to study Higgs and SUSY particles, the
SUperSYmmetric analogs of the currently known elementary particles. 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, particle physics 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 Tier-3 Grid Center, 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.
FY2009 Project Activities and Deliverables, and Beyond FY2009
We will concentrate on the Monte Carlo simulations in FY09. We will produce a
Report/Research Document showing the results and the details of our Monte Carlo simulations
for the specific geometries and configurations as shown in our proposal to design a Cherenkov
Calorimeter for ILC.
We will initially focus on the simulations/study necessary for developing the detector
requirements and estimating systematic errors. If we are successful in 2009, we propose to
continue with our R&D by constructing a prototype in 2010. We will be collaborating with the
group of Dr. M. Woods/SLAC and Eric Torrence/U. Oregon on this research.
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Total Project Budget, in 65 K$ ( for two years)
Institution:

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

FY2009

FY2010

12.5
1.0
12.5
1.25

12.5
1.0
12.5
1.25

TOTAL
0
25.0
2.0
25.0
2.50

15.75

15.75

31.5

4.0
4.0
1.0
25.75
6.7

4.0
4.0
1.0
25.75
6.7

0
8.0
8.0
2.0
51.50
13.4

32.50

32.50

65.0

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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Budget justification:
- 1 Graduate student (1/2 FTE)
- 1 Undergraduate student ( 1/8 FTE)
- The cost of the material (estimated) 4K
- Other direct cost 1K
In addition, funds are requested to travel between Iowa and Fermilab for the test beam work.
Fringe Benefits
Grad.Stud: 19.4 % + 3K Tuition
Undergrad : 3%
Indirect cost : 26%
( only 10% is in the budget- the rest of students fringe benefits will be covered by Y.Onel)
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GEANT4 Monte Carlo Simulation Studies for the Quartz-Fiber to be Used in
the ILC Compton Polarimeter
1
QF Calorimeters
QF (Quartz Fiber) Calorimeters are proposed to measure the beam polarimetry of photons in the
Compton Polarimeter at ILC. The QF detector will be an integral part of the Compton
Polarimeter at ILC and therefore is subject to several size and geometry considerations.
We consider two different QF designs: Tungsten-Quartz Fiber and Tungsten-Ribbon Quartz
Fiber. These designs are based on the Quartz Fiber Calorimeter technique of the Forward
Calorimeter (HF) of the CMS detector.
In the subsequent sections these will be explained in more detail.
1.1
Tungsten-Ribbon Quartz Fiber Calorimeter
The Tungsten-Quartz Fiber Calorimeter design is based on the forward calorimeter design of the
CMS detector. It is composed of Tungsten absorber embedded with quartz fibers. The diameter
of the quartz core of the fiber is chosen to be 600 microns. The fibers run parallel to the beam
direction. The fiber to fiber distance is 300 microns. Different fiber to fiber distance and the fiber
core diameter lead to different quartz-absorber packing fraction and hence to different response
of the detector.

(a) Cross sectional view.
(b) Angled view.
Figure 1: Tungsten-Quartz Fiber ZDC DESIGN1: Quartz Fibers run parallel to the beam
direction
The calorimeter is divided into four towers each being read-out separately. Each tower has a
cross sectional area of 6 cm x 6 cm. A schematic view of the detector is shown in Figures 1(a)
and 1(b).
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A GEANT4 Monte Carlo simulation setup of this design was completed. A custom Cerenkov
light generation algorithm was employed. The effects of the light attenuation in the quartz fiber
are also taken into account. The quantum efficiency characteristics of the photomultiplier tube
(PMT) as a function of photon wavelength and the light guides between the fiber bundles and the
PMTs are simulated too.
We plan to study and optimize the geometrical parameters as well as Absorber-Quartz packing
ratio. Some preliminary results of the simulation on the response to electrons were obtained. In
Figure 2(a) the response of this detector to 50 GeV electron beam is shown. Similarly in Figure
2(b), the 100 GeV electron beam response is shown. The response to electrons is linear. In
Figures 3(a) and 3(b) the response to pions are shown. The response of the detector to pions is
lower than to it is to electrons due to the nature of the hadronic and electromagnetic shower
development.

(a) 50 GeV electron beam.

(b) 100 GeV electron beam

Figure 2: The response of the Tungsten-Quartz detector (DESIGN1).
2.
Tungsten-Ribbon Quartz Fiber Calorimeter
The second design under consideration is also composed of Tungsten absorber and Quartz
Fibers. However in this case, ribbons of quartz fibers are formed and placed in between Tungsten
plates of thickness of 1 cm. There are 100 plates. Each plate has a cross sectional area of 9.6 cm
x 12.5 cm. The fiber radius is 0.4 mm with a 0.3 mm quartz core. The fibers run along the length
of the Tungsten plate, i.e., 12.5 cm. The tungsten plates and the ribbons are placed at an 45
degrees angle with respect to the beam direction as seen on Figure 4.
The GEANT4 simulation coding of this design had been completed. Some preliminary results of
this design on the response to 50 GeV and 100 GeV electrons are shown in Figures 5(a), 5(b),
6(a) and 6(b). Similarly the response of this design to proton beam are shown in Figures 7(a) and
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7(b). In Figures 8(a) and 8(b) the response the calorimeter to 250 GeV protons and in Figures
9(a) and 9(b) are shown.

(a) 50 GeV pion beam.

(b) 100 GeV pion beam.

Figure 3: The response of the Tungsten-Quartz detector (DESIGN1).

Figure 4: Tungsten-Ribbon Quartz Fiber (DESIGN 2) Calorimeter geometry.
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(a) The response to 50 GeV electron beam.

(b) Longitudinal energy deposition profile in
absorber for 50 GeV electron beam.

Figure 5: Tungsten-Quartz detector (DESIGN2).

(a) The response to 100 GeV electron beam.

(b) Longitudinal energy deposition profile in
absorber for 100 GeV electron beam.

Figure 6: Tungsten-Quartz detector (DESIGN2).
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(a) The response to 50 GeV proton beam.

(b) Longitudinal energy deposition profile in
absorber for 50 GeV proton beam.

Figure 7: Tungsten-Quartz detector (DESIGN2).

(a) The response to 250 GeV proton beam.

(b) Longitudinal energy deposition profile in
absorber for 250 GeV proton beam.

Figure 8: Tungsten-Quartz detector (DESIGN2).
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(a) The response to 50 GeV pion beam.

(b) Longitudinal energy deposition profile in
absorber for 50 GeV pion beam.

Figure 9: Tungsten-Quartz detector (DESIGN2).
The results shown are preliminary. Each run is composed of 500 beam particles. Higher statistics
is obviously needed as it is clear from the statistical fluctuations in the figures. Particularly in
order to study the shower containment and the leakage, obtaining a longitudinal shower profile
that is not suffering form the statistical fluctuations is essential.
2
Conclusion and Outlook
The current status of the Monte Carlo simulation studies for QF Calorimeter for ILC-Compton
polarimeter detector is presented. The results shown are preliminary as the optimization in the
simulation code is underway. Some quick conclusions though can be drawn regarding the light
yield of the two different Tungsten-Quartz Fibers. The ribbon design has a higher response to the
same energetic beam due to the 45 degrees angle that the fiber have.
We plan to further study the geometrical considerations, quartz fiber packing fractions, and those
effects on the response of the detector design, as well as the light guide system and coupling
schemes to the multi-anode PMTs and SiPMTs.
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Project Description and Status Report.
Project Name
Further development of a Large Angle Beamstrahlung Monitor
Personnel and Institution(s) requesting funding
G. Bonvicini.
Collaborators
KEK Laboratory, Japan; Laboratori Nazionali Frascati, Italy.
Project Leader
G. Bonvicini, Wayne State University
giovanni@physics.wayne.edu
313-5771444
Project Overview
A prototype Beamstrahlung Large Angle Monitor at CESR has operated for several years,
consistently providing small positive signals. Data collection and analysis in 2007 and 2008
has provided strong additional evidence that permits to rule out systematic effects. Two
papers, one describing the detector and its performance, and one describing the evidence
collected, are being written[1].
The large angle regime is very similar for both high and low energy machines. As such
this device can be developed and operated at current and near future machines, so that the
technology, while being entirely new, should be mature by the time the ILC starts.
Not only is this useful for the device, it is extremely useful for machines such as KEK,
DAPHNE and SuperB, where the beam-beam interaction (BBI) is the most pressing concern.
For example, the Frascati SuperB Conceptual Design Report devotes the first six pages of
the Accelerator Section to a discussion of the BBI[2]. Letters of support of the Directors of
KEK and Frascati are attached.
In case of a beam-beam transverse mismatch (in technical parlance, a decrease in the specific
luminosity), the device proposed here can diagnose which beam needs correction, the type
of correction, and how large a correction. The diagnosis is obtained by constructing the
beamstrahlung diagram (Fig.1), which plots the polarized yield in Ux−y for each beam. In
the important case of one beam being having a larger σy than the other (Fig. 1b), one notes
that both beams radiate the same Ux , while being very asymmetric in Uy (Fig 1d).
As the letters of support state, the device can also measure BBI parameters while looking
directly at the Interaction Point, avoiding systematic errors related to the measure of other
beam parameters at other points in the beam line. Like these machines, the ILC collides
independent beams and will have similar beam-beam matching problems.
It is proposed to build a new, improved device for DAPHNE while advancing the design
for the KEK one. Unfortunately, BELLE is scheduled to end its data taking by the end
1
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Figure 1: Beamstrahlung diagrams corresponding to beam-beam transverse overlaps. a) the
beams overlap perfectly in the transverse plane. b) one of the beams is defocussed. c) Beamstrahlung diagram corresponding to case a). The radiation from each beam is equal and unpolarized. d)Beamstrahlung diagram corresponding to case b). The x− component from each beam is
approximately equal, but the y− components are asymmetric.
of 2009, making it nearly impossible to install a monitor and take meaningful data before
shutdown. DAPHNE will operate three more years, making it easy to install and operate a
device. Improvements to the current detector are discussed in the Project Overview.
Broader Impact.
The device discussed here will improve the delivered luminosity of accelerators costing hundreds of millions of dollars. It will also cover a unique need in a sector of the ILC which needs
new technology. By building and operating it at two new accelerators, the device should
become standard equipment for high luminosity machines.
In the past, this line of research has attracted a lot of young scientists, and it will continue to
do so. Here is a device which is fairly simple (each proposed, complete device will have between
2
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24 and 32 photomultipliers), crucial to the success of the machine, and yet fairly complex to
operate at the precision level that is targeted (1% or better). Unlike other detectors built for
large experiments, it can be mastered by a single, hard working graduate student.
Thanks to continued support of this line of research from the NSF and DOE, four undergraduate students (as part of a nine years REU effort which was nationally recognised for its
outreach to minorities and “first generation” students) have been involved.
Two graduate students have worked on it. The data that allowed the breakthrough described
below were collected entirely by one graduate student who spent 3-week periods continuously
taking data while calibrating the detector every 8 hours.
If built and operated, each of these devices should generate of order two graduate student theses. While the rest of the R&D program is very important, nothing can beat the instructional
value of analysing real data.
Results of prior research.
Continuous data taking in July 2007 and Dec. 2007-Jan. 2008 finally provided a set of
high quality data which first pointed to some flaws in our analysis software. The correlated
variation of the observed signal with the beam optical parameters was found to be consistent
only with the hypothesis of beamstrahlung.
Basically, in July the electron beam height (σy ) was significantly smaller than the positron
σy , while in December the opposite was true (Fig. 2a). At the same time, the beam currents
increased substantially over the same period (Fig. 2b). The positron beamstrahlung signal
2 . The beam currents being highly correlated, the signal
is proportional to Rad+ = I+ I−
dependence on the current is close to cubic.
In Fig. 3a the fitted beamstrahlung signals Ux are shown as a function of Rad+ , and in Fig.
3b the (Ux , Uy ) plot is shown for the positron beam. Fig. 3a shows that the fitted yield has
close to a cubic dependence on the currents (and that a linear dependence can be ruled out).
Fig. 3b shows that the data arrange themselves according to the expected beamstrahlung
diagram of Fig. 1, when beams are of unequal height. There is strong evidence that the
beamstrahlung digram, and significant polarization effects, have been measured for the first
time.
In the remainder of this Section the device is briefly described and the future modifications
to the CESR device highlighted.
The device consists of 4 highly collimated telescopes (acceptance of the order 1mrad2 ) pointed
at the CESR Interaction Point at a 10 mrad angle from the beam line, monitoring the light
emitted at the IP in the visible and infrared.
Our idea is to build at Wayne State identical telescopes for each accelerator, doubling the
manufacturing effort but with no increase in design labor, and only minimal increases in
calibration workload. The KEK device, coming online a few years after the DAPHNE one,
will probably be slightly modified based on acquired experience.
Primary windows, primary mirrors, and the implementation of the beamstrahlung data into
the machine data stream are the responsibility of the local machine physicists. Adaptation of
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the telescopes to local beam line conditions would include some mechanical fittings and extra
mirrors, to be done in collaboration with local scientists.
At CESR the S/B was of the order of 0.02 to 0.07. At future accelerators the specific
luminosity is much greater than at CESR, and the beams substantially shorter. Both effects
greatly increase the S/B, which can be estimated assuming beam tails of thickness similar to
those at CESR. S/B should be of order 10 at DAPHNE, of order 100 at KEK, and of order
1000 or more at SuperB. This, plus a much better control over systematics, would make it
possible to measure BBI parameters to 1% or better.
In the CESR device, the optics, the aligning system, and some of the photomultipliers worked
flawlessly and will not be changed. The new devices would be similar to the existing ones,
but differ in small but crucial ways, according to a paper being written. These changes aim
at reducing systematic effects and include:
• The acquisition of supplemental data from both CESR and CLEO proved crucial but
will be expanded at future accelerators, in particular to obtain information about fringe
length in the final quadrupoles and the Beam Position Monitors near the IP. Fast gating electronics, to identify the bunch that emitted the photon, should be eventually
implemented.
• two of the viewports are to be located at ±90 degrees, while two other viewports should
be placed at 120 and -60 degrees respectively. This simple modifications of the apparatus
permits a minimization of systematics and of backgrounds. For example, at CESR a
significant fraction of the data had to be discarded due to small jumps in the orbit
angle. By having opposite counters in azimuth, increasing systematics in one counter
will be balanced by decreasing systematics in the opposite counter.
• three or four separate wavelength bands will be recorded, as opposed to two in the CESR
device. The extra information permits a separate characterization of the beam and its
tails, which proved to be thicker than expected.
• Numerous other improvements would further reduce systematics. These include using
the same, rugged PMTs for all bands, and bench measurement of the optical transmission
efficiency would precisely measure the relative efficiency of each counter.
Facilities:
The previous device was built entirely in the WSU Machine Shop, a high quality Shop where
many particle detectors, including the STAR Electromagnetic Calorimeter in its entirety, have
been built.
There should be no problem building the new telescopes there. In particular, the mechanic
who built all the pieces is still around, and we still have the CAD files of all the pieces. There
is plenty of laboratory space for a student to set up a test bench for the telescopes.
FY 2009 Projected Activities and deliverables:
To continue the design of the KEK device. To design the DAPHNE device by May 2009. To
build half the DAPHNE telescope during Summer 2009 for installation in Fall 2009, with first
operation in late Fall and Winter 2010.
4
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FY 2001-11 Projected Activities and deliverables:
To continue the design of the KEK device. To acquire experience with the DAPHNE device
and complete its installation by the end of 2010. To complete the design of the KEK device by
mid-2011, or earlier if SuperB advances as hoped. Design of the KEK device will be finalized
only after some experience with the DAPHNE device.
One-year budget, in then-year K$
Institution: Wayne State University
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs (tuition)
Total direct costs
Indirect costs(no tuition)
Total direct and indirect costs

FY2009
0
22
0
22
6
28
10
7
18
10
73
34
107

Total
0
22
0
22
6
28
10
7
18
10
73
34
107

Budget justification:
Salaries: one graduate student to operate the calibration test bench and graduate on DAPHNE
data analysis.
Equipment: data acquisition system for calibration bench, including Labview system, computer, electronics rack, various light sources.
Travel: 2 trips to KEK and 3 trips to Italy.
Material and supplies: optical expansion systems, mirrors, photomultipliers, scalers, discriminators, mechanical labor, mechanical infrastructure for calibration system and for detector
Tuition: one year of graduate student tuition
Indirect costs: 52% of direct costs minus tuition

References
[1] http://motor1.physics.wayne.edu/ giovanni/beamstrahlung.html
[2] http://www.pi.infn.it/SuperB/CDR
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Figure 2: Data distribution of fills considered for the final analysis. Top: scatter plot of I+ , the
2 . The current is proportional to the machine backgrounds,
positron current versus Rad+ = I+ I−
whereas Rad+ is proportional to the beamstrahlung signal. The upper, left band is for July-Aug.
2007, while the bottom, right band is for Dec.2007-Jan. 2008. The upper band implies higher
backgrounds and smaller signals compared to the other band. Bottom: the average beam height
for the fills considered for the final analysis. Squares are for July-Aug. while triangles are for
Dec.-Jan. The positron beam varies between 2.5 and 3.5 microns, while the electron beam varies
between 1.5 and 4.5 microns.
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Figure 3: Signal distributions for the fills considered for the final analysis. Top: scatter plot of
Ux versus Rad+ . Dark squares correspond to the July data while light circles to the December
data. Bottom: Scatter plot of Uy versus Ux . Dark squares correspond to the July data while light
circles to the December data. Note that while Ux scales, as expected, with Rad+ , Uy is affected by
the smaller electron beam height in July. There is clear polarization separation between the two
samples.
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HIGH ENERGY ACCELERATOR RESEARCH ORGANIZATION

KEK

KEK, 1-1 Oho, Tsukuba,
Ibaraki 305-0801, Japan
Phone: +81-29-864-5314
Katsunobu.Oide@kek.jp

January 23, 2009

The Linear Collider Detector R&D Collabolation

RE: FY2009 Funding Proposal
To whom it may concern,
This is a letter to support Prof. Giovanni Bonvicini’s funding request on R&D for a Large
Angle Beamstrahlung device for SuperB.
It has been experienced that the luminosity strongly depends on the beam-optical parameters
at the interaction point (IP), such as x-y coupling, residual dispersion, waist position, etc.
It is even more important for a machine like SuperB or SuperKEKB which tries to extract
more luminosity per bunch crossing. Although there are a large number of tuning knobs
to tune such parameters at the IP, direct signal on the beam profile has been very limited.
For instance, in the case of KEKB B–Factory, which has been operated since 1999 and
reached 1.7 × 1034 cm−2 s−1 luminosity, the distribution of vertex detected by the silicon
vertex detector (SVD) is the only information beside the luminosity. As the resolution of
the vertex detector is about 20 µm, it cannot tell anything about the vertical profile of the
beams, whose sizes are about 2 µm at the IP. Also the vertex detector cannot separate the
profile of each beam. Therefore more noble detectors to tell the information at the IP should
be developed for future high luminosity colliders. This will be more crucial to a nano-beam
collider such as the SuperB in Italy and linear colliders.
Prof. Bonvicini’s Large Angle Beamstrahlung detector is the very one device to bring such
information on the beam profile at the IP. It has an ability to tell the vertical profile of
the two beams at the IP separately with practical sensitivity. He has already operated
the device at CESR for several years, and obtained positive results basically as predicted.
The experience at CESR suggests him a number of possible improvements on the device,
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such as the alignment of viewports, more bands of wavelengths to be separated, taking
more correlation with other beam information given by beam position monitors. These
modifications will polish up the device further and should make it ready for real machines.
A number of e+ e− colliders have shut down or are shutting down these days in the world,
including CESR, PEP–II, and even KEKB. Therefore the most probable location to verify
Prof. Bonvicini’s Large Angle Beamstrahlung device is DAΦNE, where beam operation for
SuperB R&D has been going on since last year. Thus I would like to support his proposal
to implement a prototype at DAΦNE as soon as possible, together with related R&D efforts
and education of graduate students.

Sincerely,

Katsunobu Oide
Professor,
Head of KEKB Accelerator Group,
KEK
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January 23, 2009
Request for FY2009 Funding
for
Chronopixel Detector R&D for
Future High Energy Linear Colliders
J. Brau, N. Sinev, and D. Strom
University of Oregon
C. Baltay, W. Emmet, and D. Rabinowitz
Yale University
Project leader: C. Baltay, Charles.Baltay@Yale.edu, 203-432-3386
Abstract
Over the past few years we have developed, in collaboration with the SARNOFF
Corporation, a design of a Monolithic CMOS Pixel Detector for ILC Vertex Detectors.
The unique feature of this design is that each hit is accompanied by a time tag with
sufficient precision to assign each hit to a particular bunch crossing of the ILC (thus the
name Chronopixel). This reduces the occupancy even in the innermost Vertex Detector
layer to negligible levels, allowing a robust Vertex Detector even in the case that the
backgrounds in the ILC are higher than presently estimated.
The detailed design of these devices has been completed by SARNOFF and checked by
SPICE Simulations. The fabrication of the first set of prototype devices has been
completed, packaged, and are ready for testing. We have developed a detailed testing
plan and have designed the test electronics with Prof. Martin Breidenbach’s group at
SLAC. The test electronics are now under construction and the testing is expected to start
in the next few months.
Based on the results of the tests of the first prototypes we plan to start the design of the
second set of prototypes later this year and expect the fabrication of the second
prototypes to be completed by early 2010. We will then proceed with the testing of these
prototypes later in 2010. After this we anticipate the design, fabrication, and testing of a
third set of prototypes which we hope will be close to the ultimate devices for the ILC
Vertex Detector.
This Proposal requests FY09 funding of 200 k$ to carry this R&D program forward as
described in Section 8 and 9 of this proposal.
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1. Introduction
The ILC environment offers a unique environment in which to achieve exceptional
physics goals due to the modest event rates, relative rates of background to signal,
and relatively low radiation levels. Precision measurements of the branching ratios
for many of the Higgs decay modes is a primary goal, and superb flavor tagging is
needed to achieve this. The goal for the impact parameter resolution is 5 µm ⊕10 µm/
(p sin3/2 θ), which will require spacepoint precision of better than 4 microns. The
transparency requirement on each layer of the vertex detector is ~ 0.1% X0. Pixelated
vertex detectors are capable of exceptional performance, including stand-alone track
reconstruction, as was demonstrated by the 307 Mpixel, three barrel, CCD vertex
detector of SLD1. The spacepoint precision of 3.9 microns and transparency of 0.4%
X0 that were achieved by SLD encourages these performance goals. An advanced,
pixelated, multi-layer vertex detector is being planned for the linear collider.
The time structure of the ILC necessitates an extremely fast readout of the vertex detector
elements. Monolithic CMOS pixel detectors allow extremely fast non-sequential readout of
only those pixels that have hits in them, significantly decreasing the readout time required.
Recognizing the potential of a Monolithic CMOS detector, we initiated an R&D effort to
develop such devices2. Another important feature of our present conceptual design for these
CMOS detectors is the possibility of putting a time stamp on each hit with sufficient precision
to assign each hit to a particular bunch crossing. This significantly reduces the effective
backgrounds in that in the reconstruction of any particular event of interest we only need to
consider those hits in the vertex detectors that come from the same bunch crossing.
2. General Description of the Chronopixel Design
In our design we are assuming an ILC beam structure with approximately 3000 bunches in a
bunch train with 330 nanosec between bunches and 200 millisec between bunch trains.
The current Chronopixel design is for chips up to 12.5 cm x 2.0 cm in size with a single layer
of 10 µ m x 10 µ m charge sensitive pixels. Each pixel has its own electronics under it, but
both the sensitive layer and the electronics are made of one piece of silicon (monolithic
CMOS) which can be thinned to a total thickness of 50 to 100 µ m, with no need for indium
bump bonds. The electronics for each pixel will detect hits above an adjustable threshold. For
each hit the time of the hit is stored in each pixel, up to a total of four different hit times per
pixel, with sufficient precision to assign each hit to a particular beam crossing (thus the name
“chronopixels” for this device). Hits will be accumulated for the 3000 beam crossing of a
bunch train and the chip is read out during the 200 millisec gap between bunch trains. There is
sufficient intelligence in each pixel so that only pixels with one or more hits are read out, with
the x,y coordinates and the time t for each hit. With 10 micron size pixels we do not need
analog information to reach a 3 to 4 micron precision so at the present we plan on digital read
out, considerably simplifying the read out electronics.
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To get some feeling for the hit rates and occupancies we use the estimated 0.03 hits/mm2/beam
crossing for the worst case innermost layer. With 2500 mm2 per chip (a total of 25 x 106
pixels/chip) and 2820 beam crossings per train we expect 2 x 105 hits/chip/bunch train, or an
occupancy 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 beam
induced occupancy drops to below 10-5 per pixel (SLD worked well with an occupancy of ~
10-3 per pixel in the Vertex Detector).
This design has been described in various conference proceedings (D. Strom at 2005,
J. Brau at Bangalore LCWS 2006, C. Baltay at SLAC-Novosibirsk Instrumentation
Conference, April, 2006, J. Brau at the Hiroshima Semiconductor Detector
Conference, Carmel, September, 2006, N. Sinev at ALCPG07, Fermilab, and N.Sinev
at LCWS08, Chicago). A detailed description of this design is documented in two
reports by SARNOFF, “HEP Vertex Detector Macropixel Design,” February 28,
2006, and “HEP Vertex Detector Chronopixel Array Design,” January 31, 2007.
3. Detailed Design
SARNOFF has carried out a design of the electronics under each pixel of this chronopixel
array. A block diagram of the electronics in each pixel is shown in Figure 1. The functionality
of this design has been verified by an hspice simulation.

Figure 1. Block Diagram of a single pixel of prototype 1.
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3.1. Chronopixel Array Design
The architecture of each pixel of the prototype 1 chronopixel array is shown in Figure 1.
After each bunch crossing, the signal in each pixel is compared to a preset, calibrated
threshold level. If the signal is above threshold, the time of the bunch crossing is stored in
the first slot of the 14 bit, 2 deep timing array. A hit exceeding threshold from a
subsequent bunch crossing is stored in the second time slot. We plan to explore deployment
of a deeper timing array in future prototypes. The probability of exceeding 2 hits per hit
pixel in a train of 3000 bunches is less than 1%. The time of the hits for the pixels with hits
in them are read out in the 200 msec gap between bunch trains. The detector sensitivity is
10 µ V per electron and the detector noise is estimated to be 25 electrons. The comparator
accuracy is 0.2 mV rms. To accomplish all this each pixel has 645 transistors in it, as
shown in Figure 2. To squeeze all of this into a 10 µ x 10 µ pixel will require the 45
nanometer process technology which is expected to be available in the next few years (see
Figure 3 for an industry projection).

Figure 2. Layout of a single Pixel of prototype 1.
5
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To reduce the error on the comparator accuracy to below 0.2mV each pixel will have a selfcalibrating threshold. In the first prototype we instrument the pixels with a circuit that has
8 values for the threshold. Future prototypes may investigate a fine and course threshold
for a total 32 different threshold values.
Before each bunch train arrives at the detector, the threshold will be scanned in each pixel
to locate the zero of the comparator. Shift registers will be used to store the effective zero
of the comparator. A common offset will then be applied to all channels to put the
threshold approximately 5 noise-sigma above zero.

Figure 3. Industry projection of available Process Technologies.
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Figure 4. A cross section of a pixel in the present design, with a 15 micron thick
epilayer.
3.2. Signal to Noise Issues
A simulation to estimate the energy loss, in units of electrons, of 1 GeV pions in
various thicknesses of silicon has been carried out by Su Dong from SLAC. This
energy loss has a broad distribution. The peak or mean energy loss, however, is
not the relevant consideration. The question to ask is above what signal level do
we detect 99% of the particle crossings. These are shown in column 2 of Table 1
for various silicon epilayer thicknesses. We then want to set the threshold for the
signal in each pixel so that we get 99% efficiency even if the charge is shared by
two adjacent pixels. These numbers are shown in column 3 of Table 1. To keep
the number of fake hits (due to noise fluctuating above the threshold) below the
.03 background hits/pixel/beam crossing the threshold should be 5 sigma above
the noise, i.e. the maximum acceptable noise per pixel has to be below one fifth of
the threshold. These noise levels are given in the last column of Table 1.
Our design is based on a 15 micron thick epitaxial layer (see Fig 4), where we
expect to set the threshold at 200 electrons/pixel. The estimated noise 25
electrons in our design is comfortably below the acceptable 40 electron noise
level.
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Table 1
Signal to Noise Considerations
Epilayer
Thickness
(microns)

Electrons at
99% Efficiency

Threshold
(electrons)

Acceptable
Noise
(electrons)

4
7
10
15
20

40
125
250
400
550

20
63
125
200
275

4
13
25
40
55

3.3. Read Out Scheme
Each chip will consist of 2000 columns with 12500 pixels each. Each chip will be divided
into 40 read out regions of 50 columns each. At the end of the bunch train when the
electromagnetic interference due to the beam has died off the 40 read out regions will be
read out in parallel at 25 MHz into a FIFO buffer located at the end of each chip. The
contents of the FIFO buffer will be read out off the chip at 1 GHz. We thus expect to read
out the full chip (2 x 105 hits, with 38 bits per hit) in about 8 millisec. This leaves a safety
margin of 25 with the 200 millisec gap between trains.
3.4. Power Consumption
The power consumption of this circuitry has been estimated. The analog parts of the circuit
(the boxes labeled “Detector” and “Comparator” on Figure 4) consume most of the power,
estimated at this stage of the design to be ~ 15 milliwatts/mm2. The remaining digital
components are estimated to be around 0.05 milliwatts/mm2. The analog components are
only needed during the time when hits are accumulated during the bunch train, ~ 1 millisec.
The average power can thus be reduced by a factor of ~ 100 by turning off the analog parts
during the 200 millisec digital readout. This would reduce the average power consumption
to the vicinity of 0.4 watts per chip or to the order of 100 watts for the vertex detector,
which seems acceptable.
3.5. Charge Spreading
In order to use digital readout the charge spreading has to be kept well below the
pixel size. This is aided in this design by depleting the epitaxial layer to the
maximum extent possible. Maximal depletion of the 15 micron thick epilayer at
the voltages allowed in the 45 nm process will benefit from the highest feasible
silicon resistivity. Our simulations of charge collection in the chronopixel device
shows that a 5 kohm-cm silicon resistivity leads to 100% efficiency of charged
particle registration with 125 e signal threshold (5 times expected sigma noise).
The low resistivity device (10 ohm-cm) would provide only 90% efficiency
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because of significant charge spread. Because of chosen configuration of sensitive
volume with deep p-wells encapsulating all digital electronics in the pixel, full
depletion of epi layer never can be achieved. However, use of high resistivity
silicon makes the aperture of depleted volumes large enough to quickly collect
charge carriers, limiting charge spread.
The figures below show the simulated field profiles for prototypes 1 (10 ohm-cm)
and 2 (5 kohm-cm with deep p-wells), and the expected charge collection
distribution in one pixel from an Fe-55 source for the two prototypes
TCAD simulation of the field in prototypes 1 and 2

Pixel B, prototype 1: -10V on substrate

Prototype 2 with deep P-wells

White lines show the limits of fully depleted volumes.
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4. Design and Fabrication of the First Set of Prototypes
As mentioned above, the ultimate Chronopixel design with 10 micron x 10 micron pixels
requires a 45 nanometer process technology. We expect that this technology will be available
in the next few years, in plenty of time for fabrication of these detectors, as indicated in Figure
4. In fact, we have just become aware of an announcement by INTEL that they have started
production of their next generation 45 nm Nehalem architecture devices (even though INTEL
is usually ahead of the curve this is very encouraging news). However, for the fabrication of
the first Chronopixel prototypes last year the 45 nm technology was not easily available (and
very expensive). We therefore decided to fabricate the first set of prototypes with 50 micron x
50 micron pixels with 180 nm technology by the TSMC foundry in Taiwan. The assumption is
that the pixel size scales with the feature size of the technology. The fact that all of this
electronics could be fit into a 50x50 micron pixel in the 180 nm technology implies then that
with the 45 nm technology we can reduce the pixel size to 12.5 microns. We hope that with
improvements in the design we will be able to achieve 10 micron pixel size, although 12.5
micron pixels would also be quite acceptable.
Another important issue was the resistivity of the silicon. To provide high efficiency
of charged particle registration, we will need high resistivity silicon, in the multikohm-cm range. However, to achieve high efficiency we also need deep p-well
architecture. The lack of deep p-well technology at TSMC makes it impossible to
achieve high registration efficiency with any silicon resistivity (efficiency in that case
is proportional to the fraction of pixel area, occupied by collection electrode). So it
would not make too much sense to try to obtain high resistivity silicon for this first
prototype, which would have considerably increase the cost. We therefore decided to
use silicon readily available at TSMC lot runs with a 7 micron thick epilayer and 10
ohm-cm resistivity.
We felt that these were sensible compromises, making the first prototype affordable on the
available funding on a reasonably short time scale. The main purpose of this prototype is to
test the electronics performance of the Chronopixel design i.e., noise performance, comparator
accuracy and stability, scan speed and power dissipation. We are carrying out 3 dimensional
simulations to estimate other features of the prototype such as charge collection efficiency and
charge spreading with the given pixel and epilayer parameters and will compare the actual
performance of the prototypes with these estimates. This will provide valuable information for
the design of the second prototype.
The specification of the first prototype is summarized in Table 2.
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Figure 5. Photographs of the packaged Prototype 1 devices.

Table 2
Chronopixel Design Specifications

Parameter

Ultimate Device

Chip Size
Array Size
Pixel Size
Memory Depth
Epilayer Thickness
Epilayer Resistivity
Detector Sensitivity
Detector Noise
Comparatory Accuracy
X-scan Speed
Power Dissipation
Chip Power
Process Technology

125 mm x 20 mm
12,500 x 2000 pixels
10 µ x 10 µ
14 bits x 4 deep
15 µm
>1 kohm cm
10 µ V/e
25 electrons
0.2 mV rms
25 MHz
0.15 m W/mm2
0.4 W/chip
45 nm

Design Values
First Prototypes

Second Prototype

5 mm x 5 mm
80 x 80 pixels
50 µ x 50 µ
13 bits x 2 deep
7 µm
10 ohm cm
10 µ V/e
25 electrons
0.2 m V rms
25 MHz
0.15 m W/mm2
4 m W/chip
180 nm mixed signal
CMOS TSMC Process

5 mm x 5 mm
80 x 80 pixels
50 µ x 50 µ
13 bits x 2 deep
15 µm
>1 kohm cm
10 µ V/e
25 electrons
0.2 m V rms
25 MHz
0.15 m W/mm2
4 m W/chip
180 nm
Deep Pwell Process

As mentioned above the fabrication of the first prototype has been completed producing a lot
of 80 devices. Forty of these devices have been packaged and are ready for testing (see Fig 5).
We anticipate that this prototype, although not the same as the final device, will allow us to test
many of the critical issues such as detector noise, comparator accuracy, power dissipation,
radiation hardness, etc., etc.
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5. Prototype Testing
We have designed a set of procedures to test the first prototypes with the goals to characterize
the following features of the devices:
a.
Electronics readout functions
b.
Noise performance
c.
Comparator accuracy and stability
d.
Scan speed
e.
Power dissipation
f.
Charge collection efficiency
In collaboration with Prof. Marty Breidenbach’s group at SLAC we have designed the
electronics required for these tests. These electronics are now under construction. An IR laser
setup for illuminating the devices, with a movable device holder, is now ready at the University of
Oregon (see Fig 6). The software needed for these tests is well under way. We expect the testing
program to begin by March of this year.

Figure 6. IR Laser with microscope at the University of Oregon
6. The Second Set of Prototypes
The goal of the second prototype devices will be twofold. The first is obviously to
correct/improve deficiencies in the design found in the testing of prototype one. The second is
to move the parameters of the device closer to the ultimate design. The 45 nm technology is
still not sufficiently advanced (affordable) so we plan to stay with the 180 nm technology and
therefore 50 micron pixels. The three improvements we plan to make are:
a. Use silicon wafers with 15 micron thick epitaxial layer
b. Use high resistivity silicon, in the multi-kohm-cm range.
c. Go to a technology that allows a deep p-well under the electronics in each pixel to
provide good charge collection efficiency. This means that we can not use the TSMC
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foundry. We are now investigating other foundries such as JAZZ that can implement a deep
pwell.
The parameters for the second prototype are given in the last column of Table 2.
7. The Third Set of Prototypes
It is clear at this time that even if the second set of prototypes turn out to be completely successful,
we will need a third set of prototypes to move us toward the parameters of the actual device (see
Table 2). The details of the third prototype will depend on the results of the tests of the second
prototype and the state of the art at SARNOFF and the available foundries.
8. Recent Progress and Work Plan for the Next Two Years
8.1 October 2007-September 2008
Completed fabrication of Prototype 1 devices
Packaged 20 devices
Designed detailed test plan
Designed and started building test electronics

Budget
Done
Done
Done
Done

8.2 October 2008-September 2009
Complete test electronics
Test and characterize prototype1
Design prototype 2 with SARNOFF
Start Fabrication of prototype 2

Funded
Funded
Funded
Funded

8.3 October 2009-September 2010
Finish fab of prototype 2
Package prototype 2 devices
Design and implement modifications to test electronics
Test Prototype 2 at Oregon
Travel and other misc. at Oregon
Design prototype 3 with SARNOFF
Start fabrication of prototype 3
Physicist(0.5 FTE)

Funded
5 k$
5
5
5
50
60
70

Total

200 k$

Total

105 k$
6
5
6
5
73
200 k$

8.4 October 2010-September 2011
Finish fabrication of prototype 3
Package prototype 3 devices
Design and implement mods to test electronics
Test prototype 3 at Oregon
Travel and other misc at Oregon
Physicist(0.5 FTE)

13
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9. Budget Request
In this proposal we are requesting 200 k$ for the work outlined in section 8.3 above.
We plan to put in a subsequent proposal for 200 k$ for the work in section 8.4 above
at a later time.
Total Project 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

FY2009
37
0
0
0
18
0
3
3
3
120
184
16
200

Budget, in then-year k$
Institution: Yale
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

14

FY2009
0
0
0
0
0
0
0
0
0
120
120
0
120
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Budget, in then-year k$
Institution: Oregon
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

FY2009
37
0
0
0
18
0
3
3
3
0
64
16
80

10. 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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PROJECT DESCRIPTION
and
STATUS REPORT

ILC Detector R&D Project
Vertex Detector Mechanical Structures
Personnel and Institution(s) requesting funding
Henry J. Lubatti, University of Washington
Colin Daly, University of Washington
Mark Tuttle, University of Washington
William Kuykendall, University of Washington
Collaborators
1. Fermi National Accelerator Laboratory (Fermilab)
William Cooper
Marcel Demarteau
2. Stanford Linear Accelerator Center (SLAC)
Su Dong
Project Leader
Henry J. Lubatti
lubatti@u.washington.edu
(206) 543-8964
Project Overview
We are requesting funding to continue work with the Fermilab Si-detector group (Bill
Cooper, Marcel Demarteau, et. al.) on the design and analysis of mechanical support
structures for an ILC Vertex Detector. The University of Washington group consists of
members of the Physics Department (H. Lubatti) and Mechanical Engineering
Department (C. Daly, M. Tuttle and W. Kuykendall).
The design goals of the proposed 5-layer vertex detector are that the support structures
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. At operating temperature, variations in sensor geometry should be negligible
during any period of less than a month.
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Past work has shown that a critical design issue is to understand thermal expansion
characteristics of candidate support structures on which the Si detectors are mounted.
This will be the main focus of this proposal.
We will work in close collaboration with colleagues at Fermilab (Bill Cooper, Marcel
Demarteau and colleagues). The Fermilab Group is the lead group for the work proposed
here. The UW team will continue 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.
Results of Prior Research
Award # 574840, $12,166, 04/01/2007 – 03/31/2008
ILC Detector R&D
Results for FY2007-8
Design and FEA Studies
Carbon Fiber/Epoxy Support Structure:
Working in close collaboration with the Fermilab group, we have produced initial designs
for a very lightweight carbon fiber/epoxy (CF) composite support structure for layer1 of
the proposed 5-layer vertex detector (Figure 1). The deflection of the structure under both
gravity (Figure 2), and thermal loads Figure 3) was then calculated. Based on results of
the FEA we designed and fabricated some prototype structures that were sent to Fermilab
for evaluation. Various modifications were made to the initial design to study their effects
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on deflection. While it was easy to get the gravity deflections within the desired limits, it
has proved more difficult to keep the thermal deflection within these limits. The
mechanical and thermal properties of these thin, 3 or 4-layer CF lay-ups are not well
predicted using the standard tools used in industry. We initiated experiments and FEA
studies with simple models to investigate issues related to bending deflections and
measuring CTE for the lay-ups.

Figure1: UnigraphicsCAD solid model
The end membranes on layer1 are very stiff in the radial direction and have not been
modeled in detail until we have a better idea of the cable access requirements and the
features needed to connect each layer to the complete vertex detector. These features will
be added to both the CAD and FEA models. The FEA work was extended to the other 4
layers by generating a parametric model in Ansys. This allows generation of a model of
any layer by just changing a few parameters.
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Gravity load

Figure 2. Deflection with gravity load in X-direction. Maximum deflection is 0.52 m

.Figure 3: Deflection due to 10 K thermal load. Maximum deflection vector is 7.1 m
Fabrication of Prototype Structures.
We developed fabrication techniques for a carbon fiber support structure for layer1 of the
proposed 5-layer ILC vertex detector. The first step was to build a simple lay-up mandrel
with arbitrary dimensions within the general scale and geometry of the detector. The
mandrel would allow us to identify fabrication issues related to this particular design
concept, and to evolve the fabrication process accordingly. Once a fully developed
77
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prototype design became available, including 3D solid models (Fig. 4), two identical
precision steel mandrels were CNC machined.

Figure 4. 3D model of prototype layer1 support structure.
The first mandrel was used for lay-up of prototype parts. A set of three useful prototype
structures was produced and shipped to Fermilab. The thin, fragile support structures are
easily broken if mishandled; therefore it was necessary to provide a plastic support
mandrel with each prototype. These support mandrels were cast from a rubber mold
created from one of the precision steel mandrels. Support structures and mandrels are
shown in Figure 5. Structures are 4-ply lay-ups with [0,90,90,0] fiber orientations with
the 0° fibers running longitudinally. Overall length is 130mm.
A second steel mandrel was sent to Fermilab to be used as a precision support surface
during the installation of sensors and end-support rings. In order to safely handle the thin
silicon sensors a special vacuum chuck was fabricated (Fig. 6). This chuck was
designedto mount onto existing silicon placement tooling at Fermilab.

Lay-up Mandrel

Support Mandrels
Figure 5. Carbon fiber support structures and mandrels
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Figure 6. Porous ceramic vacuum chuck.
The steel mandrels and the vacuum chuck body were fabricated by the UW physics
instrument shop. The balance of the work was done by a 0.20 FTE engineer.
CTE Studies:
Studies to determine the Coefficient of Thermal Expansion of the cured carbon fiber used
in the support structure were initiated. This information is needed to better understand the
stresses and deflections that the silicon will experience when cooled from ambient to the 15°C operating temperature. The very thin carbon fiber has presented difficulties in
making an otherwise straight-forward measurement. Two methods are being pursued in
parallel:
–
–

Thermal response measured using strain gages bonded to the CF
specimen.
Thermal response measured using a Thermo Mechanical Analyzer (TMA).

The CTE value given in manufacturer literature is -1.0 e-6/ K along the fiber direction.
For a given layup such as 0-90-0 a value closer to zero is expected along the 0 degree
direction. Our experimental results were found to be in a range from near zero to -2.0e6/K and were not consistent. These difficulties were found to be due to measurement of
the very small strains involved and to the effect of moisture content in the specimens. It is
clear however that it is not easily possible to match the CTE for silicon (2.5e-6/K) with
these CF structures.
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All Silicon Structure:
This version of the vertex detector uses only the silicon sensors as the structure. They are
connected along their long edges by thin beads of epoxy. Thin, flat carbon fiber/epoxy
end membranes included in the model. These membranes will be refined as a more
detailed design is developed. The model is parametric and can generate models for all 5
layers of this detector. Only a 180 degree segment is modeled
.

Figure 7: CAD model of all silicon structure for Layer 1.

Figure 8: Detail of epoxy beads joining the silicon sensors.
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The sensors are connected by epoxy beads as shown in Figure 8.It is assumed here that
the detector will be built as two segments to permit assembly onto the beam pipe and that
these will not be connected. The gravity sag is calculated and displayed as deflection in
the gravity (X) direction (Figure 9). The thermal deflection for a 10 C delta T was found
to be 0.86 m (Figure 10).

Figure 9. The maximum gravitational deflection vector in X-direction for Layer 1 is
0.15 m.
.

Figure 10. Thermal deflection due to a 10 C delta T
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Table 1: Gravitational and thermal deflections for all 5 layers.
Layer
no.

1
2
3
4
5

Gravity sag

Thermal
displacement

mm

X-direction m

0.145
0.1
0.266
0.642
1.4

(10 C delta T)

Thermal
displacement
Y-direction
m
(10 C delta T)

0.86
1.01
1.62
2.64
4.4

1.84
2.97
3.99
5.67
8.1

Thermal
displacement
Z-direction m
(10 C delta T)
5.34
5.61
5.82
6.22
6.6

Table 1 shows the maximum gravitational deflection vector and the maximum thermally
induced displacements in the X, Y and Z directions calculated for a 10 C delta T for all
five layers. Note that the Z deflection is composed mainly of the simple change in length
of the detector.
This analysis shows that an all silicon structure has the potential to keep the thermal
deflections under control while also offering the minimum possible potential for multiple
scattering. Fabrication and handling such a structure would present many difficulties due
to its very fragile nature. Deflection due to cable loads would also require careful
consideration.
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 4 m) and a Smart Scope (magnification x250, resolution 1m) for precision
measurements. The machine shop is staffed with six experienced machinists and tool &
die makers.
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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, curing oven,
and abrasive water jet cutter. 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 an
autoclave, and a larger oven in the Department of Material Sciences, which we used for
fabrication of the D0 silicon vertex detector layer0 installation tooling. We estimate, in
this project, approximately 120 hours of machine shop time per year, with the Physics
Department contributing one-half 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.
FY2009 Project Activities and Deliverables
We will continue the studies on the thermal properties of the CF structure materials both
experimentally and analytically. Working from this, we will then continue to refine the
design of the CF structure for layer1 using FEA studies. This will lead to further
prototypes that will be evaluated at Fermilab after the addition of dummy silicon sensors.
The major problem is the difference in the thermal expansion coefficients of the CF and
the silicon sensors. We will obtain much thinner silicon (≤ 50 μm) as it is clear that the
320 m that we have been using is too thick.
The delivered layer1 prototype support structures have been fitted with dummy silicon
sensors. The assemblies will be measured under a variety of mechanical and thermal
loading conditions. Results from these tests will be used to validate and refine FEA
models, and to guide the direction of future design iterations. Evolution of the layer1
design will require continued fabrication and testing of prototype structures, as well as
the further refinement of fabrication and assembly techniques. Design and fabrication of
new tooling and fixtures will also be necessary. The scope of the work may be expanded
to include the layer2-5 support structures, as well as pixel disk support structures.
FEA studies of other candidate materials such as carbon foam will be initiated and will
include studies for the disk supports. This work will include testing of simple test
structure based on these materials.
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Proposed activities and deliverables for 2009 are listed below:







Measurements of assembled structure deformations between room temperature
and operating temperature.
Design, analysis, and fabrication of the next generation(s) of layer1 carbon fiber
support structures.
Design and fabrication of the next generation(s) of layer1 mandrels and assembly
tooling as appropriate.
Fabrication of molds and polyurethane handling mandrels as needed.
Design, analysis, and fabrication of prototype end-support rings
Design, analysis, and fabrication of the first generation of pixel disk support
structures.

Budgets

Budget, in then-year k$
Institution: University of Washington, Seattle
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages
and Fringe Benefits
Equipment
Travel
Materials and Supplies

FY2009
2,729
0
880
3,609
821
4,430
0
6,760
7,560

Materials/Supplies - $3000
Shop Charges - $4560

Other direct costs
Software Licensing
Total direct costs
Indirect costs
Total direct
and indirect costs

2,300
21,049
11,788
32,837
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Budget justification: University of Washington
Because the proposed work will be done in close collaboration with Fermilab we have
included travel for C. Daly, Senior Engineer, to attend working meetings at Fermilab to
develop the design and the ensure integration of the structure with other detector
components such as silicon detector chips, cables, etc. H. Lubatti will cover necessary
travel through the NSF base grant. We are also including travel for C. Daly to an ILC
detector workshop meeting.
Materials and supplies include carbon fiber prepreg and related lay-up supplies. We also
include costs to renew software licenses for our CAD and FEA systems. These costs are
based on University rates that are shared with several groups.
Hourly student labor and shop costs related to construction of the prototypes listed above
and are budgeted based on past Si-detector fabrication experience.
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A Highly Robust Sampling CMOS Vertex Detector
Progress Report and Project Description
Precision vertex reconstruction using the innermost layers of the SiD detector requires a highly
pixellated sensor and readout capable of exquisite spatial resolution while withstanding signiﬁcant
low momentum charged particle ﬂuxes and modest radiation damage. Lessons learned from the
R&D toward an ultra-thin CMOS pixel detector device for the high-occupancy environment of a
Super B-Factory are applied to the innermost pixel vertex layers, to minimize occupancy due to
machine backgrounds. The Continuous Acquisition Pixel (CAP) detector concept is based upon a
Monolithic Active Pixel Sensor (MAPS) style architecture fabricated in a commercially available
process. Recently, studies have indicated that a unique space-time encoding scheme (“hixel”) shows
promise for providing very low occupancy under even severe background conditions.
We propose to continue to evolve the CAP architecture and verify the suitability of either a
MAPS or a SOI technology implementation through fabrication and evaluation of further prototype
devices.
I.

PROJECT OVERVIEW

B.

In order to achieve the physics goals of any given
ILC detector design, very demanding requirements
are placed on the vertex detector. Namely,

Relationship to Existing Eﬀorts

Eﬀorts under way at the national laboratories
to bring new technologies, such as 3D and SOI to
fruition require resources beyond those available to
universities. Therefore we focus on complementary
tasks, which can be more cost-eﬀectively explored
at the University of Hawaii. In the process allowing
young scientists the opportunity to innovate while
bringing the excitement of high technology discovery to the underserved students of Hawaii.

• exquisite spatial resolution
• very low mass, and subsequently
• extremely low power
• low occupancy

II.

• modest radiation hardness

In 2008 the focus of pixel R&D in Hawaii lay on
the development of a binary pixel detector which is
fast enough to cope with the high BG rates expected
not only for the ILC but also for the ﬁnal luminosity
upgrade of SuperBelle. The binary pixel and readout architecture which had ﬁrst been tested in CAP4
(AMS 0.35 μm Opto) and CAP5 (OKI 0.15 μm SOI)
was improved in a new prototype CAP7 in the 2008
OKI 0.2 μm SOI multi-project run. In parallel a simulation study was undertaken to investigate the rate
capability of the binary readout under worst case
BG conditions by deriving eﬀective occupancy values which include fake hits that can arise in the hit
reconstruction from the time encoded signal output
of the detector. Last but not least a completely new
readout architecture with hexagonal signal routing
was developed and simulated. In this new architecture the signal shifting from pixel to pixel which
provides the time encoding of the hit information
and which was ﬁrst introduced in CAP4 is removed
to dedicated transfer lines at the periphery of the
chip. The resulting readout concept features several advantages such as improved resolution, faster
signal shifting, a reduction in the number of output channels and consequently in the data rate and

This targeted proposal is to study novel readout architectures and their performance when implemented in available commercial processes. Given the
uncertainty of the production timeline, a continual
assessment of what can be achieved seems prudent,
since none of the technologies or techniques demonstrated to date meet all of these required criteria.
Speciﬁcally, we propose to build the next iteration
of MAPS and SOI sensor incorporating the so-called
“hixel” architecture (described in Progress Report)
and evaluate its tracking, thermal and mechanical
properties.

A.

PROGRESS REPORT

Application within SiD

While we are choosing to address this within the
context of the SiD detector concept, in fact the
project target is rather applicable to all detector
concepts. As regards ﬁnal mechanics, interfaces, and
LoI-speciﬁc constraints, this development will evolve
to match these. However, at this early stage of technology demonstration, these constraints are rather
general.
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2
been received from OKI in December 2008. Initial
testing was carried out on a probe station in order to verify the functionality of various pixel sub
components (test structures) with varying high voltage applied to the detector, as back-gate eﬀect[29]
is a major concern in the SOI process. The tests
showed that digital logic (e.g. RS- and D-ﬂip-ﬂops)
are working as expected under HV bias up to 40 V.

- as conﬁrmed in simulation - a dramatic reduction
in eﬀective occupancy even at the highest BG rates
at SuperBelle. A prototype detector (CAP6) was
designed in the AMS 0.35 μm Opto process and is
currently under fabrication.
A.

CAP7

Building upon the experience with the ﬁrst two
binary prototypes the follow-up detector CAP7 was
fabricated in the 2008 MPW OKI SOI run organized by KEK and OKI. The major problems with
its 2007 predecessor CAP5 were inaccuracies of the
SOI model parameters which prevented the in-pixel
comparator from working according to simulations.
Consequently in the 2008 design an almost identical
architecture was submitted based on the improved
models for the evolving SOI process provided by
OKI. More test structures were added to allow for
more extensive testing of subcomponents of the pixel
cell to characterize the SOI process. A further modiﬁcation of the pixel cell consisted in the addition of
a one shot mechanism in the form of an RS-ﬂip-ﬂop
to prevent chattering pixel outputs which had been
observed in CAP4.

FIG. 2: Turn-on behavior of an nmos transistor (bottom)
and of the on-pixel comparator (top) for varying detector
HV bias.

Fig. 2 shows the turn-on behavior of an nmos
transistor and of the on-pixel comparator for varying
HV. The nmos threshold shift of 65 mV at HV = 20
V seems an improvement in BG eﬀect compared to
the previous SOI process. Albeit with a threshold
shift, the comparator works up to about HV = 20
- 25 V, which is a major improvement, as the same
design did not work at all in the previous SOI run
even without HV applied. At the time of writing
preparations for laser testing of the CAP7 detector
were underway, with a combination of two readout
boards, a laser test stand and data reconstruction
software available, and the FPGA ﬁrmware to run
the chip under ﬁnal debug.

FIG. 1: Layout of CAP7.

The CAP7 (layout in Fig. 1) total die area is 5x5
mm2 , the detector active area is 3262x3184 μm2 .
The pixel matrix is composed of 100x60 pixels, the
outputs of the 60 pixel rows are multiplexed 4:1 to
the output pads. The ﬁnal version of the chip has
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A CAP7
B.

3
ORed together and transmitted to the same node of
a transfer line. In the transfer line itself, the same
signal shifting principle is applied as in the pixel rows
of the original binary design: the signal is shifted to
the right and left from node to node until it arrives
at both ends of the transfer line, delivering the time
encoded hit information. The reconstruction of the
transfer line signals works exactly as before, however
instead of a pixel address, it delivers the address of
the 30◦ or 90◦ column, which is connected to the
transfer line. The adress of the pixel is reconstructed
by matching up coincidences of signals in one 30◦ up, one 30◦ -down and one 90◦ column. The 3-fold
coincidence of the hexagonal systems avoids the ambiguities arising in a quadratic system which only
uses two independent output directions. For each
output direction several transfer lines are used so
that neighboring columns connect to diﬀerent lines.
In Fig. 3 the transfer line multiplicity TM = 4 (TM
= number of transfer lines per output direction). As
explained in [2] the fake hit reconstruction due to BG
signals decreases with 1/TM3 leading to extremely
low occupancy values. Simulations of a realistic matrix (21x6 mm2 , 25 μm hexagonal pitch) under worst
case SuperBelle BG conditions have indicated an effective occupancy of 5 · 10−5 (!) for TM = 12.
At ﬁrst sight the hexagonal binary architecture
with multiple transfer lines may seem complicated
but it has several advantages over the original binary
concept and other readout architectures:

Eﬀective Occupancy and Binary Readout

In the binary detector prototypes CAP4 to CAP6,
a hit causes a digitized signal to be shifted out
through the pixel rows cell by cell, producing two
signals at the left and right outputs of the pixel
row. From the timing of those two signals the hit
address and time can be reconstructed as described
in [2]. After a hit, the two signals will appear within
a certain time window that depends on the shifting frequency and the length of the row. Due to
BG events additional signals may appear at the row
outputs within this time window, which will lead to
the reconstruction of fake hits, as the reconstruction
software has to take into account every possible signal pair. These reconstruction ambiguities have to
be taken into account to specify an eﬀective occupancy of such a detector. The work in [2] shows in
detail how to calculate an expected number of fake
hits for a triggered event taking into account projected BG rates for the ILC or SuperBelle, which can
be used to obtain values for the eﬀective occupancy
of the binary readout. The calculations were conﬁrmed in MC simulations for a realistic pixel matrix
(21x6 mm2 , 25 μm pitch) with random BG production according to the expected rates, signal generation and hit reconstruction. The resulting eﬀective
occupancy numbers for two diﬀerent shift frequencies for ILC and SuperBelle are given in Table I.
So far 2 MHz shifting has been realized with
CAP4. At this frequency the eﬀective occupancy
may be small enough for the ILC with 0.7% but is
deﬁnitely too high for SuperBelle. If shifting could
be sped up to 10 MHz the resulting occupancy is
small enough for both experiments, however it is unclear if this can be achieved.

1.

• Very low occupancy.
• Faster shifting: moving the shift logic to the
periphery reduces space constraints and makes
it possible to optimize the design for speed. It
has been estimated that shifting with 100 MHz
is possible.

Hexagonal pixel layout with external transfer lines

• Reduction in output channels: Whereas in
most pixel detectors each pixel row requires
at least one output, in the hexagonal concept
with TM=12 and 3 independent output directions, the number of outputs is only 72 for one
21x6 mm2 chip. For the ILC the transfer line
multiplicity could be even lower due to lower
BG, leading to even fewer output channels.

The results given above have lead to the proposal
of a new binary readout concept in which the individual pixel cells are arranged in a hexagonal grid as
shown in Fig. 3.
Each pixel cell delivers a digital signal which is no
longer shifted from one pixel to the next, but directly
transmitted to nodes of transfer lines which are located outside the matrix. As illustrated in Fig. 3,
each pixel cell is connected to three diﬀerent transfer lines along the three symmetrical directions of
the hexagonal grid (it is noted that the pixel cells
do not have to be physically designed in the shape
of a hexagon, the actual layout can be a rectangle.
However the cells have to be interconnected with the
periodicity of a hexagonal grid). The signals from
all pixel cells along one the 30◦ or 90◦ columns are

• Reduction in data volume: the combination
of a binary readout with a reduced number of
output channels and a fast shifting clock reduces the data volume that has to be recorded
for each trigger. With TM=12 and 72 output
channels for a 21x6 mm2 pixel die the data
time window per trigger would be 80 shift cycles. This results in a total of 600 bytes per
trigger per pixel die.
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B

Eﬀective Occupancy and Binary Readout

4

TABLE I: Eﬀective occupancy for the binary readout under expected BG conditions.
Experiment
BG rate
eﬀ. occupancy @ 2 MHz eﬀ. occupancy @ 10 MHz
5
−2 −1
ILC
1.7 · 10 mm s
0.007
0.0003
sBelle
7 · 105 mm−2 s−1
0.12
0.005

FIG. 3: Pixel matrix with hexagonal readout.

• The hexagonal layout and the use of the three
independent output directions of the hexagonal system prevents reconstruction ambiguities
for multiple simultaneous hits.

fabrication and expected to be available for testing
in February 2009. The AMS process is used to test
the functionality of the hexagonal layout, the aim for
a ﬁnal detector would be a SOI device which should
allow an identical implementation of the logic with
the advantage of a larger S/N ratio.

• Improved resolution: the pixel architecture is
simpliﬁed as the shifting logic is removed to
the periphery of the die and the pixel cell can
be made smaller. However, it is also necessary
to provide a one-shot mechanism at the pixel
level to assure that one pixel can vote only once
per reset cycle and that the remaining pixels
within the associated output column remain
clear. In an optimized design a pitch < 20μm
is conceivable.

III.

PROJECT BACKGROUND

The progess presented above builds upon more
than 5 years of development work toward the
exquisite position resolution and occupancy requirements of the innermost components of a vertex detector of an ILC detector. While many groups worldwide are working on this problem, no prototypes
to date yet have the speed, low-power, low-mass

A prototype array has been designed in the 0.35
μm AMS Opto CMOS process and is currently under
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5
low Super-B [9, 15] and ILC requirements. While
CCDs have impressive performance, as of yet their
radiation hardness is insuﬃcient [16] and their readout times are too long, or equivalently occupancy
too high.
In recent years groups in Strasbourg [17],
LBNL [18], Hawaii [5] and others [19] 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. 5.
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 experiment. Indeed, before doing so, the following key
issues need to be addressed:

and mass manufacture capability needed to address
the physics requirements. We apply lessons learned
from the very challenging background conditions of
a next-generation B-Factory vertex detector to address this need.
Already the world’s highest luminosity collider,
the KEKB accelerator [3] 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) [4, 5, 6] is capable of meeting these
requirements.

A.

Continuous Acquisition Pixel [CAP]

1. Radiation Hardness

The Continuous Acquisition Pixel project was initiated by Varner [7] to explore improving the rate
handling capability and resolution of the innermost
layers of vertex detector for Belle at higher luminosities [8, 9]. 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. 4, 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.

B.

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.
C.

The CAP Architecture

The operating principle of the Continuous Acquisition Pixel (CAP) architecture is illustrated in
Fig. 6. 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.
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

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 [11] and the hybrid (sensor and ASIC readout electronics – bumpbonded together) devices developed for the ATLAS [12] and CMS [13, 14] detectors. However, despite the utility of these two types of pixel detectors
for their particle physics experiments, they are not
well matched to a high luminosity lepton collider
detector. Such LHC-type hybrid pixel detectors are
too thick and have poor transverse resolution in each
plane, which degrades the vertexing performance be-
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FIG. 4: 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.
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FIG. 5: 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.
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FIG. 6: 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 dotted line. In its simplest form, this CAP cycle
is repeated indeﬁnitely at high rate.

occupancy corresponds to
„

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 [21]. A 1%

1
9μs

«„
«
«„
pix
hits
hits
2k
 2M
0.01
mm2
pix
mm2 · s

(1)

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

CAP Version 1

In order to gain experience with the capabilities
and limitations of the MAPS technology, a ﬁrst gen-
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7
age 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 [23], 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. [23], 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. Previously reported results indicate [24] 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.

eration device, designated CAP1, was developed by
the Hawaii group as shown in Fig. 7.
Column Ctrl Logic

1.8
mm

132col*48row ~6 Kpixels

Control/
Readout

TSMC 0.35Pm CMOS
FIG. 7: 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. 8, 12 and 17.

Fabricated in the TSMC 0.35μm CMOS process [20], 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. 8, 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.
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 9 is an example of an event where a high
energy particle traverses a stack of four CAP pixel
detectors.
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 [22] with others that resulted
in an improvement of the radiation hardness of the
Belle silicon vertex detector readout electronics.
A series of radiation tests were performed with
this set-up and are plotted in Fig. 10. Here the leak-

E.

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. 11. Here,
the TSMC 0.35μm process was used again.
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.

F.

Beam Test Results

In order to evaluate the performance of CAP1 and
CAP2 beam tests were performed at KEK and Fermilab. Many results have been reported from these
tests [4, 5]. These include measurements of charge
spread, SNR and noise level. A spatial resolution of
just under 11μm at KEK as seen in Fig. 12. At top
left is the detector layout. At top right is shown a
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~fA leakage current (typ)
~18fA for hottest pixel shown
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FIG. 8: Graphic illustration of the Correlated Double Sampling and leakage current subtraction steps used to cleanly
identify hit candidates in the CAP pixel detector.

Charged Particle Track
# of pixels

Before irrad.

200 Krad

Leakage Current [fA]

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

FIG. 10: 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.

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

FIG. 9: Detected event where a high energy particle traverses four CAP pixels. Note that the detectors are
slightly misaligned.
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FIG. 11: Schematic diagram (left) and pixel layout drawing (right) of a CAP2 pixel, with an 8-deep pipeline.

FIG. 13: CAP3 pixel cell block diagram and layout.

1mm Alumina substrate
1mm plastic

4.6 cm

3.6 cm

(in mm)

250Pm Si

L4

L3

5 metal layers

21 mm

L2

Active area

20.88 mm

3.4 cm

(in mm)

z-plane

x-plane

“hit”

928 x 128 pixels = 118,784

Residuals for 4GeV/c pions:
- <11Pm (in both planes)

~4.3M transistors

FIG. 14: 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.

FIG. 12: Detector layout and spatial resolution results
from a beam test of the CAP1 detector.

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.

1.

>93% active without active edge
processing

the outstanding issues, including processing the sensors to reduce the thickness for evaluation of heat
extraction and mechanical support of thinned devices.
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. 15 and in
the process of preliminary mechanical design studies,
with a focus toward thermal issues.
b. Laser Scan Tests. The basics of the CAP3
development are presented in Ref. [10]. A sample
laser pulse is seen in Fig. 16.
Evaluation of the storage cells has indicated that
the are strong bias eﬀects that will make the proposed low duty-cycle operation with the proposed
ILC beam structure a challenge. This should not be
surprising. For even a modest surge current of 20μA
per pixel, with more than 100k pixels, this represents
more than 2 Amperes. Great care in the operational
ramping, bypassing and power wiring will be needed
to operate in this mode.

CAP Version 3 (full-scale)

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.
In Fig. 13 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.
a. A full-sized CAP Detector. The most recent
(third) generation CAP detector (CAP3) is shown in
Fig. 14. These devices permit exploration of all of
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FIG. 15: 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 ladder assembly for SiD.

10000000

Unfortunately signal size
Fixed and small

FIG. 17: Noise degradation for detector sizes at comparable operating conditions. A clear trend in analog signal
transfer clearly degrades as a function of detector size.

FIG. 18: Die photograph of the CAP4 detector, and evaluation platform for three design concepts as described in
the text.
FIG. 16: Sample laser shot recorded with the CAP3 detector.

the three options prototyped. The second two prototypes consider the second problem encountered.
Speciﬁcally the data ﬂow in the case of a Super-Belle
vertex detector, or the desire to log hits with higher
time resolution outside the detector acceptance. To
do so requires a technique that has high EMI noise
immunity. A continuous binary readout technique,
based upon temporal coincidence with multipath binary signals, has been explored. Design ﬂaws limited
the evaluation capability of these structures and are
being resubmitted, to fully evaluate their potential.
The basic concept of this technique is illustrated in
Fig. 19, where a hit percolates via two separate paths
and only coincidences at a ﬁxed time after latency
since collision. Exploration continues on variants
of this technique. However 100ns resolution windows are possible, without need to time-stamp on
each pixel, and frame processing and storage can be
performed outside the detector acceptance, where
larger power and high-density digital memory can
be brought to bear on the problem.
Last year we had the opportunity to pro-

c. Further Prototypes Scaling up to a full-sized
MAPS detector has proven diﬃcult. Characterized
in terms of ﬁxed pattern noise, or similar estimators,
the Signal-to-Noise Ratio (SNR) of larger detectors
tends to degenerate with increased detector size or
readout speed. Such a scaling may be seen in Fig. 17
in terms of observed noise, which directly correlates
to SNR, since the signal charge is small and ﬁxed,
for a given epitaxial layer thickness.
Based upon these lessons learned from CAP3, two
new prototypes were designed and fabricated. A
die photograph of the ﬁrst, CAP4, may be seen in
Fig. 18.
CAP4 attempted to address two of the problems
that were not adequately addressed in CAP3. The
ﬁrst is the readout speed of the long analog lines,
being weakly driven. One option is to provide a
threshold-level scan (e.g. Wilkinson-type) encoding of the stored analog information. This is one of
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pixel schematics:

IV.

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 II. 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. 4. 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 a Super B Factory
detector than for the ILC [26]. That is, any detector capable of successful operation in the Super B
environment is a viable option for the ILC vertex
detector.
Currently we are evaluating an SiD speciﬁc CAP
design, designated SiCAP1, 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. 4.
This next generation MAPS ASIC will explore issues
of maximum sample storage depth. A future generation will follow-up with lessons learned, as well as
exploring ultra low-power operation, a major concern for reducing support infrastructure.

re-arranged data output:
left out signal : 000100000000000000000…
right out signal : 000000000000000000100…

multiplexing:
6 rows
to one pad

ILC-SPECIFIC ISSUES

hit reconstruction:
calculation of hit position and time
from the timing of the left out
and right out signals

FIG. 19: Simpliﬁed example of the multi-path coincidence, continuous binary readout architecture. Percolating binary signals to nearest neighbors is highly immune
to EMI and requires no long-line bus drivers. Variants
of this technique, using multi-path coincidence are being
explored.

totype for the second time in a Silicon-OnInsulator process that is under development by OKI
Semiconductor[25], the various Test Element Group
die of which are seen in Fig. 20.

V.

'05 10 Submission Layouts

FIG. 20: Layout plots of prototype SOI detectors, used to
evaluate the performance of the deep sub-micron, fullydepletable process oﬀered by OKI Semiconductor.

EXPLORING FUNDAMENTAL
LIMITATIONS

We continue to evaluate in-pixel storage versus oﬀdetector storage. If the latter case can be achieved,
it will provide great robustness against background,
as well as ﬂexibility in signal coincidence. However,
we do not yet abandon in-pixel storage. Our current
studies show that down to quite small storage cell capacitances, as shown in Fig. 21, the kTC noise looks
manageable. One current design exercise explores
the maximum packing density possible, to maximize
the number of storage cells, which reduces the eﬀective occupancy for a given integration period. This
device will beneﬁt from further deep sub-micron fea-

Due to exploratory choices of guard-rings and
back-bias protection, full depletion was not possible
in these prototype rounds. However, the potential of
a 50μm thich, fully depleted device is obvious. Evaluation of a binary readout prototype continues as of
the time of this report, and we plan to submit an
improved version to a 0.2μm process submission in
December.
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TABLE II: 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 at least a while longer, matched to the availability of a
production fabrication line capable of mass production.
Parameter
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

ILC

Super-B

Notes

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

ture size reduction and will be submitted in the future when funding support is available.

A.

Instrumentation Development Laboratory

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 [28] 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.

FIG. 21: 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.

VI.

FIG. 22: Some of the engineers, post-docs, graduate
and undergraduate students, and visiting researchers who
make the University of Hawaii Instrumentation Development Lab. successful.

FACILITIES, EQUIPMENT AND
OTHER RESOURCES

As can be seen in Fig. 22, 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 printed circuit
boards, FPGA/CPLD ﬁrmware and ASICs. Assembly benches and prototyping facilities, with avail-

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.
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provides computing support and access to a highperformance computer farm.

able 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. Three 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 Cooney
will complete the SiCAP1 as his dissertation topic.
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. 23.

VII.

FY2009 PROJECT ACTIVITIES AND
DELIVERABLES

In this year the funding requested will support the
submission a ﬁrst generation ASIC targeted for SiD
and denoted SiCAP1 (SiD CAP #1). The development timescale is matched to a ﬁscal year. From
experience with seven 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 – 2 months
5. test/document 2 months

clean room

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 test round out the year development
cycle.

pixel
test
area

BGA rework

VIII.

FIG. 23: Pictures of the excellent laboratory space and
equipment available for CAP pixel development.

B.

PROPOSED BUDGET AND
JUSTIFICATION

The funding request is outlined in Table III is
broken out by salary, travel, instrumentation and
direct/indirect costs. Item #1 provides partial support for graduate students M. Cooney and H. Sahoo
in their participation in the SiCAP1 pixel development activities.

Hawaii Faculty, Researchers and Students

Faculty members Browder and Varner are active
participants in this project. Senior researcher Parker
is a wealth of information on silicon fabrication and
processing. The CAP pixel project has been the primary task of post-doc Hoedlmoser. Recently hired
post-doc Jin will continue to be heavily involved.
Student Uchida has participated in all beam tests,
with student Sahoo joining to gain hardware experience.
Our current DOE grant supports all of these
group members. Pending this award, new student
Nishikawa will join the eﬀort and start detailed studies of detector optimization.
d. Other Facilities In addition to the full-time
machinists and shop mentioned, the university also

TABLE III: FY2009 request, all values in K$.
Item # Item

FY09

1
2

Salaries & fringe
Travel

3
4
5

Equipment fabrication $26.3
Other direct costs
$0.7
Indirect costs
$1.2
TOTAL

$21.5
$2.5

$52.2

Travel (item #2) is requested for the proposer and
other participants to attend regular ILC and SiD
workshops, as well as to perform measurements of

98

last modified: February 9, 2009

14
detector performance as part of a beam test experiment at the Fermilab MTBF [27] facility. Engineering support is costed as part of the equipment fabrication (item #3) and a detailed breakdown is provided in Table IV. Direct and indirect costs, items 3
and 4, are as per usual University of Hawaii budgeting procedures. All work will be completed in the
designated ﬁscal year.
We describe here the major fabricated equipment
costs, which are dominated by the ASIC fabrication costs. Costs for the detector prototype are
listed in Table IV. This prototype builds heavily on the systems developed through previous support. Some electrical engineering and mechanical
engineering design time is required to modify and
improve the test stand. Student labor costs are not
included, as mentioned above.

IX.

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 activities. Our annual
Physics Open Houses are very well-attended and being able to involve and interest the community at
large is crucial.
Public support for funding of the ILC in the longhaul 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 (being addressed right in Hawaii!) to meet them. This type
of hands-on hardware exposure for the young and
inquisitive pupils is sorely needed as collaboration
sizes have increased.

TABLE IV: SiD CAP “SiCAP1” prototype budget.
Item

BROADER IMPACT

Est. Cost

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

$17K
$1.5K
$3.0K
$1.4K
$2.2K
$0.7K
$0.5K

Estimated total:

$26.3K

X. PROJECT ACTIVITIES AND
DELIVERABLES BEYOND FY2009

At the conclusion of this subsequent year of the
current funding umbrella we expect to have feedback
not just from the SiCAP1 prototype, but also for
subsequent generations of Super Belle CAP pixel detector, both MAPS and SOI. In the latter cases 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 generations of
system-level demonstrator prototypes. In the CAPS
lineage, this would be designated SiCAPF1 and the
development cost would be expected to increase as a
“full sized” device fabrication would be requested. It
is likely this activity will be in the context of forming
a joint collaboration with the UC Berkeley group,
with which we are now beginning to work closely.
At the present time since none of the technologies
demonstrated to date solve all of the speed, sensitivity and power requirements, it is necessary to continue to evaluate new technologies, such as the SOI
process mentioned above. Moreover, it should be expected that consolidation of the various eﬀorts will
happen. Success and failure of these eﬀorts will dictate the form the subsequent evolution shall take.

The pixel detectors and evaluation test bench described serve as a primary research platform for
investigations by post-doctoral fellows H. Hoedlmoser and J. Li, graduate students H. Sahoo and
M. Cooney, and undergraduate students B. Hill, L.
Ridley, and L. Ruckman. M. Cooney and H. Sahoo are partially supported on this activity, while
the salary of the other students is provided through
other existing grants. In addition, having such devices available in the laboratory is a valuable tool
for engaging Hawaii high school students and their
teachers during our annual Physics Open House.
Common to these tasks, additional non-recurring
engineering costs are supported by the design and
printed-circuit board layout capabilities of the Instrumentation Development Laboratory.
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PROJECT DESCRIPTION
Development of a Process for Thinning and Laser Annealing of very
thin Pixel Detectors, and Modeling of 3D Pixel Detector Technology
Personnel and Institution(s) requesting funding
Assistant Professor Julia Thom,
Laboratory for Elementary-Particle Physics (LEPP), Cornell University
Collaborators
Professor Mike Thompson,
Department of Material Science and Engineering, Cornell University
Contact Person
Julia Thom
jt297@cornell.edu
(607) 255 4093
Project Overview
The work proposed here includes the development of a process for thinning and laser
annealing of very thin Pixel Detectors, as well as modeling of silicon pixel detector
technology using commercial 3D software tools.
Following is a description of the two proposed projects and how they address critical
detector development needs. An explanation of how the proposed work fits into the
bigger picture of the SiD Vertex Detector R&D effort, and how it is coordinated with
other projects is included.

1. General Description of the Projects
Both proposed projects are part of a larger effort to develop low-mass, thinned and highly
pixellated silicon vertex detectors for particle detection at the Linear Collider. Many
sensor technologies such as 3D-based sensors require thinning after topside processing as
well as the formation of an extremely low leakage backside junction at the end of
processing. This requires a high dose implant followed by an activation anneal. Due to
the already existing circuitry, static temperatures must remain below 450oC during this
anneal. Pulsed laser annealing is currently the most promising method for achieving
suitable activation of this backside implant. The first project proposed here is the
development and application of such a process.
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Secondly, to make a decision between the many proposed sensor and readout
technologies, and to optimize parameters such as size and charge collection efficiency it
is essential to develop detailed modeling tools. The second project proposed here
provides precise 3D modeling of various candidate technologies, for example different
schemes for vertically integrated circuits.
(a) Development of a Process for Thinning and Laser Annealing of very thin Pixel
Detectors
Cornell has worked for the past year on the development of process parameters for
thinning, implantation and laser annealing to activate backside junctions. For this work,
planar test diodes were fabricated on conventional 100 mm wafers for optimization of
the diode reverse leakage properties. This work was mainly done at the Cornell
NanoScale Science and Technology Facility (CNF), and in the laser laboratory of Prof.
Thompson at Cornell. Additionally, the process has been demonstrated in initial studies
using strip sensors, which were thinned, re-implanted and laser annealed. Finally, similar
studies were done at MIT-LL, where test wafers donated by Micron Semiconductor were
thinned to 50 microns on the pyrex handle, implanted and laser annealed. All devices
showed good performance after depletion.
We now propose to implement this process in various thin test sensors for the LC, for
example in 3D devices developed at FNAL, for further evaluation and refinement of the
process. The laser annealing process developed at Cornell will also be used to fabricate
the ohmic contact for thinned SOI-based sensors from OKI and American
Semiconductor.
The proposed project would involve thinning and implantation of test sensors with active
dopants, laser annealing to incorporate the dopants, possibly thermal annealing in
forming gas to passivate remaining dangling bonds, SIMS testing and evaluation at
Cornell and other facilities.
Depending of the results, optimizations may be necessary and would include changing
conditions for the laser annealing and the thermal annealing to minimize the area leakage.
For laser annealing, we will investigate
• Effect of laser fluence (melt depth): the fluence determines both the amount of
end-of-range damage removed from the implant and also the abruptness of the
doping profile.
• Overlap: For large area structures, the laser will be stitched with given areas
receiving one or multiple irradiations. Increased overlap is expected to create
more uniform junctions, but the doping profile will become shallower.
• Annealing ambient: Although not expected to be significant, laser annealing in a
forming gas environment may be beneficial.
The thermal annealing conditions will similarly be evaluated.
• Temperature and time (within the constraints of back-end CMOS processing)
• Annealing ambients – forming gas (Ar/H2) or inert ambients (N2 or Ar)
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•

Annealing before or after contact oxide/metal. Metal coverage may limit the
hydrogen diffusion to the junction

b) Modeling of 3D pixel detector technology
We propose to continue and expand our existing program of pixel detector technology
modeling using commercial 3D Silvaco software tools. The goal is to model effects such
as charge collection, to optimize existing designs and to compare our studies with test
data.
We have already started modeling one of the 3D devices mentioned above (for example
from MIT-LL 3D devices tested at FNAL). In addition, FNAL is planning to use a novel
process to produce sensors for the VIP chip, which is intended as a demonstration of 3D
technology as applied to an ILC vertex detector. The process involves a 20 micron thick
high resistivity epitaxial layer on a low resistivity base and the process consist of n
implants on p-type silicon. We propose to model this device using our software tools to
optimize the size and geometry of the electrodes for efficient charge collection and low
capacitance.

2. Impact on and Coordination with the SiD LoI Group
Both the work on processing and detector modeling proposed here has been carefully
coordinated with our collaborators at FNAL, and is an integral part of SiD vertex
detector development priorities, for example the FNAL 3D integrated circuits effort.
Several other projects also rely on using the process to fabricate an ohmic contact, for
example thinned SOI-based sensors from OKI and American Semiconductor. Cornell is
in a unique position to provide modeling tools as well as a controlled and well-tested
process that is essential for the fabrication of low-mass, thinned and highly pixellated
silicon vertex detectors for particle detection at the Linear Collider. We therefore expect
to have a significant impact on the progress of the LC Vertex Detector R&D group.
Broader Impact
While clearly enhancing the infrastructure for research, this project would also strongly
promote education and training. Undergraduate students from both the School of
Electrical and Computer Engineering and the Physics department are already
participating in all aspects of testing, design, simulation and fabrication related to the
project, and the project leader has observed that the interaction of electrical engineering
and physics aspects of their work and the interdisciplinary character of this project
greatly enhances the student’s experience and bring in new ideas. The project leader is
especially encouraging female students to participate in the research activities. In her
experience the under-representation of women in science is especially pronounced in
areas of experimental physics involving building instrumentation.
To further promote learning in the field of detector instrumentation the project leader is
planning to incorporate lectures about this and related projects into appropriate graduate
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courses and advanced laboratories. In addition, this project would be very suitable for
REU students since it introduces them to exciting technical work in a small laboratory
setting.
At Cornell University, the project leader has the unique opportunity to share resources
with the School of Electrical and Computer Engineering and the Laboratory of Solid
State Physics, which would enhance the infrastructure for research and education.
This work would involve travel to FNAL and other locations to share information, use
resources and participate in meetings. The results of the project will be disseminated
broadly through reports at the relevant conferences, e.g. Vertex and IMC conferences,
detector workshops, and High Energy Physics Instrumentation conferences. Any
significant progress would be published in the appropriate Physics or Instrumentation
Journals.
Results of Prior Research
Cornell has worked for the past year on a project very closely related to the two proposed
projects and significant progress has been made both in modeling and in the development
and testing of a process for backside activation. While geared toward applications at the
S-LHC, this work forms the basis for the proposed projects and has been described in the
previous section. The work has been funded through a NSF CAREER grant (Title:
“Silicon Pixel Detector R&D for the S-LHC”). The award number is PHY-0645484 and
it has been awarded since April 2007. The PI receives $100k per year from this grant.
Facilities, Equipment and Other Resources
Key support services in the Laboratory for Elementary-Particle Physics (LEPP) at
Cornell include clerical personnel, purchasing, stockroom, supplies, moving and
rigging, machine and electronics shops, engineering, technical drafting, publication
drafting, computer and network services. Access to Video Conferencing equipment is
provided as well.
To execute the proposed work the project leader would be able to use basic equipment
and infrastructure, including a probe station, basic scopes and other materials, picofarad
meter and picoameter. Technical support would be given by staff scientist John Dobbins
who designs analog circuits and builds equipment for LEPP.
Most importantly the project leader has the unique possibility to collaborate with Prof.
Mike Thompson, use materials and equipment in his laboratory as well as the Cornell
NanoScale Science and Technology Facility.
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FY2009 Project Activities and Deliverables
The activities and milestones for FY2009 include
• thinning, implant and laser anneal of existing 3D devices developed at FNAL
• thinning, implant and laser anneal of SOI-based sensors from OKI and American
Semiconductor
• measurements of leakage currents of processed devices at Cornell
• depending on outcome, optimization of anneal parameters (such as laser fluence),
and annealing techniques, as well as subsequent low-temperature thermal
annealing in forming gas to passivate remaining dangling bonds
• continuation of 3D modeling of MIT-LL 3D device, comparison of results to test
data from FNAL, optimization of design parameters
• modeling of a novel process to produce sensors for the VIP chip. Optimization of
the size and geometry of the electrodes for efficient charge collection and low
capacitance
Budget, in then-year k$
Institution: Cornell 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

FY2009

0
49,479
0
49,479
0
0
0
0
0
0
49,479
18,876
68,355

Budget justification: Cornell University
The project leader has so far worked on related projects with undergraduate students at
Cornell. Materials, travel, software licenses and other costs could be covered by
University funds and other sources. However to make significant progress on Silicon
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Vertex Detector R&D for the ILC we requested funds for 1 Graduate Student for the
period 9/1/09 to 8/31/10.
Cornell’s fringe benefit rate is 34% - there are no fringe benefits paid on Graduate
Student salaries.
Cornell’s indirect costs are calculated at 59% on direct expenses (less equipment,
Graduate Student tuition & fees and Graduate Student health insurance).
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Development and Testing of Silicon Sensors and Cable Interconnects
for Future Collider Detectors
Personnel and institution requesting funding
Sally Seidel and Martin Hoeferkamp
Department of Physics and Astronomy
University of New Mexico
MSC07 4220
800 Yale Blvd. NE
Albuquerque, NM 87131
Collaborators
Tim Nelson (SLAC), Bruce Schumm (UCSC)
Project Leader
Sally Seidel
seidel@phys.unm.edu
(505) 277-2616
Project Overview
We propose to continue and expand our current efforts in characterization of silicon
sensors and development of cable interconnects for future collider detectors. The cable
project is integral to assembling the complete tracking readout chain which is needed for
full sensor characterization. Characterization of the sensors is essential to addressing
identified critical topics in the R&D of ILC detectors including the material budget,
energy and timing resolution, optimized operating conditions, and expected lifetime.
Broader Impact
Developments in sensor and interconnect technology frequently prove useful beyond
particle physics, for example in medical diagnostic devices. One aspect of this project,
radiation testing of new electronic structures, provides information potentially useful
throughout the materials science community. This project will employ one or more
undergraduates at the University of New Mexico, the national leader among research
universities with respect to student diversity.*
Results of Prior Research
Our involvement in this program began in the context of SiD sensor studies in 2007. The
full suite of studies for any sensor involves bench tests of static properties as well as
connection to the full readout chain. The present design for the SiD tracker requires a
low mass cable to connect its module to the concentrator boards mounted on the ends of
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each barrel. The cable transmits sensor and readout chip power, control, and readout data
signals and is essential for testing the sensors in a realistic environment.
There are two components of the readout cables: a short pigtail cable which is glued to
the module, and a two-meter long extension cable which connects the pigtail to the
concentrator. We completed two design iterations on the pigtail cable in 2008. The
current design includes two pairs of traces each for analog and digital power, sixteen
traces (eight per KPiX readout chip) for digital control and readout, along with one pair
for sensor bias. The pigtail cable has a pair of tabs near the sensor edge for connection of
the sensor bias as well as surface mount pads for bias and power filtering, and for LVDS
signal termination resistors. Since this cable glues directly to the surface of the sensor,
pickup and crosstalk on the underlying strips must be well controlled. A formal review of
the UNM design took place in May 2008.
In response to reviewer recommendations, we reduced the layer count from four to two
and made several other changes including incorporating rounded edges or tear stops at
vulnerable points and repositioning the high voltage pad. We next initiated a survey of
flex cable manufacturers and vendors to determine their requirements and capabilities so
that we could optimize the design for reliability and low cost. Two US companies were
identified, and the design is now going through a third iteration in their context. We have
also designed an adaptor board which interfaces the pigtail to more conventional ribbon
cables for interim testing of the module.
In November 2008, we received from our collaborators six prototype sensors of the SiD
design. We have begun to develop procedures for characterization of their static
properties.
Our experience [1-8] in cable development and sensor characterization includes
contributions to CDF SVXII, CDF Run IIb sensors, the ATLAS pixel baseline, and
studies of the 3D and planar p-type options for the ATLAS upgrade.
Facilities, Equipment and Other Resources
Our laboratory at UNM includes a class 10000 cleanroom, HP 4284A LCR meter,
Keithley 237 High Voltage Source measure unit, Picoprobe Model 35 (26 GHz
bandwidth, 14 pS rise time, 0.05 pF capacitance), Picoprobe Model 12 (500 MHz
bandwidth, 0.8 nS rise time, 0.1 pF capacitance), Kentech APG1 pulser (300 pS pulse
width), Tektronix 7254B Oscilloscope (2.5 GHz bandwidth), 1064 nm, 960 nm, 820 nm
IR lasers, 12 GHz photoreceiver, Cascade REL-6100 semiautomatic probe station,
Micromanipulator HC-1000 Thermal Chuck (-60C), Peltier thermal chuck (-20C), and an
Eichhorn+Hausmann MX203 wafer thickness and flatness gauge. The UNM Department
of Physics and Astronomy supports a mechanical shop and an electronics technician.
FY2009 Project Activities and Deliverables
We propose to carry out two tasks. The first is completion of the cable design and
production of prototypes. Design revisions on the pigtail will include cost optimization
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by elimination of fineline technology where it is not needed. This increases the trace
width and spacing by 0.001 inch and the size of drilled holes by 0.002 inches. Pad fillets
and the teardrop shaped interface where a pad joins a trace will be incorporated to reduce
stress and improve etched yield and material strength. Once the pigtail design is
approved, the extension cable will be designed for traces as low in resistance as possible
given the low mass fine pitch constraints. We anticipate two or three prototype iterations
on both the pigtail and the extension. We will seek quotations from a minimum of three
vendors for the pigtail and two for the extension. We provide estimates of the costs of
prototypes below. One or two domestic trips to cable vendors may be required.
A reasonable number of prototypes per iteration could be four for the pigtail and two for
the extension.
The second task is the development of a sensor testing system and procedure. Static
studies will cover capacitance to backplane and nearest neighbors, coupling capacitance,
implant and aluminum resistance (open/short), polysilicon resistance, bulk leakage
current, and depletion voltage. With the laser and then the full readout chain (we have
been offered a loan of a readout system from SLAC) we can measure pedestals and
assess signal collection efficiency. We have developed partnerships with Sandia National
Laboratory and Los Alamos National Laboratory that allow us to irradiate devices with
neutrons and protons at zero cost other than our travel and personnel time. We could
make use of these partnerships to provide the sensor characterization information as a
function of fluence.
Total Project 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

FY2009
32426
0
12800
45226
11801
57027
0
6000
21000
0
84027
21847
105874

Budget justification:
0.5 FTE salary is requested for engineering. The fringe benefit rate for UNM
professionals is 36%. Support is requested for 1 undergraduate student at a rate of $10
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per hour, for 40 hours per week during the summer and 20 hours per week during the
academic term. The fringe benefit rate for undergraduate employees is 1%. We
anticipate 3 domestic trips at $2000 per trip: 2 to cable manufacturers (likely to be
Minnesota and California) and one to SLAC (for training in the readout). The materials
and supplies cost is estimated as follows:
Pigtail prototypes, $2000 per iteration x 3 iterations
Extension prototypes, $3000 per iteration x 3 iterations
Custom vacuum chucks, $500 per sensor type x 2 types
Custom probe card, $1000 per iteration x 3 iterations
Custom PC board to mount sensors
Small tools, cleanroom supplies, software, etc.

6000
9000
1000
3000
1000
1000

The relevant University of New Mexico overhead rate is 26% for items other than
equipment.
References
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groups in its bachelors programs.
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PROJECT DESCRIPTION
and
STATUS REPORT

Development of a low-material TPC endplate for ILD
Personnel and Institution(s) requesting funding
Daniel Peterson, Laboratory for Elementary-Particle Physics (LEPP), Cornell University
Collaborators
All TPC development performed by D. Peterson is in collaboration with LCTPC [1].
Contact Person
Dan Peterson
daniel.peterson@cornell.edu
(607)-255-8784
Project Overview
This project involves design studies and prototyping leading to the construction of a time
projection chamber (TPC). The work is relevant to the International Large Detector (ILD)
concept [2,3], which utilizes a TPC for the central tracking device.
Earlier work was funded in FY05, FY06, FY07, under LCDRD project 5.7 "Development of a
Micro Pattern Gas Detector Readout for a TPC". This included small-prototype work at Cornell
and contributions to the construction of the collaborative LCTPC large-prototype, LP1 [4-8].
Progress for that work will be described below.
The proposed work is a continuation of the earlier work on the construction of the endplate for
the LCTPC large prototype TPC [6]. The next phase of development by the LCTPC
collaboration includes the design of the full-size TPC for the ILD. These endplates must satisfy
the low-material requirements set by the ILD and the rigidity requirements set by the
performance goals for the TPC. The proposed project described below includes personnel
support for design studies and prototyping toward the final design of the TPC endplates.
(A) Motivation for micro-pattern-gas-detector readout TPC
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
TPC may provide the best combination of detector segmentation and continuous track
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measurements, leading to optimal multi-track separation and noise immunity. However, as
described below, the segmentation used in 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. The LCTPC collaboration
is pursuing a program to develop a micro-pattern-gas-device (MPGD) based readout TPC with
the segmentation and resolution required for the ILC program.
A fundamental assumption of the ILD concept is that “particle flow analysis” will be used to
reconstruct the complete event. Particle flow analysis provides the precision measurement of jet
energies, in part, by using tracking information to determine the charged energy
component. Thus, particle flow analysis requires efficient track reconstruction, which, in turn,
requires superior multi-track separation. Particle flow analysis a the ILC 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, Aleph
and ALICE [9] chambers are typical examples, have pad readouts with azimuthal segmentation
of order 1 cm. This segmentation is insufficient for reconstructing tracks in dense jets. For
example, consider a TPC with 1 cm pads, 4 cm effective longitudinal segmentation, and a two-3
pad FWHM pad response function. The solid angle segmentation would be about 10 steradian
at a detector radius of 1 meter. Thus, the 3-dimension cell occupancy within a jet would be 10% a challenging environment for track reconstruction. In a simulation of digitized detector
response [10], 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 efficiency of over 99%. 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
-5
MWPC TPCs. Charged particle momentum resolution, σ(1/p), of order 10 /GeV is required to
determine the Higgs mass through the precision measurement of the recoil mass of di-leptons in
Higgsstrahlung events. 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 due to an ExB effect.
A TPC readout based on a micro-pattern-gas-detector (MPGD) gas-amplification device such as
a GEM [11] or Micromegas [12] 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. However, maintaining the special resolution on the
order of 100µm requires a precise calibration of the readout elements that is significantly better
than 100µm.
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(B) The international LCTPC study
Groups with LCTPC have studies MPGD readouts of small TPC for over 4 years. Gas properties,
including diffusion, drift velocity, and electron attachment, are well understood. Point
resolutions, well under 100µm, have been demonstrated in the small TPCs [13,14].
Currently, the LCTPC collaboration is taking measurements with a large prototype TPC,
"LP1" [4-8]. This prototype, shown in figure 1, measures 770mm in diameter and has a field
cage with length 610mm. Seven readout modules are arranged in a pattern that is similar to a
small section, about 6%, of a full size TPC for ILD. The endplate can be populated with various
technology readout modules. Micromegas modules prepared by Saclay were tested in November
2007. GEM modules, prepared by Saga, will be mounted in February 2009. There are also plans
to mount modules with pixel readouts, using Micromegas and GEM gas amplification, prepared
by NIKHEF, Bonn, and Freiberg. Goals are to investigate issues related to the larger system
including tracking over several modules, alignment, and electronics. This is a collaborative effort.
Infrastructure and the fieldcage is provided by EUDET funding. Components are provided by
many of the LCTPC member groups.

Figure 1: LCTPC LP1 prototype TPC. (left) The TPC is shown mounted in the magnet at
DESY. (right) The TPC endplate (populated with 7 dummy readout modules) can be seen
in this view through the field cage.
In parallel with measurements using the LP1 prototype, the LCTPC collaboration has begun
studies towards a full size TPC for ILD, which measures 3.6m in diameter and 4.3m in length.
The goal for mechanical tolerances and stability are on the order of 50µm to partially decouple
the position calibration from magnetic field calibration. The goal for material in the endplate is
15%X0 , including electronics, to limit the degradation of the particle flow analysis. The endplate
must be rigid enough to withstand forces associated with power-pulsing, which is required to
reduce the heat source at the endplate.
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(C) Advanced endplate design at Cornell
The Cornell group is proposing design studies and prototyping toward the design of endplates for
the TPC for the ILD meeting the specifications described above. This work is a recognized R&D
need of the ILD LOI group. This work will be in collaboration with LCTPC, with regular
reporting of progress at LCTPC meetings and is a continuation of the work of designing and
constructing the endplate for the LCTPC large-prototype, LP1, described under "results of prior
research".
The material limit for the mechanical assembly of the endplate is further reduced to because
irreducible contributions from the gas-amplification and readout electronics. Satisfying the
material and rigidity goals for the TPC endplate requires an advanced design. For example, in the
current LCTPC large-prototype endplate, the rigidity is achieved with machined components for
both the outer frame and the individual modules frames. The thickness of the combined
framework, alone, is about 30% X0 locally, and 6% averaged over the surfaced. A stiffening ring
at the maximum radius contributes 50% X0 locally. Thus, designs with greatly reduced material
must be investigated.
The Cornell group plans to study advanced, low material, endplate designs. In the first two
years of the study, corresponding to FY2009 and FY2010 of the proposal, we plan engineering
studies based on computer models of various options for a full-sized TPC endplate. Mechanical
strength will be evaluated using the finite-element-analysis. Models will also be evaluated
based on manufacturing complexity and precision.
One option is an evolution of a traditional machined endplate as produced by Cornell for the LP1
prototype. This option would allow a straightforward means of providing the precision features
of the LP1 endplate. This approach would require significant lightening. Material would be
removed wherever possible. We would investigate incorporating fiber material into the machined
endplate by molding in the fiber after an intermediate machining step.
Other options are variations of space-frames, similar to those used in satellite
telescopes [15,16,17]. In a space-frame, the supporting material is spread over the available
longitudinal area before the forward calorimeters; cables and other services share the
longitudinal space. Various manufacturing techniques could be used: fully machined, assembled
bonded composites, or a system of adjustable thin struts. The latter would provide precision
through the adjustability.
Further study, in FY2011 and 2012, will require physical prototypes. Design options will be
selected based on results of model studies. Prototypes, both small scale models and small
sections of the full-sized endplate will be constructed and measured. Predictions of the rigidity of
these prototypes, based on the computer models, will be used to verify the predictions of the
rigidity of the full-size endplate.
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Broader Impart
A possible broader impact of this project could be the integration of research and education by
the inclusion of undergraduates in the finite element analysis of this computer based models.
This could be done after the models are sufficiently developed to allow a systematic study.
The endplates for the ILD TPC will require greater precision than those of existing TPCs
requiring techniques that have not been used previously. As with all R&D for the ILC, results
will be broadly disseminated through the ILC workshops.
Results of Prior Research
Previous LCDRD funding for project 5.7 for the Cornell group has been used for studies using
both a small prototype at Cornell and for development and construction of the endplates for the
collaborative large prototype, LP1.
In December 2004, the Cornell group, in collaboration with the Purdue group, commissioned the
small prototype TPC, shown in figure 2, with a 64 cm drift field and 10 cm square readout
aperture. Cornell purchased a low-noise high voltage system that provides 20kV for the drift
potential as well as biasing voltages for the gas-amplification devices. Cornell/Purdue 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
having 8 channels/unit, 105 MHz sampling rate, +/- 200mV input range, and 14 bit resolution.
Currently, the system has 88 readout 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 small prototype was built to accept interchangeable readout sections. A readout with MWPC
gas-amplification, shown in figure 3, was used for initial tests in January 2005, with the results
shown at LCWS05-Stanford [18]. A single-GEM, operated with a gas gain of 100, was tested in
April 2005, with results for charge width and resolution shown at ALCPG05-Snowmass [19]. A
double-GEM was tested in October 2005, with results for charge width and resolution shown at
ECFA05-Vienna [20]. For the initial tests in 2005, a coarse pad pitch, 5mm by 10mm, was
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chosen because it allowed us to demonstrate the TPC operation with the minimum number of
channels. Resolution measurements, using MPGD gas-amplification, were limited in 2005 by the
5mm pad pitch because the width of the pad response function is then a fraction of the pad width.

Figure 3: (left) 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. (right) The field cage termination can be seen in front of the
readout. In this photograph, double-GEM gas-amplification is installed.
In FY2005, several upgrades were made to the small-prototype in preparation for higher
precision resolution measurements. Acquisitions include additional FADC channels and the
addition of a positive HV supply that is part of the integrated HV system. The latter provides
more flexibility in biasing the gas-amplification devices and further noise reduction. Upgraded
readout pad boards include four rows of pads with 2mm pitch. The field cage termination board
was revised to include two wire layers to facilitate the ion collection in ion-feedback studies.

Figure 4: (left) A Purdue-3M Micromegas is mounted on readout pad board in
preparation for installing in the TPC. (centert) A Bulk Micromegas is mounted on a pad
board by the Saclay group. (right) A triple-GEM is mounted on a pad board.
In March through June 2006, measurements were taken with a mass-produced Micromegas [21],
shown in figure 4, developed by the Purdue group in collaboration with the 3M corporation.
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Measurements of charge width and resolution were made using Ar-CO2(90:10) and
Ar-iC4H10(90:10) gas mixtures and presented at ALCPG06-Vancouver [22].
In the second half of FY2005, we concentrated on preparing for studies of ion-feedback. We
measured the electron transmission fraction through the double layer field cage termination,
shown in figure 5, as a function of bias potential difference between the two layers as indicated
by the relative pulse height observed on the readout pads. We then demonstrated that the ion
signal is observed on the instrumented field cage termination. A MWPC readout was used to
create pad signals and ions. Pad signals were observed on six rows of the pad readout. Eight of
the FADC channels were used to read out the field cage termination signals as shown in figure 6.
In this configuration, the field cage termination is effectively a cathode plane for the MWPC. In
addition to the prompt induction signal spread over several channels, we observed the ion
collection signal on only one channel at approximately 200µs after the induction signal. As
expected for the ion signal, the delay time depends on the spacing between the anode and the
field cage termination and the signal strength depends on the collection efficiency established in
the first study. These results were presented at ALCPG06-Vancouver [22].
To evaluate the use of a GEM as a gating grid, the GEM electron and ion transmission was
measured as a function of the GEM voltage difference. A GEM was installed in front of a
MWPC gas-amplification readout as shown in figure 5. In this configuration, drifting electrons
must pass through the GEM to reach the anode wires. Similarly, ions produced in the gasamplification must pass through the GEM to reach the field cage termination. The pad signal
strength is proportional to the electron transmission. The field cage termination signal strength is
proportional to the product of the electron transmission and the ion transmission. Results were
presented at ECFA-06-Valencia [23].

Figure 5: (left) The instrumented layer of a double layer field cage termination plane is
used to collect the positive ions drifting back into the field cage. (center) A single GEM is
placed in front of a MWPC gas-amplification readout to measure the electron and ion
transmission of the GEM. (right) The single GEM installed with the MWPC readout is
installed in the TPC behind the field cage termination.
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Figure 6: A display of the FADC readout for an event with the ion signal observed in the
field cage termination. Pad signals (1) are shown for six pad rows with a full-width time
is 82µs. Field cage termination signals are shown in the lower traces with full-width time
of 650ms. The induction signal (2) is in time with the pad signals. The ion collection
signal (3) is delayed by the ion drift time of approximately 200µs.
In FY2006, measurements were taken with a Bulk Micromegas, shown in figure 4, developed by
LCTPC colleagues from Saclay. Measurements of charge width and resolution were made using
the Ar-iC4H10(90:10) gas mixture. These were presented, with a comparison to earlier
measurements on the Purdue-3M Micromegas, at LCWS07-DESY [24]. Also in FY2006,
comparative measurements were made using a triple-GEM gas-amplification, shown in figure 4,
and the TDR gas mixture, Ar-CH4-CO2(93-5-2), and presented at ALCPG07-Fermilab[25].
All of the previous described measurements were done without a magnetic field. For a 2-week
run in FY2007, the Cornell small prototype was installed in the 1.5 Tesla CLEO magnet.
Measurements were taken with the Bulk Micromegas and triple-GEM gas amplification devices
using Ar-CF4-isobutane(95-3-2) gas and presented at LCWS08-Chicago[26]. This gas mixture
offers a large drift velocity at relatively low electric field as well as reduced hydrocarbon content.
However, previous measurements[26,27] of a similar mixture indicated that the diffusion
constant is higher than predicted by Magboltz. The Cornell measurement of the diffusion
constant in the drift electric field is derived from the observed signal width on the readout plane,
as a function of drift distance. The diffusion constant in the electric field of the GEM stack is
derived from the signal width at zero drift. Measurements of the diffusion constant agree with the
Magboltz prediction. (Errors in the earlier results [22,23] were later understood.)
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Figure 7: The signal width (squared) as a function of drift distance for measurements
using triple-GEM and Micromegas gas-amplification, in 1.0 and 1.45 Tesla magnetic
field, using Ar-CF4-isobutane(95-3-2) gas. The diffusion constant in the drift field is
derived from the slope and is independent of the gas-amplification. The offset at zero drift
distance for the triple-GEM is due to the increased diffusion at high electric field in the
GEM.
The majority of the work during FY2006 and FY2007 was the design and construction of the
large-prototype, LP1, as shown in figure 1, in collaboration with the LCTPC group. The Cornell
group engineered, designed and constructed the endplate, structural parts of readout modules,
and other mounting parts. The endplate must allow mounting readout panels employing various
gas-amplification technologies. It must also be rigid and provide the gas seal. A further goal of
the Cornell group was to investigate machining processes that provide the mechanical tolerances
and stability required for readout panels [25].
The endplate design includes not only the basic endplate, but the readout modules, and a
mounting and locating system, figure 8. As the large-prototype is built as a section of a full-size
TPC, there are areas that can not be filled with the readout modules. A set "field cage
termination" plates are used to establish the electric potential over these areas, figure 8.
Design of the endplate was done in coordination with the design of the field cage at DESY.
Consideration was given to the precise placement of all envisioned readout module types with
the field shaping strips and the field cage termination, figure 8.
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Figure 8: (left) In this model, readout modules (green) are mounted on back-frames (red),
which mounted to the endplate. A field cage termination (copper) establishes the electric
potential over unintrumented areas. (center) A view from the outside shows the mounting
brackets (gold) which provide the precision location of the modules. (right) Modeling
included the alignment of all components; in this case a Micromegas module is shown in
relation to the endplate and the field cage.
An early basic decision was to design the endplate with a framework to locate the individual
readout modules, figure 9. This frame is necessary thin to minimize material and maximize the
area on the reverse side of panels for connections. As the thin frames are potentially unstable, a
series of test plates, figure 9, were constructed using various machining and stress relief
operations. These were evaluated for deflection of the thin frames using measurements from a
coordinate measuring machine at Cornell. The most stable manufacturing process used three
machining steps (0.75mm, 0.25mm, and 0 oversize), with a cold shock in liquid nitrogen after
the first two steps. A group of the readout module back-frames, after removal from the liquid
nitrogen is also shown ion figure 9. All precision components, the endplate, module back-frames,
and mounting brackets, were manufactured using this three-step process.

Figure 9: (left) The modules are supported in the endplate by thin frames. (center) A test
plate machined with a framework similar to that which will be used on the largeprototype endplate is evaluated for deflection of the thin frame. (right) A group of
readout module back-frames are warming after removal from the liquid nitrogen shock.
Components were manufactured during FY2007. A total of 27 back-frames, figure 10, were
produced in variations that will be used for Micromegas modules produced by Saclay, doubleGEM (with gate) modules produced by Saga, triple-GEM (without gate) modules produced by
Bonn, and pixel with GEM gas-amplification readout modules produced Bonn. Several of the
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back-frames are being used as dummy modules as shown in figure 1. Two endplates were
produced, one of which is currently at DESY mounting in the large-prototype TPC.

Figure 10: (left) Some of the 27 module back-frames are shown during the inspection
process. (center) The endplate, with the field cage termination and one back-frame
(center location), is shown ready for shipment. (right) The endplate is shown at DESY
with a Micromegas readout module located in the center location and six dummy
modules.
Final acceptance of components was delayed until October 2008. Quality control measurements
of the components after the initial delivery indicated that some of the precision holes and
surfaces deviated from specification by as much as 125µm. These components were corrected
with additional machining to bring all precision features to within 75µm and most to within
40µm.
The endplate was assembled to the field cage at DESY in October 2008 with one Micromegas
readout module. Data taking started in November 2007.
Work described in this section has also been supported at Cornell by NSF cooperative agreement
PHY-0202078, 4/1/2003 – 3/31/2008, entitled "Support of the Cornell Electron Storage Ring
(CESR) Facility". Work at Purdue has also been supported by DoE grant DE-FG02-91ER40681,
1991-present, entitled "An Experimental High Energy Physics Program at Purdue University".
Facilities, Equipment and Other Resources
During FY2009 and FY2010, the activity will be computer modeling. LEPP can provide the
computers, program licensing, required for this activity. Prototyping work in FY2011 and
FY2012 will take advantage of laboratory space designated for gaseous tracking in the new
Cornell Physical Sciences building scheduled for completion in 2010 as well as the existing
coordinate measuring machine facility that was used for the LP1 endplates.
FY2009 Year Project Activities and Deliverables
Project activity will be principally computer modeling and design as described under "project
overview". There will also be consultation with machine shops, both at Cornell and commercial,
to evaluate construction complications. The deliverable will be preliminary results of the model
study.
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Project Activities and Deliverables beyond FY2009
Project activities in FY2010 would be similar to FY2010, and would be principally computer
modeling. The completed computer modeling study would be delivered at the end of FY2010. In
FY2011 and FY2012, the project would shift to evaluation of physical prototypes, both scale
models, and prototypes of small sections of a full size endplate. For this study, resources would
be required to construct the physical models. The completed study of the prototypes would be
delivered at the end of FY2012.
Total Project Budget, in then-year k$
Institution: Cornell University
Item
Research Staff
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages
and Fringe Benefits
Equipment 0
Travel 3.000
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct
and indirect costs

FY2009
40.000
5.000
0
0
45.000
15.300
60.300
0
0
63.300
37.347
100.647

Budget Justification:
This budget is based on a 40-50% level of funding, and commitment, for the research staff
performing this project. It is expected that this level is reasonable to complete the modeling
study in 2 years. Provided a lower level of funding, the study will take longer.
The models are complicated, and must be done with an understanding of constraints placed by
the ILD detector and capabilities of manufacturing vendors. Thus, this work will be done by
research staff. The budget provides for some technical help from professional drafting personnel.
The travel expense is for meeting with LCTPC and ILD colleagues.
Base salaries are charged with 34% fringe, which includes insurance and retirement
contributions. Base salaries, fringe, and travel are charged with 59% overhead (indirect costs).
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Project Overview
The University of Michigan group proposes to continue R&D for a real-time tracker alignment
system for the SiD detector. Our long term goals are to build a frequency-scanned interferometer system for SiD and to collaborate with Fermilab in building an alignment system for
use in detector assembly and testing. We believe the FSI system can be used not only for
real-time monitoring of tracker distortions during data taking, but can also be used for monitoring and correction of distortions during detector push-pull operations and for long-term
monitoring of tracker and vertex geometry.
In the first year of this proposal we have three specific goals: 1) build and test a singlechannel FSI system with miniaturized optical components while establishing absolute system
precision via a benchtop wavemeter; 2) build and test a multi-channel system to reconstruct
the 3-dimensional positions of a set of reference points on a test bench; and 3) generate a
conceptual design for a full FSI system to be used in the final SiD detector.
In addition, we will continue contributing to physics and detector software studies, focusing
on issues that drive tracker requirements. 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. Four undergraduates (Tim Blass, Sven Nyberg, Alex Nitz and
Euimin Jung) have worked on the alignment R&D work described below. Nyberg and Nitz
have 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
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
1
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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.
Riles recently collaborated with the Ann Arbor Hands-On Museum on a Michelson interferometer exhibit now installed on the museum floor, to illustrate not only interferometry,
but LIGO and gravitational wave science. Michigan undergraduate Ramon Armen built the
original prototype exhibit under the supervision of Riles.
Results of Prior Research

1) Prior physics and detector simulation studies:
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 served many years as a co-convener of the American linear collider
central tracking working group, sharing leadership responsibilities in different years with Dean
Karlen, John Jaros, Bruce Schumm, and Dan Petersen.
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. The
study used both the JAS fast Monte Carlo and the full simulation packages available at that
time. Yang 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 examined the influence of central tracker parameters on the precision of
Higgs and slepton mass determination. In addition, he 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 and Riles have 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, 14] and at the Snowmass 2001 & 2005 meetings[15, 16, 17].
Yang’s studies of the Higgsstrahlung process found that previous baseline tracker designs in
the U.S. were close to where improved resolution does not yield comparable improvement in
Higgs recoil mass resolution, because of expected intrinsic beam energy spread in the X-band
accelerator designs, but that further improvement could be attained with the smaller beam
energy spreads of S-band accelerators. Later work on slepton and neutralinos[8] indicated
that in large regions of sparticle mass parameter space, measuring lepton spectrum endpoints to determine sparticle masses is less sensitive than was previously believed to degraded
momentum resolution[18]. Another study[19] by Yang indicated that one could detect the
rare decay H → µ+ µ− for MH = 120 GeV and that the detection significance improves
significantly with improved momentum resolution, but that branching ratio precision improves
only modestly with resolution improvement (for the nominal Standard Model expectation for
the branching ratio).
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
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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, when uncertainty in the neutralino mass resolution is considered. 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 measurements, the
precisions of Higgs branching ratio measurements are quite insensitive to tracking resolution.

2) Prior alignment R&D:
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 several 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[20]. 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 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
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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, however, we were able to overcome these hurdles. As a result, we achieved precisions
of 200 nm under highly unfavorable conditions, using the dual-laser scanning technique. This
achievement marked a major milestone in our R&D plans[17]. Results from our alignment
studies have been presented by Yang or Riles at five linear collider workshops[9, 10, 11, 13, 14];
an article concerning our single-laser benchtop FSI appeared in Applied Optics[21]. An article
on the dual-laser results appeared in Nuclear Instruments & Methods[22].
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,” 8/15/05-7/31/08, $40,250 + $50,500 + $48,000 (Linear
Collider)
Research Plan
As the SiD design matures, it is important to prepare for the demanding requirements on its
tracker alignment. We wish to continue R&D toward building a prototype alignment system,
applicable not only to the detector itself, but also in the nearer term to an alignment system
to be used during assembly and testing. With these long-term goals, we will focus in the
short term on establishing and testing miniaturization of the optical components used in the
FSI system, expanding the number of FSI channels, and generating a conceptual design for
the layout of the alignment system within SiD. In our simulation studies, we will confront
specific tracking system design issues with 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 are moving onto our next major goal, miniaturization of the FSI optical components, as preparation for building a partial prototype of
the alignment system. We are most concerned about the material and mounts for the optical
retroreflectors, since some of these components must be distributed well within the fiducial
volume of the tracking system. The Oxford ATLAS group is using aluminum pellets which
provide a simple robust solution for an LHC detector. For the ILC, however, minimizing
material is more critical than at the LHC, even for the discretely distributed retroreflectors.
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Fortunately, the relatively low expected radiation doses in an ILC tracker permit consideration of materials unsuitable for the LHC. We are attacking this R&D issue on several
fronts. We have bought and tested a variety of commercially available small plastic (gridded)
optical retroreflectors, which we find to work well. We are also in discussion with several
rapid-prototyping companies on customized designs, and we have exploited on-campus (and
cheap) fabrication facilities. These include a rapid-prototyping 3-D printing facility to fabricate coarse prototype retroflectors with a variety of shapes, to gain experience in handling
and coating components of this size. We have also used an on-campus sputtering facility
to apply coatings to small PMMA and PDMS retroreflector arrays. In addition, we want
to establish the absolute precision of our differential frequency measurements with a bench
wavemeter, giving us an important cross-check on our measurements and a means to monitor
systematics that we now lack.
In parallel, 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.
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. Within the next two years, 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. In any case, the optical
system appears to be a solid fallback solution.
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 will continue our study of processes that can govern the performance
requirements of the tracking system. As we’ve shown previously[12], the slepton spectral
end-point analysis is less relevant than previously thought to tracking requirements, when
uncertainty in the neutralino mass is considered. We have begun to examine other processes,
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starting with Higgsstrahlung with H → µ+ µ− . In a preliminary study we found[19] that this
process can be detected with nominal SiD tracking resolution for MH = 120 GeV, that the
significance of detection improves significantly with improved tracking resolution, but that
the branching ratio precision improves only modestly (for Standard Model couplings). We
will study more carefully the dependence on Higgs mass and assumed couplings. We also
hope to find other reactions that may govern track momentum resolution requirements.
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 help 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 further Supersymmetry studies with a eye
to this issue.
We also propose to carry out more realistic analysis studies of a variety of Higgs and Supersymmetric final states, using information from both the central tracking system and the calorimetery in the new detector designs. Yang has developed with colleagues on the Mini-Boone Experiment at Fermilab a new general-purpose analysis technique called “boosting,”[23] 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 parameters), fast, and able to make good use of many dozens of variables.
Yang and collaborators in the Mini-Boone Experiment[24] 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 15 years the University opened up a
new 70,000 square foot Physics Research Laboratory within which our group occupies a large
5-bay area. Our group has optical tables, a variety of lasers, and many optical components
(lenses, mirrors, polarizers, Faraday rotators, electro-optic modulators, photodiodes, etc,)
useful in interferometry. The department’s high energy physics electronics lab is a state-ofthe-art electronics facility, allowing in-house design of multi-layer printed circuit boards and of
application-specific integrated circuit (ASIC) chips. Its facilities include regular and doubledensity, surface-mount assembly and test stands. The department maintains a machine shop
(and separate student shop) with computer-controlled machine tools. The department Computer Services Group provides maintenance support for Windows PC’s, for our group’s small
linux cluster, and for our high-speed access to the internet. Our College of Engineering also
has micro- and nano-fabrication facilities for prototyping. The Michigan High Energy Physics
group includes 15 faculty members working on accelerator-based experiments at CERN, Fermilab, DESY, JPARC, and Protvino.
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FY2009 Project Activities and Deliverables
We will continue tracker alignment R&D. Specifically, we will push hard on miniaturizing
the optical components of the system and on demonstrating with multiple interferometer
channels the ability to reconstruct the 3-dimensional position and changes in position of
reference points on a test bench in the Michigan lab. We will produce a conceptual design of
an alignment scheme for the SiD tracker, with attention given to minimizing channel count
(and therefore material burden in the tracker due to optical components) while satisfying
alignment precision constraints and prudent measurement redundancy. 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. Status reports will be presented at Linear Collider Workshops and
technical documents written.
During the next year we will also carry out simulation studies of any tracking performance
requirements imposed by measurements of the process H → µ+ µ− . Again, presentations will
be given at Linear Collider Workshops.
Project Activities and Deliverables Beyond FY2009
(For completeness and reference we summarize here our plans and resource needs beyond the
coming year, in preparation for upcoming technology decisions.)
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.
We plan by the start of the next 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 at some point to infrared lasers, as discussed above. We assume
for now that we will not make that switch in the following year. A technical report will
be written on our design and prototyping work, and presentations made at Linear Collider
Workshops.
As indicated above, we also would like to collaborate with Fermilab on developing the FSI
system for alignment measurements during detector assembly and testing. In principle, such
a system could replace (or supplement) a conventional conventional coordinate measurement
machine. In any case, it would be valuable to carry out vibration measurements during pulsed
power tests in a magnetic field, a measurement for which the FSI is well suited.
Budget (K$)
Total Project Budget, in then-year k$
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Item
Asst. Research Scientist (4 months)
Undergraduate Students
Total Salaries and Wages
Fringe Benefits (@35%)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Fabrication charges
Total direct costs
Indirect costs (@53% of $52K, excl. equip.)
Total direct and indirect costs

FY2009
19
8
27
9
36
20
6
4
6
72
28
100

Budget justification:
We request four months of salary support for Assistant Research Scientist Haijun Yang 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 (wavemeter, optical splitters, Faraday isolator), material and supplies
(fibers, grin-lenses, fiber couplers, beam splitters, retroreflector arrays, etc.), and fabrication
charges (machining, sputtering).
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Project Overview
The Linear Collider R&D group at SCIPP is engaged in both instrumentation and simulation
work geared towards the development of silicon microstrip tracking for a detector for the
Linear Collider. The cornerstone of the SCIPP program has been the development of the
LSTFE readout ASIC. The LSTFE approach, which employs time-over-threshold for the
measurement of the pulse amplitude, has been shown to be a promising solution for microstrip
readout for an ILC detector. The time-over-threshold technique also makes the LSTFE a
promising approach for the high rates that could confront microstrip tracking in the forward
region. With the re-optimization of the front-end amplifier parameters proposed here, the
LSTFE would be well suited for the application of microstrip tracking to the forward region.
The group’s work has diversified somewhat recently, and now includes the exploration of the
use of charge division for longitudinal position measurements, a generic study of the contribution of series resistance to readout noise, and the testing of sensors from the recent SiD
sensor fabrication run. We have also contributed to the SiD simulation effort, particularly
in the areas of fast simulation infrastructure, pattern recognition and fitting validation, and
non-prompt track reconstruction. We are also proposing that our group, in collaboration
with SLAC, begins to undertake radiation damage studies for far-forward silicon sensor applications. Despite recent funding uncertainties our group remains strong, basing a lot of
its progress on a growing cadre of undergraduate researchers, and with the modest external
funding requested here, is in a position to make progress on a number of fronts.
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Below, the progress and status of these various activities is presented in detail, followed by a
discussion of expected near-term activities, and then the activities envisioned for the funding
period of the proposal. These latter activities include a combined test beam run with the
SCIPP LSTFE and the SiD baseline KPIX chips reading out the SiD double-metal sensors, reoptimization of the LSTFE front end for short-strip/high-rate applications, radiation hardness
studies of candidate sensors for far-forward calorimetry, and simulation studies that include
tracking validation and the study of non-prompt track signatures. The overall request for
support for these projects amount to $156,000, including institutional indirect costs. As
discussed in more detail below, a more modest but still effective program could be undertaken
if full funding of the request is not provided.
Broader Impact
Over the years, the Linear Collider R&D program at SCIPP has become deeply integrated
into the department’s undergraduate major. To this point, over twenty UCSC undergraduates have gotten significant research experience through the program, making contributions
of lasting impact in both hardware and simulation. Currently eight undergraduates are working in the group (Betancourt, Bogert, Carman, Crosby, Newmiller, Schulte, Shier, Stagg), all
with significant and challenging projects. The project leader (Schumm) is a regular faculty
member at UC Santa Cruz, and through his instruction of physics majors is able to target
under-represented groups and bring them into the work, with particular success at introducing women to leading-edge scientific research. The great majority of these students have used
this work as the basis for their senior thesis (required at UCSC), which provides the additional opportunity to work with the students as they develop their scientific communication
skills along with their technical capabilities. The work these students have done has been a
springboard for advancing to graduate study in physics and engineering for most of them,
and the institutions they have entered for graduate study include Cornell, the University of
Chicago, Berkeley, and Michigan. Three of these students have won recognition for their
work within the group: two have won division-wide awards for their theses, and one was the
recipient of the Pope Fellowship at the SLAC National Accelerator Laboratory, the latter of
these a woman who went on to graduate study in engineering at Berkeley. It would not be
an exaggeration to say that, over the years, the group has become largely structured around
the contributions of undergraduate physics majors, and much of the effort that is underway
today relies on their contributions.
Results of Prior Research
The LSTFE Front-End ASIC
The LSTFE ASIC features a long (∼ 1.5 µs) shaping time, typical for ILC silicon sensor
readout applications, that limits readout noise from capacitive and series-resistance load.
After amplification and shaping, the signals are split in two and directed to two separate
comparators. One runs at a high (∼ 1.2 fC) threshold to suppress noise, while the other runs
at a low (∼ 0.4 fC) threshold to maximize the information used in constructing the centroid of
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pulses that trigger the high threshold. The charge amplitude measurement is provided by the
duration of low-threshold comparator’s time-over-threshold, which, in a full implementation
of the ASIC, would be stored digitally in an on-board FIFO and read out asynchronously.
The chip includes a power-cycling feature that is designed to allow the chip to be powered
on in 1 msec, allowing the chip to reduce its power consumption by 99% by exploiting the
5 Hz duty cycle of the Linear Collider. The time-over-threshold digitization of the charge
amplitude allows for real-time processing of minimum-ionizing signals, with no dead time
other than that associated with the return-to-baseline of the amplified pulse.
The time-over-threshold approach of the LSTFE is one of two efforts geared towards the
long-strip applications likely to be implemented in the ILD detector concept, complementary
to the ADC-based approach under development at LPNHE Paris. An effort at SLAC (KPiX)
is being developed to read out the short-strip double-metal SiD sensor through a kilo-channel
bump bond contact pad, and is specific to the SiD baseline design.
Due to its real-time processing of pulse-height information, which limits occupancy-related
deadtime, the LSTFE time-over-threshold strategy is a particularly promising approach for
the use of microstrips for forward tracking. Since forward applications would not use long
strips, it would be advantageous to re-optimize the LSTFE front-end parameters for reading
out short strips, which would allow the amplifier to return more quickly to its baseline, and
further improve the multi-hit rate capability of the system, which may be a critical advantage
for forward applications. Such a re-optimized LSTFE would also be well-matched to reading
out the SiD sensors should the double-metal approach prove problematic, since instrumenting
the SiD sensors at the ends of the strip would not need to make use of the double-metal traces
that channel the signals to the bump-bond array.
Figure 1 shows the observed noise performance of the LSTFE-I prototype ASIC as a function
of capacitive load. The best-fit line yields
σe = 375 + 8.9 · C
in equivalent electrons per pF. The observed level of noise is somewhat less than anticipated,
particularly for large capacitive load. Measurements of pulse-height and timing resolution
show performance at or close to design expectations. Channel-to-channel matching of gain
and comparator offset is under good control, introducing an effective noise of approximately
100 electrons (about 1.5% of a minimum ionizing signal).
A refined LSTFE-II prototype has been fabricated, and is being readied for testing at the
SCIPP laboratory. Due to unanticipated leakage currents, the switch-on time of the LSTFE-I
was degraded to 30 msec; this has been addressed with the LSTFE-II by adding low-power
feedback loops that cancel leakage currents during the nominal power-off phase. The design
includes an additional intermediate amplification stage that should allow further improvements in signal-to-noise and channel-to-channel matching. The return-to-baseline has been
hastened through a re-configuration of the pulse-shaping feedback circuitry, which should improve the time-over-threshold resolution. The signal-to-noise performance has been optimized
for an 80 cm ladder (approximately 100 pF load), which is more likely for an ILC long-ladder
3
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Figure 1: Measured vs. expected noise for the LSTFE-I prototype ASIC, in equivalent electrons
vs. capacitive load in pF.
application than the original target of 167 cm. The chip has 128 channels (256 comparators)
whose outputs are sampled at 3 MHz, and multiplexed at 32:1 into eight 100 MHz LVDS
outputs. Current activity will be focussed on bench tests of the LSTFE-II, in preparation for
a joint test-beam run to be shared with the double-metal/KPIX system under development as
the SiD baseline (see below) that would take place during the funding period of this proposal.
One advantage of the time-over-threshold approach employed by the LSTFE is that it allows
for the processing of signal amplitudes in real time. At the falling edge of the comparator
output, the time over threshold, in clock counts, is known immediately, and the channel is
ready for the arrival of the next pulse. Thus, the rate is limited only by the return to baseline
of the LSTFE signal pulse. For the LSTFE-II, attention has been paid to minimize the
duration of the return to baseline, but the shaping time places an intrinsic lower limit on the
pulse duration.
For the forward region, the high occupancy will point detector groups towards short-strip
solutions, for which noise due to capacitive and resistive load will be quite limited. Thus, the
shaping time can be significantly reduced without compromising resolution. This in turn will
allow the front end to operate at correspondingly higher rates. Finding the optimum frontend parameters will require use of the pulse-development simulation (developed for and used
during the design of the current LSTFE prototypes) to find the appropriate shaping time,
and then redesigning the LSTFE front-end accordingly. This step should lead to a promising
solution for forward microstrip tracking, as well as an appropriate backup technology for
the SiD baseline should the Double Metal/KPiX approach of the SiD (see below) prove
problematic. We are requesting funds to carry out this work in 2009-2010.
4
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Work in the current year (2008-2009) will focus on bench tests of the LSTFE-II prototype,
which has been fabricated and is now available at SCIPP. This device was designed with an
eye towards use in a test beam run, which we propose to carry out jointly with test beam
studies of the KPiX/Double Metal system, an effort that we have already begun to play a role
in (see below). We are requesting funds to carry out this test beam program in 2009-2010.
The Double-Metal/KPIX SiD Tracker Baseline
The SiD central tracker baseline design incorporates modules of single-sided microstrip sensors, roughly 10 × 10 cm2 , in five concentric barrel layers extending from 20 to 120 cm. The
tracker endcap incorporates four disk layers tessellated by sensors with as-of-yet unspecified
geometry, but which are expected to be fairly similar in dimension to those of the barrel
tracker.
The prototype SiD barrel sensor has strips arrayed at a 25 µm pitch, with a 50 µm readout
pitch (every-other strip read out). In addition to pads at the end of alternating strips, traces
on a second metal layer bring the signals into one of two 1024-channel bump-bond arrays
in the interior of the detector (see Figure 2). A version of the KPIX chip, designed for the
silicon-tungsten calorimeter but adapted for tracking readout, will be bump-bonded to each
array, and its signal brought out via a fine-pitched Kapton cable. The current version of
the tracking-adapted chip, KPIX-VII, has been characterized in stand-alone operation, and
is performing according to most specifications. SiD collaborators next need to bond the chip
to the double-metal sensors and test the operation of the full system of chip plus sensor, first
in the lab, and then in a test beam.
The first prototype of the double-metal sensors became available in mid-2008, and initial
characterization studies were done at SCIPP later in the year. Figures 3 and 4 show characterization curves for a typical sensor (number 26) from the prototype run. Figure 3 is a
plot of capacitance versus bias voltage for the full 2048-strip array, showing full depletion for
voltages above 50V. Fig 4 shows the leakage current versus bias voltage for the full array.
The leakage current at full depletion is less than 300 nA for the entire sensor, or less than
150 pA per channel. Both of these results are quite promising.
The SCIPP group intends to continue its characterization studies of the double-metal sensors
during the current funding cycle. As the period covered by this proposal gets underway,
however, we intend to engage our SiD collaborators in a joint test beam run (location still
uncertain), with SiD sensors instrumented both with the KPIX and LSTFE chips. Getting
concurrent results with these two very different readout approaches – the former requiring
the use of the traces on the second metal layer, and the latter not – will contribute greatly towards the understanding of the performance of the double-metal approach. Areas of concern,
including the additional series noise and potential cross-talk associated with the double-metal
traces, can be addressed directly by comparing the two approaches. Thus, for this proposal,
we have requested funding to support the SCIPP contribution to a joint test beam effort with
SiD collaborators at SLAC, Oregon, and New Mexico.
Radiation Damage of Silicon Sensors
5
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Figure 2: The SiD Double-Metal Sensor prototype.

Figure 3: Capacitance vs. bias voltage for a typical SiD double-metal prototype sensor.
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Figure 4: Leakage current vs. bias voltage for a typical SiD double-metal prototype sensor.
Through its participation in the CERN-based RD50 R&D collaboration, SCIPP has played
a central role in the development of Czochralski-process silicon diode sensors for application
to high-radiation environments. SCIPP has familiarity with this sensor type, and has ready
access to a supply of Czochralski sensors. Below, we will propose a collaboration with SLAC
geared towards testing the performance of Czochralski sensors under radiation doses of up
to 500 MRad (five times as great as doses used in studies done for the ATLAS Upgrade), in
the range of expected exposure for the forward calorimetry elements of the ILC. This work
will be carried out in the End-Station A test beam, scheduled to come back on line in Spring
2010.
Charge Division for Longitudinal Position Sensitivity
In FY 2008, we received a small amount of support ($16,000) to begin exploring the possibility
of using charge division across a resistive readout channel [1-3] to obtain information about the
longitudinal coordinate of the deposition of minimum-ionizing particles. To this end, the SiD
sensor fabrication included a short (5 cm) test sensor for which there was supposed to be direct
connectivity with the resistive implant (total resistance specified to be 600 kΩ), with no metal
strip connecting the readout pads at the near and far ends of the implant. Due to an error in
the fabrication process, the metal strip was included, with essentially continuous connectivity
to the length of the implant, rendering resistive charge division studies impossible.
Instead, a hardware simulation of the resistive readout was developed, using a printed circuit
board loaded with discrete components that approximate the distributed RC network of the
planned SiD charge division sensor prototype. The total resistance of 600 kΩ, and an assumed
capacitance of 1.2 pF/cm, were divided into 10 discrete sections, with either end read out
7
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Configuration
Nominal
Ground near-end input
Disconnect far-end amp; ground network at that end
Disconnect far-end amp; float network at that end

Electron-Equivalent Readout Noise
0.64 fC
0.26 fC
0.66 fC
0.44 fC

Table 1: Equivalent-electron readout noise from the near-end amplifier, for various configuration
of the discrete network.
by commercial TI OPA657 low-noise FET operational amplifiers. Two later amplification
stages, making use of Analog Devices ADA4851 rail-to-rail video amps, were used to shape
the readout pulse and provide a rise-time of 2.0 µs.
Injecting charge at the circuit’s discrete nodes produced the expected linear charge division
between the near- and far-end amplifiers, to within measurement errors. By injecting charge
through the introduction of a voltage step across a known capacitance, the gain was calibrated,
allowing an expression of readout noise in terms of equivalent charge. Table 1 shows the
equivalent-charge readout noise for several different readout configurations.
The value of 0.26 fC obtained with the input to the near-end amplifier grounded suggests
that the level of noise introduced by the commercial preamplifier, while not ideal, is not
dominant when the resistive strip is read out. Since the dynamic impedance of the amplifier
chain is expected to be small relative to the network load resistance, one would expect little
difference in noise if the far end amplifier input is grounded, and the amplifier on that end is
disconnected; that was indeed observed. However, the reduction in noise that was observed
when the far end of the network was disconnected and floated is not understood.
To explore this further, the correlation between the near- and far-end amplifier noise was
measured, which is expected to show anti-correlation if dominated by the resistive component
of the load network [2]. A correlation coefficient consistent with zero was measured; if instead,
the network was replaced by a single 600 kΩ resistor, a correlation coefficient of ρ = −0.51 was
measured. This suggests that RC network effects may be reducing the correlation between
the near- and far-end readout noise, which would in fact be beneficial for the precision of the
charge-division measurement (see below). A SPICE simulation of the network and readout
is being developed, so that the behavior can be understood more rigorously.
If N, F are the near- and far-end signals, respectively, than the fractional longitudinal coordinate measurement is given by f = (N − F )/(N + F ), with an uncertainty
df = −

2
dx
(1 + x)2

x = N/F
h dN
dF i
dx = x
−
,
N
F
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from which it can be seen that anti-correlation between the near- and far-end amplifiers would
worsen the longitudinal coordinate measurement. Using the measured noise characteristics,
assuming no correlation between the two ends, and a 4 fC deposition in the center of the
network, a fractional resolution of 0.23√ (2.3 cm for a 10 cm sensor) is estimated. While
this is only moderately better than 1/ 12 ' 0.29, there is still much to be done in terms
of understanding and optimizing the charge-division technique. We hope to continue this
work through 2009, including a study (using the SCIPP pulse development simulation) of the
transverse coordinate resolution that would be achieved by a resistive charge-division system.
In particular, if it is found that appreciable longitudinal resolution can be achieved without
degrading the transverse resolution, charge division might provide an attractive solution for
ILC silicon tracking. At this point, though, we don’t expect work on charge division to be
a major part of our effort during the funding period of this request, and so are not asking
for further support for charge-division studies during this period. This work has been carried
out largely by undergraduate physics major Carman; physics major Stagg is now developing
a P-Spice simulation of the charge division hardware.
Microstrip Sensor Readout Noise for ILC Applications
Readout noise depends upon many factors, including series and parallel resistive loads (R S ,
RB ), series and parallel amplifier noise (e na , ina ), capacitive load (C), and leakage current
(Id ). According to [4], these factors contribute to the overall equivalent-electron noise as
Q2 = Fi τ (2eId +

4kT
Fv C 2
+ i2na ) +
(4kT RS + e2na ) + 4Fv Af C 2 ,
RB
τ

where τ is the rise time, Fi and Fv are signal shape parameters of order one that characterize the amplifier response to current and voltage noise sources respectively, and A f is the
contribution from 1/f noise.
With its emphasis on precision, ILC silicon strip applications tend to employ narrow and/or
long strips, which leads to significant series resistance. Taken at face value, this expression
suggests that the readout noise is likely to be limited by the series noise contribution, even
at the relatively large shaping times expected for ILC applications. The SCIPP ILC group
has been interested in exploring the series contribution to readout noise, and developing
mitigating approaches (such as reading the ladder out from its center rather than from either
end) to reduce the series noise contribution should it be dominant. Initial studies done with
a long ladder, read out by the LSTFE-I prototype, and composed of auxiliary sensors from
the GLAST production run that have a strip width of 65 µm, showed roughly the expected
dependence of readout noise on ladder length. However, even at the longest ladder length
that was tested (143 cm), the expectation from [4] is that series resistive noise was only about
20% greater than the contribution from the purely capacitive term, so it was difficult to be
confident about the size of the contribution from series noise. In addition, reading the ladder
out from the center, which might be expected to reduce the series noise contribution by a
factor of two, produced no appreciable reduction in noise.
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Figure 5: Observed (red) and expected (blue) readout noise for various length ladders of CDF
Layer 00 sensors. Expected noise is calculated from Ref [4].
To explore this further, the group has attempted to build a long ladder out of unused CDF
Layer00 sensors, which have a strip resistance of 40 Ω/cm, approximately three times that
of the GLAST sensors, and which should thus exhibit readout noise dominated by series
resistance for ladder lengths of 50 cm (five sensors) or more. Because these sensors were
intended for short shaping-time applications, the bias resistance used (approximately 0.6
MΩ) would dominate if read out by the LSTFE-I. Thus, the bias resistors were severed
with a focussed laser beam, and several strips were biased with 30 MΩ through a micro-jig
developed at SCIPP.
Figure 5 shows the noise expected from Reference [4] as a function of ladder length for the
instrumented CDF Layer00 sensor, as well as measurements taken for a chain of one and three
strips. Approximately 20% greater noise is observed than expected, for a ladder length for
which the noise is not expected to be dominated by series noise. Similar studies with GLAST
sensors show good agreement with expectations. The group is working to understand this
difference, and soon hopes to have results from a longer, series-resistance-dominated ladder.
The group expects that its studies of series noise will be largely completed by the beginning
of the funding cycle of the proposal, and so is not requesting further funding for these studies.
This work has been carried out largely by undergraduate physics major Crosby.
Simulation Studies at SCIPP
Over the years, the SCIPP group has many many contributions to the SiD simulation program, including the development of the LCDTRK tracking error calculation tool [5], forward
tracking specifications from selectron production measurements [6], track finding and fitting
validation, and packages for non-prompt track reconstruction [7]. Two students (Schulte and
Bogert) are adapting the tracking validation software for the latest analysis framework, and
should soon be able to produce results for the latest pattern recognition and fitting algorithms
from SLAC, FNAL, Kansas, and SCIPP.
There is a concern that reconstructing non-prompt tracks will be exceptionally challenging
10
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for the SiD Detector, which has only five tracking layers between the vertex detector and
calorimeter. To explore this in concrete terms, a third student (Betancourt) has been working
with Norman Graf at SLAC to develop a sample of gauge-mediated SUSY events with a
mean decay length within the first two layers of the SiD central tracker. Betancourt has also
been developing a kink-finding algorithm that will make use of calorimeter-assisted tracking
algorithms from Kansas and SCIPP to search for the decay of long-lived charged particles.
He should soon be able to begin assessing the rate of signal selection relative to background
contamination from Bhabha and e+ e− → τ + τ − events.
We expect this work, along with the validation studies, to be ongoing as SiD tracking software
matures. For example, our previous work, in preparation for the 2005 Snowmass Workshop,
led to an ongoing period of feedback to the Oregon group developing vertex-seeded tracking,
and several improvements in the code package. Thus, we are requesting a small amount of
funding to support these undergraduates as they pursue this work.
Facilities, Equipment and Other Resources
SCIPP is a fully capable design and test facility for particle physics instrumentation, with
a long history of successful development of electronics and detector components for particle
physics experiments. Also relevant for this proposal, SCIPP has played a leading role in the
development of the RD50 collaboration, whose mandate is to develop sensors and readout for
high-radiation environments, such as those expected for the LHC upgrade and the forward
region of the ILC. On the staff at SCIPP are a full-time electrical engineer who is a world
leader in analog design and systems engineering for particle physics experiments, several test
and electro-mechanical engineers, a full-time Ph.D.-level project scientist, and a steady stream
of eager and adept undergraduate physics majors that execute a large portion of the institute’s
day-to-day studies under the guidance of SCIPP faculty and staff. SCIPP is located within
50 miles of SLAC, and has an ongoing collaboration with the SLAC SiD group that will abet
the proposed combined test beam run, as well as other points of collaboration.
FY2009 Project Activities and Deliverables
SCIPP proposes to work collaboratively with SLAC on a test beam effort designed to verify
the performance of the SiD double-metal sensors in combination with both the KPIX and
LSTFE readout schemes. By using both chips to read out the sensor, it should be possible
to understand the benefits and limitations offered by double-metal sensor approach, as well
as both readout chips. The test beam effort covered in this proposal will likely make use
of an intermediate energy beam, and will be geared towards verifying the basic aspects of
performance in a linear collider environment: readout noise and cross talk, per-channel and
full-system power consumption, data throughput and transmission, and reliability.
For the test beam effort, SCIPP will contribute to the development of hardware and readout
for the instrumentation of a stack of several SiD sensors with both LSTFE and KPIX readout.
The most likely scenario is to have each chip read out alternating layers, although it may be
possible to divide the readout of individual layers between the two readout technologies,
11
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depending on how efforts to bump-bind the KPIX-VII to the double metal sensors pan out.
SCIPP would then join SLAC in carrying out the test beam run, including analysis of data
and production of final reports. SCIPP’s request to carry out this work will include four 50%time months of a project scientist to oversee SCIPP efforts, one full-time month each of a test
engineer and electro-mechanical technician to design and construct components contributed
by SCIPP, ten 25%-time months from undergraduate physics majors to assist in all aspects
of the work, $4,000 to cover travel and lodging costs for the test beam run, and $4,000
for equipment and supplies. The total amount of requested funding, including institutional
overhead, is $60,000.
In collaboration, SLAC and SCIPP propose a program to explore the resistance of potential
radiation-hard sensors to high doses (up to 500 MRad, five times as high as doses used in
the context of ATLAS Upgrade studies) of penetrating electromagnetic particles. Simulation
studies show that, by inserting a 7 X0 tungsten absorber in the End Station A test beam,
a fluence of 1016 particles per cm2 per hour can be directed on the sensors. This will allow
for the study of the performance of Czochralski and p-type Float-Zone sensors, as a function
of radiation dose, for doses exceeding those expected for ILC forward calorimetry. Due to
the relatively high Oxygen content, it is expected that Czochralski sensors will be much more
resistant to damage than the standard sensors produced from float-zone process silicon. Thus,
it is hoped that this study will demonstrate the suitability of Czochralski sensors for forward
calorimetry.
Work would begin at SCIPP with the development of a system for reading out Czochralski
sensors that are illuminated by a Strontium source. Czochralski and P-type Float Zone
sensors, which are already in possession, would be characterized with IV and CV curves,
and the response to charge deposition from the Strontium source would be measured as a
function of bias voltage. This would provide a baseline against which irradiated sensors could
be compared. Sensors would be exposed to doses of 10, 50, 100, 250, and 500 MRad at the
End Station facility, and brought back to SCIPP for annealing and re-characterization. The
SCIPP contribution to the study would require one full-time month of a test engineer, to set
up the characterization hardware, three third-time months of a project scientist to oversee the
study, three third-time months of an electro-mechanical engineer to fabricate the apparatus
(primarily wire bonding) and four 25% months of an undergraduate physics major to facilitate
the work. Approximately $6000 of equipment and supplies would also be required. SLAC
would be responsible for implementing the tungsten target, and providing reliable dosimetry.
SLAC and SCIPP would collaborate in proposing the use of beam time, and in carrying out
the test beam run itself. The total funding requested by SCIPP for this study is $40,000,
including institutional indirect costs.
SCIPP is also proposing two unilateral efforts. Since real-time evaluation of analog pulseheight is advantageous for tracking in high-rate environments, the next step in the development of the chip would be an optimization for short-strip/high-rate uses. The group proposes
to run the existing pulse-development simulation to assess the optimal shaping time, and
re-optimize the first stage of amplification to the derived specification. For this, the group
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requests two 50%-time months of support for senior electrical engineer Spencer, supported
by six 25%-time months of an undergraduate physics major. Fabrication of the ASIC in
the TSMC 0.25µm Mixed-Signal RF process will require $20,000. The total amount being
requested for this project, including institutional indirect costs, is $48,000.
Finally, SCIPP proposed a continuation of its simulation studies towards the optimization of
the SiD Detector Concept. Studies will continue to be performed by undergraduate physics
majors under the guidance of Principal Investigator Schumm, and will include validation
studies of pattern recognition and fitting algorithms, as well as development of non-prompt
tracking packages and analyses of gauge-mediated SUSY signatures that produce non-prompt
tracks. The group is requested support nine 25%-time months from an undergraduate physics
major. Including indirect costs, this amounts to $7,000. The total request of support, including all four projects, is $156,000.
At the request of the ILD management, we comment on what we would be able to accomplish
should we be funded at only half this level. In this case, we would place the combined
KPIX/LSTE test run, which is beneficial for both concept designs, as highest priority. We
would carry out the re-optimization of the LSTFE for short-strip/high-rate applications, but
we would postpone the fabrication until the following year, which would relieve the need for
over half of the funding required for this component. We would postpone the irradiation
studies to the following fiscal year.
Project Activities and Deliverables Beyond FY2009
While there are some clear threads that will need to be followed in years beyond the funding period of this proposal, it’s difficult to predict with precision what the most relevant
threads will be eighteen months from now. Certainly, the group would want to test the
LSTFE-III chip and verify its resolution accuracy and rate capacity. A second combined
KPIX/LSTFE/Double-Metal test beam run would also be likely, making use of a high-energy
test beam that would allow a study of the point resolution to few-micron accuracy. In addition,
should charge-division promise to provide longitudinal resolution with minimal degradation
of transverse resolution, the SCIPP/SLAC collaboration would want to develop a hardware
prototype and for a test beam study. Other research directions will depend on the relative
performance of the various proposed detector and readout technologies, and on the choices
made by the detector concept groups.
Budget for Requested Support
This request is justified as follows.
The effort towards a combined KPIX/LSTFE double-metal test beam run will require four
50%-time months of a project scientist to oversee SCIPP efforts, one full-time month each
of a test engineer and electro-mechanical technician to design and construct components
contributed by SCIPP, ten 25%-time months from undergraduate physics majors to assist in
all aspects of the work, $4,000 to cover travel and lodging costs for the test beam run, and
$4,000 for equipment and supplies.
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Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries
Fringe Benefits
Total Salaries and Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect Costs
Total request

FY 2009 Request
$42
$00
$14
$56
$13
$69
$00
$04
$30
$00
$103
$53
$156

Table 2: Budget for requested support, in thousands of dollars.
The effort towards the study of potential rad-hard sensors for far-forward calorimetry would
require one full-time month of a test engineer, to set up the characterization hardware, three
third-time months of a project scientist to oversee the study, three third-time months of an
electro-mechanical engineer to fabricate the apparatus (primarily wire bonding) and four 25%
months of an undergraduate physics major to facilitate the work. Approximately $6000 of
equipment and supplies would also be required.
The re-optimization of the LSTFE front-end ASIC for short-strip/high-rate applications will
require two 50%-time months of support for senior electrical engineer Spencer, supported by
six 25%-time months of an undergraduate physics major. Fabrication of the ASIC in the
TSMC 0.25µm process will require $20,000.
Finally, simulation efforts would be supported by nine 25% months of an undergraduate
physics major. The total of these four projects comprise the request shown in Table 2.
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Project Overview
We propose to study the problem of powering the ILC detector ASIC and data processing
and fiber optic transmission chips. Buck converters typically contain an ASIC chip, an
external inductor and some capacitors. By exploring commercial devices we can learn a
great deal about the ILC requirements. An alternate approach could be to ship high
frequency & high voltage and doing synchronous rectification to provide the DC in the
detector container.
Broader Impact
Undergraduate students shall be involved in many aspects of the Air core inductor and
transformers simulations, manufacturing, assembling and testing. They shall learn the
importance and the difficulty of improving the power transmission / transport
efficiencies. This may lead to students writing their senior thesis on this work.

Results of Prior Research
We had proposed to work on modular Instrumentation for the ILC SiD detector for
reading out the sensor data by KPiX chips. The idea was to embed an industry standard
protocol generation near the readout & data format chips and ship data to the outside via
copper twisted pair links or fiber optic cables. This implies considerable power
consumption inside the detector. Because the small amount of funding approved and
bigger groups started to work in this field, we decided to focus the question of power
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delivery to the ASIC & Fiber Optics chips. A converter with an air coil was inserted in a
7 Tesla field superconducting solenoid; the output voltage changed by less then 0.12% .
Other tests were done by pulsing the regulator at ILC duty factor and there were no
surprises in the operation of the converter. This test was with no magnetic field.
The ILC beam Structure train is 1 msec long with 300 nsec bunch crossing with
repetition interval of 200 msec. This low duty cycle of 0.5% lowers the average power
consumption and heating. However the full power needs to be supplied for the
Electronics to function properly. Furthermore the voltage to the chips has to be regulated
to better then 5%. Our tests showed that a Buck converter with air core inductor will
function in 7 Tesla field.
Background of Yale group’s work in Powering of LHC
We implemented the CMS ECAL powering that entailed supplying 2.5 Volts with LDOs
(Linear Drop Out) regulators in 16 amps chunks to trigger towers. Power supplies were
located 30 meters away. Total current delivered is 50,000 amps with delivery efficiency
of about 40%.
Now we are developing DC-DC BUCK converters for the ATLAS high luminosity
Silicon tracker upgrade project. The power supplies are located 140 meters from the
tracker with the power cables having 4.5 Ohms total resistance. At present the ASIC
chips run at 3.5 volts and the overall power efficiency is 33%. In the upgrade the 0.13 µm
technology ASIC chips shall run at 1.3 volts, so with the same cables power efficiency is
only 10%.
Power Delivery with Existing SCT Cables (total = 4088)
Resistance = 4. 5 Ohms
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If we insert a 10:1 voltage conversion ratio Buck i.e. converts 13 volts to 1.3 volts with
efficiency of 85%. The operation will be in 2 Tesla magnetic fields and must use Air core
inductors. These converters are to be located next to the ASIC readout chips of the
Silicon strip detector in harsh radiation environment. This work was last presented at
TWEPP – Topical Workshop on Electronics for Particle Physics, Sept 15-19, 2008,
Naxos, Greece
URL
http://indico.cern.ch/materialDisplay.py?contribId=99&sessionId=32&mate
rialId=paper&confId=21985

Facilities _ Equipment and Other Resources
This laboratory is fully equipped to carry on this work and has adequate space. It has
general purpose power supplies, Oscilloscopes, PCs etc. Gibbs machine shop is located in
the building. It also includes electrical, mechanical and CAD design engineers.
The electronics assembly work is out sourced to nearby companies within 25 mile radius.
FY 2009 Project Activities and Deliverables
Investigate the problems associated with Pulsing the DC power in the presence of 5 Tesla
field. We need to understand the effect of the movement of the conductors and
components carrying the switched load current.
Since the radiation requirements for the ILC detectors may be nominal, commercial
devices may be acceptable. In the past we have exposed many selected commercial
devices to gamma rays. Surprisingly one device type (EN5360 device made by Enpirion
Company) survived 100 mega rads of gamma radiation. Based on our results, a Los
Alamos group has tested EN5360 (and updated version EN5365) with alphas and protons
and is using it in lower orbit satellites. This is much betters then other space qualified
DC-DC converters.
We shall explore commercial devices that may meet the radiation requirements of the
SiD detector. It has been found empirically that the radiation tolerance is inversely
proportional to the thickness of the silicon dioxide insulator. For the 0.25 µm lithography
devices the thickness is 5 nm and the tunneling is responsible for higher radiation
resistance. It has been reported that 0.13 µm lithography devices have even higher
radiation tolerance. There are other factors besides the silicon dioxide thickness that
play a part namely the device structure, electric field gradient etc. We would like to
understand these affects. This basic understanding of the damage phenomenon is
challenging to say the least.
Air coils pose a challenge in achieving a few micro henries inductance in small size.
Solenoid coil can be designed for 1µH inductance but it gets to be more then 2 cms long
and 4 mm diameter. Another approach is the spiral coils that can be stacked in multilayer
PCB that are easy to shield. Inductors in series with the magnetic fields interacting, the
inductance goes up more then linearly. When the conductors are very close, proximity /
current crowding effect can increase the conductor resistance by an order of magnitude
and more. We need to study optimizing the design to get the desired inductance in small
size and low DC and AC resistance.
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Electrical noise radiated and conductive generated due to the high frequencies of 1 -10
MHz of the buck regulator can be an issue but it can be tamed by a 20 micron aluminum
shield but more important is the PCB layout by reducing the current switching antenna
loop as small as possible.
Many decades ago, work was done on 14 MHz class E resonant converters to obtain 87%
conversion efficiency for100 watts of DC power. These used resonant converters. One of
the challenges is to study this type of approach with air coils. One needs to keep
switching losses low at high frequencies. In the past few years the converters have moved
up in frequency by an order of magnitude. Now typically these operate at 1- 2 MHz and
some as high as 8 MHz.
Another approach is to ship high voltage sine waves in and convert to lower voltage by a
transformer rectifier as is normally done in 60 Hz DC power supplies. To keep the size
of the transformer small the power in frequency should be in tens of MHz range.
Air core Inductors / Transformers
Since we have to operate in the high magnetic fields, there can be no magnetic materials
in the detector; hence we shall focus on air core inductors and transformers.
For our testing, we have been evaluating a commercially available Coilcraft solenoid
inductor part number 132-20SMLJB that has 0.538 µH inductance 90 mΩ resistance.
This is 8 mm long with diameter of 5.7 mm.
We have made spiral coils as shown below for as inductors and transformers. Our initial
focus is on inductors to get higher inductance, Q factor, smaller dimension and easy to
shield. Below is a figure of one spiral etched on 3 mills FR4 PCB material with 2 oz.
traces 30 mills wide with 10 mills spacing. Then we can stack several coils with extra
spacers between the coils. The table is for the case of coils connected in series and the
inductance and resistance is measures at 100 KHz and 1 MHz. Each coil has 0.6 µH and
it doubles to 1.21 µH when both are in series provided these are farther apart. When the
coils are brought closer together, the inductance increases by ~ N2 at the lower frequency
but by lower amount at 1 MHz. Surprising is the increase in the resistance versus
frequency. The closer the coil spacing, higher is the resistance. This is due to the so
called ‘Proximity effect’.
Measurements were m ade with two of the coils of the figure connected in se ries. The
increase in inductance and resi stance was measured versus coil spacing at frequencies of
100 kHz and 1 MHz. The resistance increase is x16 when the coils are pressed together
and a factor of 3 to 4 when close but still separated.
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The skin effect forces th e current to be carried n ear the surface of the conductor. T o
analyze this note that the coil designs in Figure 1 use two ounces of Copper/ft 2 for t he
coil traces. At a switching fre quency of 1 MHz, the skin d epth in copper is 66 µm while
the thickness of the 2 oz copper trace on the PCB is 70 µm. Hence, at 1 MHz, there is no
appreciable change in th e AC resistance with respect to the DC case caused by the skin
effect.
The proxim ity effect s ignificantly increas es the AC resistan ce of an ad jacent
conductor. A changing magnetic field will influence the distribution of an electric current
flowing within an adjacent conductor due to induced eddy currents thus reducing the
cross section for the current flow.
The additio nal res istance increa ses elec trical lo sses which, in turn, red uce ef ficiency
and complicate the coo ling of the co ils. We investigated connecting multiple spiral coils
in series an d close prox imity to in crease inductance as this m ay be necessary to achieve
the inductance necessary for a high Vin/Vout ratio.
To further illustrate this effect, 3 medium coils were c onnected in series and placed
parallel to each other with spacers in betw een them. Plot below shows the resu lts of the
efficiency change with different Mylar spacers and copper clad boards on the outside.
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A proximity effect is seen in the spiral coils
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If the coil package is squeezed between fingers, the power conversation efficiency
decreases.
We would like to design spiral coils with much lower Proximity effect. One solution is
the use of Litz wire or a PCB version of it. This reduces the packing factor.
Analog Devices uses a spiral coil transformer in their isolator line to provide electrical
isolation and to transmit up to 500 mW of power at an operating frequency of 200 MHz.
It should be pointed that higher Input / Output Voltage ratios lead to lower efficiency due
to high peak / rms currents. This is true for the buck converter.
The radiation tolerance of the semiconductors is inversely related to the silicon dioxide
isolation layer. Higher voltage operation usually requires thicker oxides therefore have
lower radiation tolerance. However there are some techniques that claim to achieve
higher voltage operation – 12 volts in 0.25 µm technology with 5 nm oxide thickness.
Our group has substantial interaction with the commercial companies working in the
power semiconductor area and we take advantage of this co-operation.
In this proposal we propose to study and investigate the above schemes for higher power,
high output
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Goals for this proposed research and development are.
Input / Output Voltage ratio =10:1
Conversion power efficiency >85%
Output current = several amps and is to be defined by the SiD application
At the end of 2009, it is expected to deliver small plug in cards that shall be useful for
delivering the power to the DID detector sub-components and testing the noise and
system performance.
Project Activities and Deliverables Beyond FY2009
This is a multilayer effort and work on the air core inductors and transformers to
continue as we make progress.

Budgets
Total Project Budget, in then –year K$
Item

FY2009

Other Professionals

19

Graduate Students
Undergraduate Students

3

Total Salaries and Wages

22
0.8

Fringe Benefits
Total Salaries, Wages and Fringe
Benefits
Equipment

22.8
6

Travel

5

Materials and Supplies

5
0

Other direct costs
Total direct costs

37

Indirect costs

21

Total direct and Indirect costs

59
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Budget Justification
Other Professionals include the following
Satish Dhawan fractional Salary in the amount of $10K, this is subject to Fringe of 8%
Industry Consultant 63 hours @ $80/hour = $5K
Electrical Technical 100 hours @ $40/hour = $4
Total Professionals = $19K
Undergraduate Student 200 hours @ $15/hour = $3K
Travel 2 trips to LIC Collaborators 2 @ 1500 = $2.5K
Travel 1 trip to a IEEE Power Supply Conference = $2.5K
Equipment includes PCB Layout, Fabrication & Assembly = $6K not subject to
Overhead
Material $ Supplies =$ 5K
Yale University Overhead (Rate = 65.5%) = $20.855K
Total Direct & Indirect = $58.695K
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Project Overview
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 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). One of the most promising means
to achieving such unprecedented resolutions at the next linear collider is through particleflow algorithms (PFA) [1] which require fine lateral and longitudinal segmentation of the
calorimeters 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.
A scintillator-based hadron calorimeter, which our team has been investigating and has gained
considerable experience with, is one of the most promising paths to achieving this finely
segmented calorimetry. This option capitalizes on the marriage of proven detection techniques
1
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with novel photodetector devices. Absence of fluids, gases and strong electric fields inside
the detector aids longevity and operational stability. A scintillator hadron calorimeter will
perform much better at traditional calorimetry than other options under consideration. This
is important since the performance of PFA’s degrades as a function of the energy. Furthermore
the flexibility offered by the scintillator response allows one to trade amplitude resolution with
granularity to optimize the overall cost and performance.
The International Large Detector (ILD) and Silicon Detector (SiD) concept groups are PFA
based detectors and a scintillator-based hadron calorimeter is a valid option for either of
them. Therefore this proposal addresses critical hadron calorimetry R&D of relevance to
both ILD and SiD. Technology demonstration, technology scalability and integration with
detector specific interfaces are the three critical areas of interest vis-a-vis a sub-detector
option for any concept group. This proposal’s R&D activities directly address these critical
areas as outlined in the next section.
Status Report
Technology and PFA Demonstration:
Over the past four years NIU has carried out extensive tests of the scintillator-SiPM system
in various forms which have firmly established their efficacy and viability for calorimetry.
In the past these activities have been partially supported by Linear Collider Detector R&D
funds from DoE/NSF.
Tile-Fiber Optimization: Prototype cells of various shapes, sizes, thicknesses, surface treatments and fiber groovings were machined and evaluated together with fibers of different
shapes, dimensions and optical treatments to carry out comprehensive studies of cell processing, light response, response uniformity, efficiency, cross-talk, ageing and radiation hardness.
The results of our studies, demonstrating that small scintillating cells are appropriate for a
finely-segmented scintillator calorimeter, are published in Refs. [2] and [3].
Photodetectors: We propose to use SiPMs/MPPCs [4]-[5] as the photodetectors for a finelysegmented scintillator calorimeter. These are multi-pixel photo-diodes operating in the limited
Geiger mode. They have high gain (≈106 ) and reasonable detection efficiencies (quantum
efficiency*geometric efficiency ≈ 15-40%) 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. Furthermore, the small size of the sensors implies that they
can be mounted directly on, or close to, the scintillator tiles. This has a number of beneficial
effects related to light output, cost and simplified architecture.
During the course of our investigations into these photodetectors we studied their operating
bias voltage, dark rate, linearity of response, temperature dependence, stability, radiation
hardness and immunity to magnetic fields. The results of our studies, showing that SiPMs
are suitable for a scintillator calorimeter, are documented in Refs. [6]-[9]. Testing and characterization of SiPMs is expected to continue as more vendors enter the market with newer
versions of these devices.
Test Beam Prototypes: A steel-scintillator hadron shower imager successfully took beam at
CERN and Fermilab, as part of the CALICE test beam, in the 2006-2008 period. The
hadron shower imager physically consists of two devices; a hadron calorimeter (HCAL) and
a tail-catcher/muon tracker (TCMT). Both devices use SiPMs to read out scintillator with
embedded WLS fiber. NIU has been intimately involved with their design, optimization,
2
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construction, commissioning and operation and in fact had primary responsibility for the
TCMT. The hadron shower imager system utilized ≈9K SiPMs, the largest system of its kind
when put into operation, and has provided a wealth of operational experience with these
devices. Ongoing analysis of this data has only strengthened the case for scintillator-SiPM
calorimetry. Equally importantly, the hadron shower data collected is proving to be a rich
source of information for the validation of hadron shower models which is a critical input
to performance expectations and therefore design parameters for a PFA-based detector. The
test beam operation is expected to resume in 2009 at the Fermilab test beam facility. NIU has
taken a leading role in this activity (Zutshi was the Run Coordinator for the 2008 running)
which is expected to continue along with a vigorous analysis effort.
Technology Scalability:
A detector consisting of a few million channels requires a high degree of integration. The
small size, low bias voltage 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 [10]. The next
logical step is to bring an equivalent level of integration to the electrical signal path. While
individual cables per tile are feasible for the prototype containing a few thousand channels,
they are not a viable option for a device with a few million channels. What is needed is
the development of an Integrated Readout Layer (IRL). In general for the IRL, we propose
to have a printed circuit board (PCB) inside the detector which will support the scintillator
tiles, connect to the silicon photodetectors and carry the necessary front-end electronics and
signal/bias traces. For the physical realization of this general concept, NIU has developed
a unique approach which is different and complementary to the approaches being followed
elsewhere.
Direct Coupling: Significant simplification in construction and assembly ensue if the MPPCs
can be coupled directly to the scintillator tiles. Equally importantly, the total absence of fibers
would offer greater flexibility in the choice of the transverse segmentation while enhancing
the electro-mechanical integrability of the design. To test the potential of this option we have
begun studies of the response and uniformity of directly coupled tiles.
The uniformity of response with respect to the particle impact position was measured, for
directly coupled tiles, with the setup shown in Fig. 1. The 90 Sr source sitting on top of the
tile irradiated it at right angles through a collimator opening of 0.8 mm. A fraction of the
scintillation light generated inside the tile is captured by the photodetector which sits below
the tile. No fibers are used to guide the light to the photodetector. From the scan (see Fig.
2), a large non-uniformity can be observed across the face of the tile with the response near
the sensor position being a factor of 2.5 times higher compared to the plateau at the sides.
This is clearly undesirable for calorimetric applications.
Studies to address this issue found that machining a spherical concavity (see Fig. 3) on the
tile surface facing the sensor can have significant impact on the uniformity of response. Tiles
with different depths of concavity were produced and then tested. It was found that for tiles
with area 9 cm2 and thickness 5 mm, 60% concavity is optimal i.e. the maximum depth of
the sphere cut out from the scintillator material was ≈ 3 mm. The response for such a tile
as a function of the source position is shown in Fig. 4. It is clear that good uniformity of
response can be obtained for a directly coupled concave tile.
Having established the excellent uniformity of response for concave tiles we next examined
their adequacy of response. This was done by measuring the response of the 5 mm thick
3
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Figure 1: Tile uniformity scan schematic (not to scale).

Figure 2: Response uniformity for a hexagonal flat tile.

4

161

last modified: February 9, 2009

Figure 3: Hexagonal flat (left) and concave tiles (right)

Figure 4: Response uniformity for a hexagonal concave tile.
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Figure 5: Response of a directly coupled concave tile to cosmic ray muons.

directly coupled tiles, with 3 mm concavity, to cosmic ray muons. A Landau distribution,
well separated from pedestal (see Fig. 5) establishes the adequacy of response from directly
coupled concave tiles.
Thus, directly coupled concave tiles give adequate response while exhibiting good uniformity
of response [11]. They are thus promising as elements of any scintillator calorimeter requiring
fine segmentation. Further R&D is needed, to build on these very encouraging results, in
order to fully explore and optimize the parameters of a directly coupled tile. Response
and uniformity measurements with tiles of different sizes, thicknesses, depth and radius of
concavity are envisaged. These will be supplemented by ongoing GEANT4 simulation studies.
Front-end Board: A printed circuit board (PCB) which can sit inside the detector, support the
scintillator tiles, connect directly with the silicon photodetectors and carry the necessary frontend electronics and signal/bias traces has been fabricated with Fermilab engineering support
and is now undergoing testing (see Fig. 6). It is a 64-channel board based on the Minerva [12]
front-end design. The photodetectors are surface mounted on the PCB and are connected
by traces to four TriP-t chips [13] sitting on the board’s underside. Each photodetector is
connected to two Trip-t channels to provide extended dynamic range. Scintillator tiles can be
placed on the board and thus become ’directly coupled’ to the sensors mounted on the PCB.
A reflective spacer, made with silk-screened G10, is placed between the scintillator and the
PCB. The spacer has cutouts for the sensors and the LEDs which are also surface-mounted
on the board. There is one LED for a group of four tiles, being placed at their neighboring
corners. Thus in this design, the current pulse to drive the LEDs is distributed instead of
using fibers to distribute the light. The whole optical assembly can be aligned with respect to
each other and the board with alignment pins. A Cockcroft-Walton bias voltage generator,
a Xilinx FPGA and the input and output ports are placed on the board, on one side, away
from the optical assembly. The FPGA provides flexibility in the configuration of the TriP-t
chips and allows for the fine-tuning of the bias applied to each MPPC. The I/O ports are
connected to a VME system running a custom data acquisition system written at Fermilab.
The current IRL setup is not optimized for any specific application but will provide a rigorous
proof-of-principle for our concept of the electro-mechanical integration required for a highgranularity scintillator calorimeter. Testing of the prototype boards will be followed by the
6
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Figure 6: Front-end board for the IRL

assembly of an IRL which will undergo test on the bench using a radioactive source and
cosmic ray muons. Upon successful completion a few more IRL planes will be assembled and
put into a test beam.
Detector Concept Specific Interfaces:
The successful testing of the electro-mechanical integration in the test setup will be followed by
its implementation in detector concept specific interfaces. Substantial contacts have already
been established with both ILD and SiD. The next generation scintillator-SiPM prototype is
being worked on by the CALICE/EUDET collaborations. The design of this ’wedge’ prototype is based on the the dimensional parameters being favored by the ILD concept group.
It is planned that NIU in collaboration with Fermilab and DESY will fabricate a few active
layers for this wedge based on its concept of an IRL. The IRL will use the electronics framework being developed by the CALICE/EUDET collaborations. This allows for an optimal
use of the available resources as our unique concept of the electro-mechanical integration of
the scintillator-SiPM layer is implemented within a world-wide coordinated approach. Furthermore this will also provide direct comparisons to integration approaches being followed
by other groups.
Initial considerations into the interfacing of the scintillator option within the SiD electronics
framework is also underway. The KPiX chip is the lynchpin of the SiD electronics architecture
being used as both the analog front-end and the digital concentrator. Consultations with the
chip designers point to the possibility of the KPiX being adequate for the scintillator-SiPM
option though some modifications may be required. Additionally, a lower channel count
version of the chip may be more appropriate for this application. All this however, needs to
be tested and verified on a test bench which is part and parcel of the activities that will be
undertaken with the successful funding of this proposal.

7
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While talk of the specific interfaces and electronics frameworks of the individual concept
group is important it should also be kept in mind that many of the constraints imposed on
the active layers is very similar in both detector concepts. For instance both concepts favor
the minimization of the thickness of the active layer to both reduce cost and contain the
transverse spread of showers. Thus there is a broad region of R&D as far as the assembly and
construction of a scintillator-SiPM IRL is concerned where the results will be equally relevant
and applicable to both ILD and SiD.
Facilities, Equipment and Other Resources
The funds requested in this proposal will be augmented by the following support:
(a) NICADD personnel,
(b) Fermi/NICADD scintillator extruder line,
(c) NIU electrical and machine shops,
(d) Fermilab electrical and mechanical engineering.
FY2009 Project Activities and Deliverables
(1) Characterization of the existing generic IRL on the bench and in the test beam
(2) Design and prototyping of the IRL which uses ILC specific CALICE/EUDET electronics
(3) Testing of the CALICE/EUDET electronics based IRL
(4) Test bench studies of SiPM response with the SiD KPiX chip
Project Activities and Deliverables Beyond FY2009
The major activity in the following two years will be the insertion of the IRL planes fabricated
with the CALICE/EUDET electronics into the absorber stack. This installation will be
followed by the commissioning and exposure of this prototype to a test beam. The data
collected will then be analyzed and should form a firm basis for the technical and physics
performance design reports for the ILC scintillator-SiPM hadron calorimeter.
Budget
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe
Equipment
Materials and Supplies
Travel
Total Direct Costs
Indirect Costs(26% of non-equipment)
Total Direct and Indirect Costs

FY2009(K$)
34.2
9.9
0.0
44.1
15.0
59.1
15.0
4.0
3.0
81.1
17.2
98.3

8
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Budget Justification
The R&D activities listed in the previous sections will be carried out by NICADD staff
members (support for 0.5 FTE requested) and a graduate (support for 0.5 FTE requested)
student. Undergraduate students will be independently supported using NSF REU funds. The
equipment and M&S costs relate primarily to the development of an integrated readout layer
using the CALICE/EUDET electronics. Specifically the funds will be spent on scintillator
and MPPC purchases, fabrication and testing of the front-end PCBs.
The travel funds will used by group members for attending conferences/meetings for the
purposes of this project only.
The budget takes into account the NIU mandated fringe: 44% and off-site indirect cost: 26%
rates.
Broader Impact
The activities of the proposed research program have had a number of broader impacts on
education, both in physics and in related fields, and on the general public through outreach
activities. Student involvement in research is a critical aspect of our detector R&D program.
Students make significant contributions in a number of areas: detector R&D, construction and
testing, software development, and data collection and analysis. NIU’s location has allowed
us to make effective use of undergraduate students and Masters students in addition to Ph.D.
students. These students typically do not end up as researchers in HEP but are able to apply
what they learn in diverse fields. During the 2004-2008 period, five students supported by NSF
REU funds worked on aspects of detector R&D. Three have graduated with one subsequently
completing his M.S. degree at NIU and is now working in the oil industry while the other
two are currently in graduate programs in oceanography and physics. We have also had four
students complete their terminal Masters degrees in the same time period, with two current
students (Hill and Lee) expected to complete their M.S. degrees in 2009. Of the two current
Ph.D. students, Francis will complete his degree in 2009 while Salcido will continue. Of the
twelve students, three are in under-represented groups (1 each female, Hispanic-American,
Asian-American). Both graduate and undergraduate students are encouraged to present their
results and have given talks or presented posters at IEEE and LCWS conferences, and at the
2008 Fermilab Users and SPS meetings.
The scintillator R&D involved collaboration work with mechanical engineers. Faculty and
students from NIU’s mechanical engineering department have been involved in extruder die
design and operation and in considering alternate technologies such as injection molding.
Mechanical engineering students designed and constructed a light-tight box with a controlled
temperature as part of their required design class which we will use in our next round of cell
studies.
Outreach to the community and to K-12 schools is an important priority for our group. NIU
joined QuarkNet and hosted its first institute in the summer of 2008. Five high-school physics
teachers and twelve students participated in a very successful week-long program consisting
of introductory lectures by physicists from NIU and ANL, assembly of cosmic ray counters
from kits, and a guided tour of Fermilab.
NIU also runs a vigorous science outreach program which was initiated by NICADD in 2001.
It 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

9

166

last modified: February 9, 2009

and light but also address how scientists make and interpret observations. About 10,000
students per year attend both on-campus and off-campus outreach events each year.
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Introduction

We propose here a continuation of our ILC research activities associated with the study leading to the optimization of the detection eﬃciency and the optimization of the energy resolution
associated with the two photon process. This is one of the major sources of background in the
observation of certain supersymmetric signals.

1

Study of the BeamCal and Observation of Two-photon Processes.

We have made a great deal of progress in our study of the resolution of the very forward calorimeter
(BeamCal) to measure the high energy electrons from a two-photon process in the midst of the
large low energy e+ , e− ﬂux from the beamstrahlung due to the crossing of the beam bunches. The
geometry we are using to describe our results is shown below in Fig. 1
The eﬃciencies are determined in the following manner:
We run 10 K bunch crossings and record the showers from the beamstrahlung as observed by
the BeamCal over a cylinder of 1.0 cm in radius centered at a given radius ”r” and φ for each bunch.
This is done using the GEANT simulation package. We then determine the average and standard
deviation of these beamstrahlung observations and save them in a disk ﬁle. We interpolate between
these to get the average and standard deviation of the deposition at a given location.
The next step is to send electrons of a given energy at various radii ”r” and φ and record their
shower. We then add on the beamstrahlung due to a random bunch. We determine the center axis
of the shower by looking at all the cells in depth and see where we have a maximum. We ﬁnally sum
the total energy observed in a cylinder of 1.0 cm in radius (The Moliere radius for the BeamCal)
about this axis and subtract the average beamstrahlung determined for that particular location.
If the remaining energy is greater than 3.0 times the Beamstrahlung σ we call the observation to
be a positive evidence of a high energy electron at that location which becomes the evidence for
a two-photon process. We do this study for a large sample of events and determine the fraction
of the time we have a positive observation. This number becomes the eﬃciency for a given energy
electron. The eﬃciency we have determined in this manner are shown in Fig. 2.

2

Future work. Simulation improvements that need to be carried
out

The present eﬃciencies although quite eﬀective need to be improved if we recognize that the 2photon cross-section is about 107 larger than the cross-section for the possible Supersymmetric
particles expected in an electron-positron Linear Collider. There are a few possible ways by which
2
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Figure 1: Our center of coordinates is the middle of the exit beam pipe, which is 1.5 cms in
diameter. The eﬃciency in detecting electrons is depicted as a function of radius ”r” and φ, that
are deﬁned in the ﬁgure. We have eﬃciencies for various angles and radii.

we can improve the detection eﬃciency in the area near the beam pipes which is the region where
most of the electrons and positrons from the two-photon process appear. At the same time we need
to improve the measured energy resolution of these electrons and positrons to push the missing
Pt from the 2-photon process to as low a value as possible so that this signal does not hide the
posibble signal from Supersymmetric Stau production.
In particular, we want to study these eﬃciencies concentrating on the energy depositions after
the ﬁrst few cms. of the BeamCal. We have some evidence that the beamstrahlung energy deposition occurs mostly in the front end of the BeamCal since the beamstrahlung radiation although
very large consists mainly of a large number of low energy electrons and positrons (less than 5
GeV) while the two-photon process electrons have a single large energy (mostly greater than 25
GeV) electron or positron and therefore their showers go deeper into the BeamCal detector.
Although this observation helps with the detection eﬃciency we still need to consider how to
best determine the energy resolution of these electrons or positrons. This clearly requires us to
observe and measure most of the shower energy deposition in the midst of the beamstrahlung
background.
3
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Figure 2: .We show the eﬃciencies as a function of radius ”r” for φ=0, 90, 180 degrees and energies
of 50, 100, 150 GeV. At higher energies the eﬃciencies are eﬀectively 100% if the electron enters
the BeamCal outside the exit and entrance beam-pipes.

We need to study the background that these two-photon processes produce (after cuts related
to our eﬃciency studies) on the particular Supersymmetric signals aﬀected by this background.
These simulation studies are extremely computer intensive since they involve detail shower
generations using the GEANT simulation package and also require the generation of about 107
event samples. We propose to use a research assistant, a lab assistant, and undergraduate students
to carry out these simulations. All the simulations we have carried out to date have been with their
involvement.

3

Budget Request

We request support for a research assistant Jack Gill ($29,124 + beneﬁts), who together with
students Jack Oleinik, Kevin Fiedler, Conner Long, and Scott Rice are carrying out the bulk of these
simulations to date. The students are supported mainly by the University Research Opportunity
(UROP) program.

4
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We request also funding for desktop computers ($5,000) and a 900 Gigabyte Disk Array to store
the simulations ($4,000) and travel to a few ILC meetings. The total request adds to $60,000.

5
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TABLE 1
ILC R&D Budget
ITEM
A. SALARIES AND WAGES
Faculty:
Prof. Uriel Nauenberg
Research Assistant:
Jack Gill

Cost

29,357

Total Salaries and Wages
B. FRINGE BENEFITS
Research Assistant: 27.7%
Jack Gill

29,357

8,132

Total Fringe Benefits

8,132

C. PERMANENT EQUIPMENT
Desktop Computer Screens
One 900 Gigabyte Data Raid

5,000
4,000

Total Permanent Equipment
D. TRAVEL Travel to various ILC meetings for 3 persons

9,000
2,987

E. TOTAL DIRECT COSTS

49,476

F. INDIRECT COSTS 26%

10,524

G. TOTAL COSTS

60,000

6
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PFA STATUS REPORT and PROPOSAL
Particle Flow Algorithm Development
1

Personnel and Institution requesting funding

TaeJeong Kim and Usha Mallik, The University of Iowa.

2

Collaborators

We collaborate informally with Ron Cassell (SLAC), and with other PFA developers.

3

Project Leader

Usha Mallik
usha-mallik@uiowa.edu
319-335-0499

4

Project Overview

An 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. The time scale
and the exact energy reach of such a Linear Collider (LC) is under discussion. However, the physics
goal is not different now than it was a few years earlier. To match the goals the detector(s) at
the LC must have excellent jet reconstruction capable of achieving a di-jet mass resolution dM/M
between 3% and 4%. In this project, we have developed a calorimeter-based particle flow algorithm
(PFA) which satisfies most of the requirements up to a center-of-mass (CM) energy of 500 GeV.
Our goal is now to achieve better resolution by thoroughly understanding the different components
of the algorithm and their inter-dependences. Many additional physics benchmarking channels are
in the process of being completed using the present PFA for the letter of intent (LOI) for detectors
at ILC due in spring. A relative study of the performances in the various physics processes will
also be indicative of the strengths and weaknesses of specific aspects of the current PFA.
It is imperative to understand the performance of the PFA at higher CM energies. For a good
PFA implementation we should be able to observe the change of resolution with increasing energy
from Particle Flow to Energy Flow to simple calorimetry.
Fortunately, we have achieved the bare minimum PFA performance necessary just prior to the
LOI with the SiD concept (version SiD02), shown in Fig. 1, but a great deal clearly remains to
be done. Once all pieces of the improved algorithm are understood we can truly optimize what
the exact configuration of SiD should be. At this point we can turn the PFA loose on any similar
detector with almost any configuration.
If the time scale for the Linear Collider is indeed stretched out, we have an opportunity to study
more dramatic changes to the detector in search for better performance vs cost. An example of this
1
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Muon endcap
SiD

muon system

muon system

Muon
barrel
solenoid

Magnet

Dead material
HCAL

HCAL
HCAL

ECAL
Tracker

Figure 1: A quarter of the SiD02 version of the detector, others parts are symmetric. The principal
components are indicated.
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is high resolution calorimetry with intermediate crystal size. Recently Adam Para has brought up
this idea (with compensating calorimetry). Whether a detector with such a calorimeter would yield
superior performance compared to the baseline SiD design is a fundamental question that needs
to be addressed. By itself, the crystal calorimetry does not have sufficient granularity to yield the
necessary resolution, so inherently a PFA will be needed. Since the detector design is fundamentally
different from SiD/ILD baseline, some special tuning of the PFA might also be required.
In the body of the proposal, we first describe our algorithm and what we have been able to
achieve. Next we describe what remains to be done in any case and then what we can do depending
on the time and energy scale of the Linear Collider. Finally the resources and the budget needs
are described.

5
5.1

Status Report
Personnel

Since 2004, the Iowa group has been working to develop and implement a Particle Flow Algorithm
for the SiD concept. Until 2006 spring, one FTE was dedicated to this effort. Since then Mat Charles
worked alone dividing his time between BABAR and ILC work. He worked in close collaboration
with the SLAC group, especially with Ron Cassell, and also with Steve Magill from ANL. In June
2008, Iowa hired Tae Jeong Kim as a postdoc to work with Charles and Cassell a) to share the PFA
expertise since Charles was the only one developing the algorithm at this stage, and Charles was
about to move to a new position in U.K., and b) to reinforce the PFA effort to be viable in time for
the LOI due in early 2009. Kim has worked full time on the PFA development effort since. Mallik
has guided the effort with constant overview throughout the PFA development. In November 2008
Charles took up his new position with Oxford University.
PFA development turned out to be a lot more challenging than originally envisaged. The current
PFA described in this document is being used to obtain results for the physics benchmark processes
required for the upcoming LOI. This PFA satisfies most of the requirements up to a CM energy
of 500 GeV. However, as described later, a lot remains to be done. Experience has shown that it
takes a long time to build up the expertise and insight necessary for a complete understanding of
a PFA. We should therefore continue the development without any interruption and keep up the
hard-won momentum.

5.2

Overview of Particle Flow Algorithm

In calorimetry there are much greater fluctuations in hadronic than in electromagnetic showers, both
in shape and in energy response; a prime reason being not knowing how many nuclear fragments the
nuclear interaction will produce. This gives rise to measurements with worse resolutions compared
to those from electromagnetic showers. (The inherent energy losses in nuclear interactions typically
gives rise to e/h > 1 for non-compensating calorimetry.)
In a high resolution detector with very high granularity calorimeters, charged hadrons can, in
principle, be tracked individually, isolating each piece of the shower without any mistake. Then the
energy deposited by the charged hadron can be replaced by the track momentum which is measured
with orders of magnitude better precision. Since charged hadrons typically carry almost 70% of
the total jet energy, and electromagnetic showers are measured with much better resolution than

3
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hadronic showers, the overall resolution is hugely improved leading to a reconstructed jet-jet mass
resolution similar to or smaller than the intrinsic width of Z or W . This is the underlying principle
of a Particle Flow Algorithm (PFA).
In reality associating charged hadrons with their complete showers in the dense environment at
ILC energies is very hard; overlapping showers from various sources cause confusion in the shower
association algorithm. This is only made more challenging by production of secondary neutral
hadrons from the primary charged hadrons showers. Hence, a dominant effect in the resolution
from a PFA is from confusing the association of a charged track reconstructed in the tracking
detector with its various pieces of reconstructed showers produced in the calorimeters (ECAL and
HCAL). This confusion ends up contributing a non-trivial amount in the overall resolution. The
challenge therefore is to the minimize the confusion term to as close to zero as possible.

5.3

The SiD-Iowa PFA

At present we know of two successful PFA packages: ‘Pandora’, authored by Mark Thomson in
Cambridge with excellent performance, and the current one from The University of Iowa which,
though successful, is very much a work in progress. The Pandora PFA is a monolithic code tuned
for the ILD concept, and is not easily usable for other detector concepts like SiD - though it has now
been attempted and semi-successfully accomplished. The Iowa algorithm is completely modular
and is not tuned specifically to SiD, although is based on it. It can be applied to any similar
detector concept relatively easily.
The code has been deliberately kept simple and modular. A PFA consists of various component pieces like MIP identification, EM shower identification, track-cluster matching, finding the
showering point of a charged hadron in the calorimeter and so on. The present algorithm is the
culmination of a lot of effort by a lot of people. It is the result of blending many ideas and of software packages which have been modified as needed. The modularity allowed objective evaluation
of the efficiency of each component simply by swapping it in, and therefore ensured that the overall
algorithm improved at each step.
The PFA has been developed in the org.lcsim software framework with LCIO as the persistent
data format. It starts with the set of tracks found by the SiD track reconstruction (or optionally the
‘cheat’ tracking for development) and energy deposits in the calorimeters and the muon detectors.
Calorimeter hits are validated if within 100 ns from the interaction and if the hits are above a
minimum energy threshold.
The general pattern recognition is performed by identifying the easiest and the most distinctive
pieces in the calorimeter and setting them aside first. Therefore muons, electrons and photons are
first reconstructed.
Electromagnetic showers are identified with a dedicated ‘photon finder’ algorithm by their
shapes with tight energy deposits in the ECAL. If an identified EM shower matches a track extrapolated to the inner surface of the ECAL in position and momentum, it is accepted as an electron.
If the momentum does not match it could be a charged particle overlapping with a photon or part
of a hadronic shower misidentified as a photon; these are flagged and considered later. In case no
track is matched to the EM shower, it is identified as a photon.
Charged tracks are extrapolated to the inner surface of the ECAL, and the closest cluster/deposits are matched and taken as a ‘seed’. Where possible, the track is extrapolated through
the calorimeters following energy deposits consistent with a MIP. Often charged hadrons travel
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through part of the calorimeter before showering. (In a recent improvement, muons above 5 GeV
are in addition matched with track segments reconstructed in the muon detector whose direction
matches with the exit direction of the track segment through the hadronic calorimeter. These hits
are removed from further consideration in the calorimeter pattern recognition.)
The showering point of a charged hadron is obtained by following its track layer-by-layer until
isolated MIP-like hits are no longer found, either because the MIP segment has ended with a hadron
shower or because it has overlapped with a shower originating from another particle. These MIP
segments are flagged.
The remaining hits are from hadronic shower (or overlap or misidentification). A series of
clustering algorithms are now applied starting with the DirectedTree clusterer which groups hits
around local maxima in hit density and is efficient in matching peripheral elements to the correct
shower core. However, additional finer clustering is required to obtain the necessary purity and
granularity. We therefore look for substructure within the DirectedTree clusters, such as track
segments or dense clumps of hits. These, together with the MIP segments found earlier, form the
skeletons of the hadronic showers.
These skeletons are assembled iteratively. Each non-leptonic track is connected to a ‘seed cluster’
- often a MIP in the ECAL - which is the first piece of the skeleton. Which clusters are added next
gets determined by calculating a ‘score’ depending on the geometric proximity to clusters already
in the shower, based on how likely it is for the two to be connected. The score varies between 0
and 1. For example, a likelihood selector is applied to find how likely is it for two track segments
to be connected. The charged shower is built up recursively starting with the highest scored pieces
to be connected to the seed and progressing outward. When no further clusters are found well
connected to the shower or when the energy of the shower becomes too large compared to the
track momentum (E − P > σ), the shower building is stopped and the shower caused by the next
non-leptonic track is assembled.
Next, an effort is made to classify the common types of mistakes in the algorithm and correct
for them. After the charged track list is completed, another pass is made looking for mistakes,
by increasing the tolerance limit (E − P ) and checking for over- or under- assignment of clusters
to a specific charged track shower. Small increments are made in each iteration. Tracks are
considered in order of increasing momentum in each iteration as lower momentum tracks have
smaller showers and are therefore easier to reconstruct. In some cases when the showers of more
than one charged particle are totally overlapped, the shower-builder merges them and attempts to
match the combined shower energy (to the momentum sum of the tracks).
After the last iteration, an attempt is again made to reassign clusters with the overall charged
tracks and previously assigned clusters is mind. Any unassigned clusters are carefully examined; a
search for secondary neutrals is performed.
After shower reconstruction of the charged hadrons are completed, the only remaining clusters
should be from the neutral hadrons. A simpler version of the charged hadron shower clustering is
applied to these. There is no match with momentum, as no track exists. Some, of course, can be
misidentified photons; special care is taken to identify them.
The output is a list of four-vectors with appropriate particle hypothesis (e, µ or π) where the
momentum is taken from the track fit. The neutral particles energy and direction are defined from
the calorimeter energy deposits with the appropriate hypothesis (K L or γ). For tracks within the
calorimeter acceptance but without any match in the calorimeter, the assumption is that it might
have decayed or interacted in the tracking volume and deposited energy in the calorimeter; since
5
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Figure 2: Efficiency and purity as a function of momentum for different physics samples: e + e− →
tt̄, ZH, τ τ̄ and SM .
the energy deposited in the calorimeter should have already been added to another shower (e.g.
as a neutral hadron), the track is ignored to avoid double counting. If the track is outside the
calorimeter acceptance then it is added to the output list with a pion mass hypothesis.

5.4

Energy leakage: Using Muon Endcaps

We observed substantial energy leakage out of the HCAL, especially at the higher energies. Because
the matching of momentum and energy is a critical part of the algorithm, the leakage will lead to
confusion in track-shower association unless properly accounted for. We therefore use the Muon
detector as the tail catcher; unfortunately only the endcap muon detectors have been successfully
used, because of the presence of large amount of material in the barrel region between the HCAL
and the barrel muon detector (see Fig. 1). As mentioned earlier the muon detectors are used to
identify muons above 5 GeV, and the hits recognized by track in the endcap are excluded from
being considered in associations of charged hadron showers. The improvement in resolution by use
of the endcaps are shown in the result section. Muon identification performance is measured with
the benchmark LOI Monte Carlo event samples like t t̄, ZH, τ τ̄ and standard model (SM), since
no primary muons are present from the interaction point in the di-jet samples used for the PFA
development.
The muon performance results are shown in Figure 2.

6

Performance and Results

The Iowa group has used two physics processes:
√
• e+ e− → q q̄ at s = 100, 200, 360, 500 GeV for q = u, d, s quarks. No initial state radiation is
√
allowed, ie., ECM = s. The signed difference between the reconstructed and the true E CM
value (the event energy sum residual) is studied. Assuming that the reconstructed mass of
two jets with energies E1 and E2 with opening angle θ12 is given by m212 ∝ E1 E2 (1 − cos θ12 ),
the resolution of the energy sum residuals is the same as the resolution of the dijet mass for
jets of the same energies.
6
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Figure 3: Dijet mass residuals for e+ e− → Z(q q̄)Z(ν ν̄) events at
barrel (left) and endcap (right) regions of polar angle.
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s = 500 GeV, shown for the

√
• e+ e− → Z(q q̄)Z(ν ν̄) at s = 500 GeV, for q = u, d, s. The dijet mass residual for the
reconstructed Z (the signed difference between the reconstructed and true value of m qq̄ ) is
studied.
The results shown are primarily from these physics processes, although the performance of a
wider range of physics benchmark channels is being used by the SiD group for the LOI. In all cases
rms90 1 is quoted for the figure-of-merit by general agreement in the ILC detector community.

6.1

Results

The current PFA is a work in progress. Improvements have taken place in the past couple of
months. A prime example is the improvement in resolution after identifying muons with momenta
higher than 5 GeV in the muon detectors. A few example plots of the event energy sum residuals
√
are shown for the physics processes e + e− → Z(q q̄)Z(ν ν̄) at s = 500 GeV and e+ e− → q q̄ events
√
√
at s = 100 GeV and at s = 360 GeV where the barrel and the endcap regions are separated. For
comparison, the similar relevant plots are shown after the improvement from muon identification in
the muon detectors have been applied. The conditions under which the plots are made are clearly
indicated, especially when the muon identification by the muon detector has been applied. The
complete performance at various parameter points can be observed from Tables 1 and 2 both before
and after muon identification has been applied.
The performance of the PFA is convoluted with that of the tracking. Since the PFA can also
operate with a ‘cheat’ tracking, the intrinsic performance of the PFA can be measured independent
of the tracking performance. Table 1 shows the performance with real and with perfect tracking.
Clearly the tracking efficiency is very good; for energy measurements the effect is small, especially
at higher jet energies. However, there is a bigger impact on the dijet mass resolution; we expect
this to improve when calorimeter-assisted tracking (D. Onoprienko) is implemented.
√
Figure 6 shows the dijet mass residuals for the process e + e− → Z(q q̄)Z(ν ν̄) at s = 500 GeV
for the barrel and the endcap after the corrections with muon detector has been applied. The
1

rms of contiguous block of 90% events; similarly µ90 is the the mean of these events.
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Figure 4: Dijet mass residuals for e+ e− → q q̄ events at s = 100 GeV, shown for the barrel (left)
and endcap (right) regions of polar angle. Here the resolution of energy sum residuals are the same
as the resolution of the dijet mass.
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Figure 5: Dijet mass residuals for e+ e− → q q̄ events at s = 360 GeV, shown for the barrel (left)
and endcap (right) regions of polar angle. Here the resolution of energy sum residuals are the same
as the resolution of the dijet mass.

e+ e−
e+ e−
e+ e−
e+ e−
e+ e−

Process
√
→ q q̄, s = 100
√
→ q q̄, s = 200
√
→ q q̄, s = 360
√
→ q q̄, s = 500
→ Z(q q̄)Z(ν ν̄)

GeV
GeV
GeV
GeV

Resolution (real tracking)
Barrel
Endcap
3.7%
3.8%
3.0%
3.2%
2.7%
2.7%
3.5%
3.3%
4.7%
3.9%

Resolution (cheat tracking)
Barrel
Endcap
3.4%
3.5%
2.8%
3.0%
2.6%
2.6%
3.5%
3.4%
4.2%
3.7%

Table 1: PFA performance for SiD02. For the e + e− → q q̄ processes, the rms90 of the energy sum
√
residuals is quoted as a fraction of s, and for the e+ e− → ZZ process the rms90 of the dijet mass
residuals is quoted as a fraction of m Z . Resolutions are quoted for the LOI production snapshot
and do not include subsequent improvements.
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Figure 6: Dijet mass residuals for e+ e− → Z(q q̄)Z(ν ν̄) events at s = 500 GeV, shown for the
barrel (left) and endcap (right) after muon identification in the muon detector has been applied.
resolution in endcap shows improvement compared to that in the barrel.
For comparison two other dijet mass residuals are shown in Fig. 7 for the processes e + e− → q q̄
√
at s = 100 GeV and 360 GeV for endcap regions after application of muon identification in the
muon detector.
Table 2 summarizes the resolution of various processes before and after the muon correction by
using the muon detector is applied.
Sample
q q̄ 100GeV
q q̄ 200GeV
q q̄ 360GeV
q q̄ 500GeV
ZZ → ν ν̄q q̄

Barrel (0 < cos θ < 0.8)
Before
After
3.7 %
3.6 %
3.0 %
2.9 %
2.7 %
2.6 %
3.5 %
3.4 %
4.7 %
4.7 %

Endcap (0.8 < cos θ < 0.95)
Before
After
3.8 %
3.6 %
3.2 %
3.1 %
2.7 %
2.6 %
3.3 %
3.2 %
3.9 %
3.8 %

Table 2: Energy resolution for di-jet samples of 100, 200, 360 and 500 GeV and mass resolution
for e+ e− → Z(ν ν̄)Z(q q̄) sample at 500 GeV in the barrel and endcap region before and after muon
identification with the muon detector. Both jets should be in the required angular region.

6.2

Comparison of Performance with Pandora

The performance of a PFA is intrinsically dependent on the detector design. Pandora is tuned for
the ILD concept while Iowa-PFA is tuned for the SiD concept. Because of the inherent difference
9
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Figure 7: Dijet mass residuals for e+ e− → q q̄ events at s = 100 GeV (left) and at s = 360 GeV
(right) shown for the endcap region after applying muon identification in the muon detector.
between the two detectors it is impossible to have a direct comparison of the two PFAs. A semisuccessful attempt has been made to run Pandora on a SiD-like detector. But because of the
difficulty in adjusting the detector geometry (and readouts) and the intrinsic tuning of Pandora for
ILD, it is not a completely satisfactory comparison of performance. However, Table 3 shows the
comparisons made at some parameter points. At these energies the performances are very similar.
Sample
q q̄ 90GeV
q q̄ 100GeV
q q̄ 200GeV

SiD02(Real tracking)

SiD02(Cheat tracking)

∆ECM /ECM = 3.7%
∆ECM /ECM = 3.0%

∆ECM /ECM = 3.4%
∆ECM /ECM = 2.8%

Pandora(SiD-ish)
∆ECM /ECM = 3.1%
∆ECM /ECM = 2.8%

Table 3: The SiD-ish detector performance with Pandora was done at the energies shown (by
M. Stanitzski). They are comparable at these energies.

7

Future Plans and Deliverables

The expected variation of PFA performance with energy depends on √
many factors and is not
yet clearly understood. The calorimetric part of the resolution scales as E, when this dominates
σ∆ECM /ECM decreases as the energy goes up. The confusion component of the resolution increases
as energy increases and with increasing multiplicities the pattern recognition becomes difficult.
However, it is not known exactly how fast this will deteriorate. The other important question is
the leakage from the back of the calorimeter.
10
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Our immediate goal this year is to improve the PFA performance with the present detector
setting SiD02. We have established the proof of principle of a PFA with the SiD concept. But
the rest of the work lies ahead. First we need to optimize each component of the algorithm,
and then optimize their inter-dependence. The inter-dependence of the components makes a PFA
challenging.
We will study the relative performances of the various physics processes run for the LOI; and
then select a few to critically deconstruct the performance of the PFA to get an improved understanding of the algorithm.
A critical question is the impact of leakage at high energies. We have to learn how to treat
and account for the overall energy leakage. Using the muon system to catch the tail of the leakage
energy improved the resolution somewhat, but we have not tackled the problem for the barrel
region. If necessary, the detector design needs to be carefully considered.
Performance at higher CM energies comes next. This is an important aspect as the planning
for the future linear collider evolves. And finally, if resources and opportunities are available, we
would like to explore the crystal calorimetry with Para.
This is the overall plan for the next two to three years. To have a fully understood PFA with
superior performance is our prime goal. Such a PFA will be very important for detectors at a future
Linear Collider. Undoubtedly, the evolution of plan for the future LC will have a strong effect on
what the next steps for the SiD concept will be.

7.1

Personnel Need

The Iowa group has been working to develop and implement a PFA since 2003. Since April 2006,
Charles was working by himself until June 2008 when he was joined by Tae Jeong Kim. Charles,
with help from Kim, succeeded in making a PFA algorithm with adequate performance at 500 GeV
CM.
Now Charles has moved on to the U.K. as a five-year STFC fellow. Kim has acquired sufficient
knowledge having worked continuously with Charles and Cassell over the past six months. One full
time experienced person is needed to continue the work started by Charles and then picked up by
Kim.
Kim is now supported by DOE base funding (for proton-based physics). The DOE has asked
us to switch him over to ATLAS; however, once we are assured of funding for this work, we will
hire another individual who would share the PFA development work with Kim. The two can then
share both the PFA work as well as ATLAS work. Given the intricacies of the algorithm and the
possible pitfalls, it will be important to have two people seriously involved so that they can closely
collaborate. It will also spread the expertise. In addition they can benefit from Charles’ presence
at CERN in the immediate future. Charles can work in some consulting capacity as time permits.
A graduate student could be very useful for Kim and the second individual; moreover, it will be
beneficial for the student to learn calorimetry and the related algorithms. Therefore we request the
support for a graduate student in addition. Our plan will be to continue to collaborate with Cassell
at SLAC with meetings through EVO (and phone) with some extended stay at SLAC (FNAL) as
necessary.
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8

Resources and budget

Over the past three years, the group has devoted the effort of 1 FTE per year on average to PFA
development for the SiD concept. The financial support provided to the group (Iowa Task A) for
ILC R&D has been $50,000, $31,500, $45,000, $51,000 (FY2007) $0 (FY2008), and $0 (FY2009)
so far.
Below we show the detailed breakdown of funding needed for one FTE (full time equivalent)
and a graduate student. The travel budget, estimated at $8, 000, will be used to allow the people
to travel between SLAC, FNAL and CERN as needed and to attend the workshops to present their
work. A laptop each for the new FTE and the graduate student amounts to $4, 000. With benefits
at 38.2% for the FTE and at 19.4% for the graduate student and with an (off-site) indirect cost of
26%, a total of ∼ $151, 000 is requested. The budget needs should remain similar for the next two
years, they are not given explicitly.
Budget in FY2009 $:
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel (Kim, FTE, Mallik, student)
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

9

FY2009
54,000
28,000
0,000
54,000 + 28,000
38.2 %, 19.4%
74,628 + 33,432
0,000
8,000
4,000
0,000
120,060
31,216
151,276

Broader Impact

The scientific impact of producing an excellent PFA is multi-faceted. It is critical for detectors at a
future Linear Collider. The generic and modular nature is very appealing, as the current algorithm
can be applied to almost any detector geometry with moderate amount of special tuning. In fact,
it should be applicable to any detector at any future collider with high granularity.
The current project will provide a great opportunity for learning calorimetry and complex pattern recognition for students interested not only in detectors but also in generic pattern recognition
problems. For HEP graduate students it will have an additional appeal because Linear Collider
will play an important role in their professional future.
CERN is working toward a Linear Collider, a CLIC-ILC collaboration has started. We have
already been asked by the CLIC group to help the CERN young people (involved in CLIC) with the
PFA algorithm toward a detector geared for an energy range between 0.5 and 3 TeV. A collaboration
between the Iowa-PFA group with the CERN group will be beneficial for all for the future.
12
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1

Introduction and Overview

We propose to continue R&D of a detector technology for an electromagnetic calorimeter (ECal)
which uses silicon sensors with integrated electronics and tungsten radiator. This is a continuation
of our R&D effort which has been funded by the LCDRD program. While our R&D could plausibly
be applied to various potential future collider detectors, we have made some optimizations targeted
for the SiD detector concept of the ILC, and we also send this proposal to SiD with the intent that
it be included as part of the R&D package of the SiD LoI. The baseline ECal of SiD is based on
this R&D.
The conceptual underpinnings[1] of our R&D has changed little in the past six years. Meanwhile,
thanks to continued DoE LCDRD support, the technical progress continues at a good pace to
approach our goal of fabricating a fully functional, full-depth ECal module using electronics which
will work at a future collider, and to evaluate the module in a beam. External reviews of our R&D
progress and plans in June 2007 at DESY[2] by the ILC World-Wide Study and by the DoE at
Argonne[3] were positive and supportive of our goals.

A basic physics requirement for ILC detectors is that they provide excellent reconstruction of
hadronic final states. This allows access to new physics which is complementary to the LHC,
where reconstruction of hadronic final states is difficult. One statement for a requirement on jet
reconstruction is that intermediate particles which decay into jets, such as W, Z, or top, can be
identified and isolated using their reconstructed mass. This places unprecedented requirements on
2-jet or 3-jet mass resolution, typically at the level of 3-5% using the PFA technique, which makes
challenging demands on the calorimeters. The electromagnetic energy resolution is not expected to
limit jet resolution using a PFA. However, particle separation—photon-photon and charged hadronphoton—is crucial. In addition, if one provides this kind of imaging calorimeter to meet the PFA
needs, these same features will also be put to good use for reconstruction of specific tau decay
modes (to enable, for example, tau polarization measurements which provide unique information
of the parent particle’s couplings), to “track” photons (even if originating from a vertex displaced
from the interaction point, as might be the case in gauge-mediated SUSY breaking scenarios), and
to track MIPS (which is important, for example, for Ks◦ decays in silicon trackers).
Table 1 provides the global parameters for an ECal based on our design. For context, figure 1
indicates how this might appear in the SiD detector concept.
The thrust of our R&D 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 (the KPiX ASIC) which is bump bonded to the wafer. We take advantage of the low beamcrossing duty cycle (10−3 ) to reduce the heat load using power cycling, thus allowing passive-only
thermal management. Our design then has several important features:
• The external electronics channel count is effectively reduced by a factor of 1024.
• Transverse segmentation down to a few mm can be naturally accommodated (and the cost,
to first order, is not dependent on the segmentation).
• The readout gaps can be small (1 mm).
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Table 1: Global silicon-tungsten ECal parameters.
longitudinal profile
(20 layers × 0.64X0 ) +√(10 layers × 1.3X0 )
EM energy resolution
0.17/ E
silicon sensor segmentation
1024 hexagonal pixels
pixel size
13 mm2
readout gap
1 mm (includes 0.32 mm thick Si sensors)
effective Moliere radius
13 mm
pixels per readout chip
1024
pixel dynamic range requirement
∼ 0.1 to 2500 MIPs
heat load requirement
20 mW per sensor

This last property is crucial for maintaining the small Moliere radius intrinsic to tungsten. 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 3 mm readout gaps at 1.7 m. This not only has a significant impact on
performance, but also on overall detector cost, since the solenoid coil, the HCal, and the muon
detector system would need to be pushed to larger radius.

2

R&D Status and Progress

Here we briefly summarize recent progress and current status of the the R&D, which is along three
broad fronts:
• Silicon sensors (Oregon). The design for our version 2 sensors, appropriate for a LC detector,
was completed. The new sensors were procured from Hamamatsu using LCDRD funding and
were received in 2008. 40 sensors were ordered and received. In addition, Hamamatsu sent 20
“NG” detectors – ones which didn’t meet the specifications but are nonetheless rather good
detectors and very useful for tests. Initial testing has progressed at Oregon.
• KPiX readout chips (SLAC and Oregon). Much effort and progress has been made in 2007-8 in
understanding and testing the behavior of prototype KPiX chips. The testing has taken place
in parallel at SLAC and at Oregon, led by David Strom. The latest 64-channel prototype,
KPiX-7, largely meets the requirements for the ECal, although there are still a few behaviors
not fully understood. The 64-channel protptype consists of two rows of 32 channels; the final
KPiX chip will be 32 × 32. An intermediate step – a 256-channel KPiX-8 prototype – is
foreseen for submission in February 2009.
• Interconnects (UC Davis). There are three important pieces of this. The first is the bump
bonding of the KPiX chip to the silicon sensors. The second is the (kapton) flex cable which
brings power and control signals from the edge of a module to the KPiX chips in a layer and
transmits the single digital output from KPiX to the module edge. Third, the connection
technology of flex cable to sensor needs to be developed. These tasks still require considerable
effort.
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Si-W Calorimeter Concept
ECAL

Inner Tracker
1.25m
Rolled Tungsten

Transverse Segmentation (3.6mm)
20 + 10 Longitudinal Samples
1/2
Energy Resolution ~17%/E

2

~0.75 Meters

3.4 Meters

Silicon Wafers

Polyimide Cables
Layer Assembly

Figure 1: Silicon-tungsten ECal concept.
• Data acquisition for beam test (SLAC). A concentrator board will be required to receive the
KPiX output (30 outputs, one per module layer) and pass it on to a computer. Such a board
and readout design has already been foreseen in the context of SiD by G. Haller.

We provide more details of recent progress from Davis and Oregon below in Section 4.

3

Facilities

UC Davis. The micro-fabrication facility at UC Davis has a 10,000 sq ft class 100 clean room space
equipped with labs for wet chemistry, photo-lithography, e-beam and sputtering. This lab is used
for the preparation of pad surfaces prior to bump-bonding. The high energy physics department
has a lab for electronics design and testing, equipped with all the modules necessary for the work on
developing flex cables. The departmental electronics shop, with a senior engineer and a technician,
is available for helping with developmental work without any recharge to extramural grants. The
machine shop, with two machinists, is also available on a non-recharge basis.
Oregon. The HEP group has a rather low-grade clean room, which includes a custom probe station
which allows full access to a sensor without remounting. The clean room also includes a wedge wire
4
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bonder and some good quality test and measurement equipment. The University has a high-quality
machine shop and an electronics shop, the use of which is supported at no charge to researchers
(up to a certain number of hours).
Use of the facilities at SLAC are, of course, crucial to this R&D project. One should say that
the most important element of this collaboration is the expertise of the SLAC electronics group,
without which this R&D would not be possible in its present form.

4

Project Activities and Deliverables

By the middle of 2009 we expect to be ready to order the full 1024-channel KPiX chips. The
procurement of these chips is to be made by SLAC. By this time, we hope to have the bumpbonding procedure under control. So by the end of calendar 2009, we should be in a good position
to assemble the test module. The tungsten radiator plates are already in hand. A new version of
the (short) flex cables, which carry power and control signals to KPiX and carry out the single
digitized data stream, will need to be fabricated, but is not seem to be problematic, since a similar
(version one) cable has been made.
Given this sequence of events, a test beam run would be possible in the first half of 2010. The
preference would be begin with a test beam at SLAC, if that is available. A SLAC test beam has
several advantages. The time structure of the beams is that of a linear accelerator and is wellmatched to that of a future LC. This would allow testing of the features of KPiX which assume
such a beam-timing structure. The electron delivery at SLAC is very well controlled both in beam
position and in number of particles per bunch. Finally, since our collaboration includes SLAC,
infrastructure and personnel needs should be readily available. Figure 2 depicts the test module.
As stated earlier, it is one sensor wide and 30 layers deep with the same longitudinal structure as
given in Table 1.

Figure 2: Schematic design of the test module.
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To summarize, the major expected activities and deliverables for 01Sept2009 to 31Aug2010
include:
• Complete establishment of viable KPiX-sensor bump-bonding technique (Davis).
• Complete sensor tests with commercial electronics (Oregon).
• Order full 1024-channel KPiX chips (SLAC).
• Establish flex-cable to sensor connection technology (Davis).
• Lab sensor tests with KPiX (Oregon, SLAC).
• Fabricate short flex cables (Davis).
• Fabricate full ECal module (SLAC).
• Evaluate module in test beam (all).

4.1

Details on Oregon Activities

The Oregon group is responsible for the silicon sensor design, procurement, and testing. The design
and procurement is complete, as mentioned above. The Oregon testing program has also included
a significant role in the testing and commissioning of the KPiX prototypes. We expect this to
continue with sensor-KPiX tests during the next few years.
4.1.1

Silicon Sensors

As summarized in Section 2, during the past year we have procured the required number (plus
some extras) of silicon sensors. The design of the sensors, depicted in Fig. 3, was developed at
Oregon based on our experience with a first version of sensors (small order) and much lab work
measuring the properties of the sensors and comparing with expectations. This has been described
in our previous LCDRD reports. The new sensors include split pixels near the center of the sensor
to reduce stray capacitance and cutouts at the corners of the hexagon, where mechanical support
standoffs for fabricating a stack are placed, as indicated in the figure. The sensors were procured
from Hamamatsu Corporation.
To date, we have made a number of measurements of a few of these sensors, including capacitance and resistance measurements, depletion measurements as a function of bias voltage, and
some measurements with cosmic rays and radioactive sources. These measurements align with our
expectations of performance. In addition, we have begun a using the IR laser setup in our lab to
make more careful, controlled measurements of charge collection. We arranged with the vendor to
provide a small number of pixels with 50 µm holes in the primary metallization layer (Al) to allow
these tests. We plan to continue a full program of such measurements.
4.1.2

KPiX development and sensor-KPiX tests

As mentioned in the previous section, Oregon has been very active in KPiX chip development,
which is led by the SLAC group. This has been primarily in the areas of testing and modelling
KPiX response. As an example, Fig. 4 shows an Oregon measurement of a KPiX noise distribution
6
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Figure 3: The layout design of the new silicon sensors procured from Hamamatsu.

with an appropriate capacitive input. This indicates that the noise is much smaller than a singleMIP signal. Such performance is considered sufficiently good for an ECal. One of the remaining
mysteries with KPiX is that a few channels per chip have much higher noise.
As we learn to bump bond KPiX chips to sensors during the next year, Oregon plans to evaluate
the performance. A few equipment requests, listed in the proposed budget, will allow this possibility.

4.2

Details on Davis Activities

The UC Davis group is responsible for interconnect issues involved in making a prototype Si-W
calorimeter module. There are three specific R&D tasks:
1. Development of bump-bonding techniques for attaching the KPiX chips to the sensor wafers.
2. Design and fabrication of flex cables that provide power and bus the signals from the detector
modules.
3. Development of a technique for connecting the flex cables to pads located on the sensor wafer.
Below we describe progress made on all fronts during 2008 and outline our plans for further work
in 2009-10.

7

192

KPiX-7
The latest KPiX prototype’s performance deemed good
enough for the ECal. However, some issues not
understood. Next: 256-channel KPiX-8 (Feb09).
(
)

Noise at shaper input

0 1 MIP
0.1

R Frey
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Figure 4: Typical noise distribution from a KPiX-7 channel in rms electrons. (One MIP has average
signal of 25 × 103 electrons.)

4.2.1

Bump bonding

Indium and/or solder bump-bonding has been demonstrated as a solution for bump-bonding in
silicon pixel detectors being used in HEP experiments, most notably CMS and ATLAS at the
LHC. It is available commercially for large scale production jobs involving wafer-to-wafer bonding.
However, it is not a technique that is readily adaptable to small scale prototype projects, especially
those involving small single dies such as the KPiX chips. Hence, we have been working with a
vendor, Palomar Technologies, to develop gold-stud bonding for the Si-W project. Unlike indium
bumps, the growth of gold bumps does not involve photolithography and is done using modified
wire-bonding machines. This process is well-suited for the KPiX series of chips which have a total
of 128 bond pads.
Our first round of work with Palomar resulted in well defined gold bumps grown on KPiX-5
chips (see figure 5). The attachment to the sensor wafers was done using an epoxy and a flipchip alignment process. While the attachment itself was successful (see figure 6), the contacts
were not purely ohmic. The pressure applied during the bonding process was insufficient to break
through the native oxide present on the surface of the aluminum pads of the sensor wafer. In our
second round, the sensor wafers underwent photolithography at UCD and a 500 angstrom layer of
Titanium(10%)+Tungsten(90%) was sputtered on to the pads after a reactive-ion etch to clean the
aluminum pads. However, some problems have developed with growing of gold bumps on KPiX-7
chips so the attachment has not yet proceeded.
We are investigating the cause for these new problems at Palomar and at the same time working
with a new vendor, Aspen Technologies, for gold bumps. In 2009-10, we will continue the work
to develop this technique and make preparations for bonding the full 1024 channel KPiX chips as
they become available.
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Figure 5: Photograph of gold studs grown on the aluminum pads of a KPiX-5 chip.

Figure 6: A photograph of the KPiX-5 chip with gold studs attached to a Hamamatsu sensor.
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4.2.2

Flex Cables

Multi-layer flexible cables that use kapton as the main substrate are widely used in the computer
and electronics industry, and have also found use in HEP experiments. The Si-W calorimeter will
need very long (up to 2m) flex cables for assembly of large plates foreseen in the design. The
EXO experiment has manufactured such long cables, albeit, with detailed alignment of vias and
pins only at the two ends of the cables. For Si-W, the challenge is to develop such cables with
precise alignment all along its length in order to service up to 16 KPiX chips. Our first 2-station
prototypes, with provision for only two KPiX chips, were made by Shared Resources, a silicon
valley vendor. There were some problems with consistency and yield that were solved in 2008 with
the second prototype (see figure 7). A total of 5 cables were produced and they all passed our tests.

Flex Cable Development (UC Davis):

• First prototype with 2 chip stations has been fabricated.
• Each cut-out has inner lips
which can be used for either wirebonding or some other Technology.
• The layout has a buried layer
for signals, sandwiched between
power and ground layers.

Figure 7: A photograph (top) and the trace layout (bottom) of the prototype 2-station flex cable.
19
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In 2009-10, we will develop a proof of principle 2 m long cable with 3 stations, one in the middle
and one each at either end. We will work with Flexible Circuit Technolgies, the vendor employed
by EXO, for this purpose. We will also design a new single station cable, incorporating the changes
in pad layout of KPiX as it evolves. These will be produced in quantity and used in the assembly
of a single tower prototype of the Si-W calorimeter.
4.2.3

ACF Bonding

The task of attaching flex cables directly to silicon wafers is not a standard option offered by
industry. Growing indium or gold bumps along the 2m length of the cable is technically challenging,
so that it is not an option that we are considering. Anisotropic conducting films (ACF) offer a
solution to this peculiar problem. Figures 8 and 9 show longitudinal and cross-section views of
10
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such a film that contains nickel fibers (8 µm diameter) embedded in a thermoplastic material. It is
electrically conducting along the length of the fibers but highly insulating (due to oxide layers) in
the transverse plane. We are working with a vendor, BTech Corp., and studying their ACF, which
has the advantage that it requires relatively moderate temperature and pressure (130C and 50 psi)
for adhesion. This is important because this assembly will occur in the vicinity of KPiX chips that
have already been attached to sensor wafers.
The work thus far has consisted of studying the temperature and pressure variables needed in
the adhesion process. A jig built at UCD was used to attach two small printed circuit boards to
each other. The boards had single strips of copper, with varying widths, thus allowing us to study
the resistance as a function of the overlap area when the strips were crossed. Figure 10 shows one
such measurement, where it can be seen that the resistance is inversely proportional to the area.
The pads on the sensor wafers are rectangular with an area roughly equivalent to a square of side
12 mil. According to this plot, we will achieve a series resistance of about 0.1 ohm for the ACF
on these pads, which is acceptable, but an effort will be made to reduce it. During 2009-10, we
will build test structures on dummy silicon wafers and attempt to attach the prototype flex cables
using ACF. A new jig is being designed for this purpose and will be built in the machine shop at
UCD.

Conductive
Resistive

Figure X4: A longitudinal section of an ACF sample.

Figure 8: A longitudinal section of an ACF sample.

Figure X5: A cross-section of an ACF sample.
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Figure 9: A cross section of an ACF sample.

Figure 10: Measurements of resistance as a function of strip width. The curve shows the predicted
1/area behavior.
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5

Proposed budget
Budget Overview
Oregon
Davis
Total

5.1

Direct Costs (k$)
40.7
62.6
103.3

Indirect Costs (k$)
9.3
12.4
21.7

Total (k$)
50.0
75.0
125.0

Oregon proposed budget
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Tuition
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs(1)
Total direct and indirect costs

(k$)
0
10.5
6.7
17.2
1.9
19.1
12.8
4.2
3.5
0.8
0
40.4
9.6
50.0

(1) The Oregon indirect rate is 26%. Indirect is not applied to tuition, benefits, or equipment
items of more than 5k$.
5.1.1

Oregon budget justification

We include two terms of graduate student support to prepare for and execute a beam test. This
will provide an excellent hardware experience for students who otherwise may be primarily involved
in Atlas software projects.
We continue to involve physics undergraduates in our R&D work. Some of these students have
gone on to graduate physics programs. We have assumed an average of 15 hours per week at wages
ranging from $8 to $10 per hour. They receive no benefits.
The equipment includes the following:
• 2k$ for a very high impedance, low capacitance probe
• Oregon will evaluate the product of bump-bonding efforts. We estimate this will cost about
1k$ per iteration for fixtures to connect to the KPiX which are wire bonded to a readout
board. Assuming five iterations yields 5k$.
• Two custom probe cards and fixtures to evaluate a full row of channels (32): 5k$.
13
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• Individual channel probes: 40 at $20 each.
The M&S includes $500 for clean room supplies.
The travel assumes 4 trips to SLAC (for test beam related activities) at $800 each, plus one
conference trip at 1k$.

5.2

Davis proposed budget
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Tuition
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs(2)
Total direct and indirect costs

(k$)
2.6
10.7
0
13.3
0.3
13.6
12.0
4.2
2.8
30.0
0
62.6
12.4
75.0

(2) The UC Davis indirect rate is 26%. Indirect is not applied to tuition, benefits, or equipment
items of more than 5k$.
5.2.1

Davis budget justification

The main item in the budget is $30k for the bump-bonding work. We will be vetting another
vendor, Aspen Technologies and are requesting three rounds of prototyping work. Based on previous
experience with Palomar Engineering and a quote from Aspen Technologies, we expect that each
round will cost about $10k. We also request $12k for fabricating the long cable. This estimate
is based on earlier quotes from two vendors for similar work. The item is listed under equipment
because it can be inventoried as per UC Davis rules and regulations.
We request 2 quarters of support for a graduate student, which along with fee remission will cost
$13,684. Tiffany Landry will do the layout work for the flex-cable. We request 150 hours of support
for her at $2,697. Travel support is requested for three domestic trips to meetings/workshops at
$800 each and one foreign trip to an international conference at $1,800. Indirect costs, applied at
the off-campus rate of 26%, amount to $12,426 and a total budget of $75,007.

6

Activities and Deliverables Beyond 2010

We anticipate that the test-beam related data taking and analysis will continue beyond August
2010. It is difficult to anticipate possible circumstances or mis-steps which might further delay
the activities described in this proposal beyond August 2010. Ideally, one would like to first test
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the module in an electron beam (possibly at SLAC), followed later by a beam test with hadrons
(presumably at Fermilab). The latter test will be very interesting from the perspective of modeling
of hadron showers, since our module has the finest segmentation of any currently being considered
for a future collider. It is likely, therefore, that some aspects of this R&D will continue until
2012, when we anticipate the transition within the LC organization from detector concepts to the
development of technical proposals.

7

Broader Impacts

Both Davis and Oregon have significantly involved physics undergraduates in our R&D. Over the
years such exposure to research has provided undergraduates with a well rounded education and
prepared them either for productive careers in the electronics industry or for research in graduate
school.
The R&D we are developing is certainly of potential interest to a wide range of experiments
in high-energy physics where an imaging-style measurement of electrons, positrons, or photons is
required. It is also potentially of interest outside HEP, especially for gamma-ray astrophysics,
similar to that employed already by GLAST/Fermi.
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Project Overview
The precision measurements of physics topics at the International Linear Collider
demand unprecedented energy resolution of jets. The Particle Flow Algorithm (PFA) [1]
approach is a solution that could be used to achieve such a jet energy resolution. In order
to take full advantage of a PFA, it is of critical importance to minimize contributions to
the energy resolution due to confusion in track-energy cluster match. Accomplishing this
requires a calorimeter that can provide excellent matching between energy clusters and
tracks whose momenta are measured in the tracking detector. This means small cell size
and fine readout granularity. Reading out in such a high granularity in analog mode could
make the cost of the calorimeter prohibitively high. One bit readout per cell would
reduce the necessary total number of digital bits dramatically and thus provide the
possibility of reducing the cost for readout electronics. However, we will also discuss
analog readout later in the context of the SLAC KPiX chip.
Gas Electron Multiplier (GEM) [2, 3] is a detector technology which can be used
in a high granularity calorimeter. Over the past several years the University of Texas at
Arlington (UTA) team and collaborators from the other institutions listed have been
developing a digital hadronic calorimeter (DHCAL) [4 – 6] using GEM as the sensitive
gap detector technology. DHCAL is a solution for allowing PFA to be used in precision
jet energy measurement. GEM can provide flexible configurations which allow small
anode pads for high granularity. It is robust and fast with only a few nano-second rise
time, and has a short recovery time which allows higher rate capability than other
detectors, such as a resistive plate chamber (RPC) [7, 8]. It operates at a relatively low
voltage across the amplification layer, can provide high gain using a simple gas (ArCO2)
which protects the detector from long term issues, and is stable.
The ionization signal from charged tracks passing through the drift section of the
active layer is amplified using a double GEM layer structure. The amplified charge is
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collected at the anode layer with 1 cm×1 cm pads at zero volts. The potential differences,
required to guide the ionization electrons, are produced by a resistor network, with
successive connections to the cathode, both sides of each GEM foil, and the anode layer.
The pad signal is amplified, discriminated, and a digital output produced. GEM design
allows a high degree of flexibility with, for instance, possibilities for microstrips for
precision tracking layer(s), variable pad sizes, and optional initial ganging of pads for
eventual finer granularity future readout if required and allowed by cost considerations.
Figure 1.(a) depicts how the double GEM approach can be incorporated into a DHCAL
scheme.
Broader Impact
The challenges raised by the linear collider physics program demand the development of
new detector technologies. GEM-based detectors have never been used or built on the
large scale needed for particle physics calorimetry. A digital hadron calorimeter for a
collider detector has never previously been constructed. Thus the impact of a GEM
based DHCAL in advancing detector design and construction can be far-reaching, in
addition to providing an alternate, fast responding detector technology for future high
energy physics detectors.
UTA has a long-established tradition of outreach to local school districts. We were a
first generation institution on the QuarkNet [9] educational outreach program. Thus,
research and development in GEM based DHCAL and the anticipated beam testing of the
prototype modules and the subsequent data analyses will expose high school teachers and
their students to a new generation of technologies. In addition, the proposed activities
will provide firm bases for producing numerous physics and engineering graduate
degrees through the analysis of the preliminary test data, subsequent particle flow
algorithm development, development of new electronics and other associated
technologies. This project, therefore, will involve physics and engineering graduate and
undergraduate students, providing ample opportunity for high level training. The large
and diverse student bodies of UTA and other university groups which will use the
developed infrastructure are the important beneficiaries of this program.
Finally, this new detector technology, GEM, and the associated by-products will open
the door to possible new detection techniques for medical and other usages, including
surveillance for national security and non-destructive inspection of cargo. Andrew White
and a colleague at UTA have already been investigating the possible application of GEM
technology to improve Positron Emission Tomography systems by sharpening the spatial
resolution while reducing size and cost. Jae Yu has also been collaborating with faculty
from UT Southwestern Medical Center on utilizing GEM for animal single photon
spectroscopy. The GEM foils to fit the proposed large scale unit chamber, described
later, will be the largest single GEM foils produced in the world. The success of
detectors produced from such large GEM foils are of interest since they can be used for
making a large size medical or cargo surveillance system with minimal dead areas. For
these, we are a member of the worldwide detector development collaboration, RD51 [10]
and playing a leading role in Micro-Pattern Gas Detector sector. The activities in the
collaboration span not only high energy physics detector development, but also the
commercial use of GEM technology, positioning us well to be a leader in GEM detectors.
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Results of Prior Research
Initial studies were conducted on signal characteristics and gain from a small
prototype GEM detector shown in Fig. 1.(b). The signals from the chamber were read out
using the QPA02 chip originally developed by Fermilab for Silicon Strip Detectors. The
gain of the chamber was determined to be of the order 3,500, for a 70% Ar/30% CO2
mixture, consistent with measurements by the CERN GDD group. The MIP efficiency
was measured to be 94.6% for a 40 mV threshold, which agrees with a simulation of
chamber performance. The corresponding hit multiplicity for the same threshold was
measured to be 1.27, which will be beneficial for track following and cluster definition in
a final calorimeter system. A gas mixture of 80% Ar/20% CO2 has been shown to work
well and give an increase in gain of a factor of 3 over the 70% Ar/30% CO2 mixture. A
minimum MIP signal size of 10 fC and an average size of 50 fC were observed from the
use of this new mixture. The prototype system has proved very stable in operation over
many months, even after deliberate disassembly and rebuilding, returning always to the
same measured characteristics. We investigated cross talk properties using the nine
1 cm ×1 cm cell anode pad layout shown in Fig.1(c). We used collimated gamma rays
from a 137Cs source to study signal sharing between adjacent pads.
Beam and Source Test Results
As the first step toward building the full-size ( 1m×1m) test beam chamber, we
developed 30 cm×30 cm GEM foils together with Microinterconnect Systems Division of
3M Corporation. A foil is divided into 12 independent HV strips for operational safety
(we had to disconnect a few strips during beam test experiments). For mechanical
assembly, we have developed tools to handle large area foils, maintaining flatness of the
foils and the detector walls that provide gas and HV feed-through. We constructed
several prototype chambers using these foils and a readout board with 1 cm×1 cm pads,
and exposed them in various particle beams. These chambers were read out using the 32channel QPA02 chip-based Fermilab preamp cards.
We conducted three beam tests to measure the rate capability of the chamber, its MIP
characteristics, cross talk between the channels, and occupancy. The output signals from
the amplifier cards were sent to discriminator boards which contain discriminator chips,

Figure 1. (a) GEM DHCAL concept diagram (b) UTA GEM prototype chamber constructed with 10 cm×10 cm CERN GDD
GEM foils (c) Prototype readout anode pad with nine 1 cm×1 cm cells
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multiplexer stages, and data output interface. The output from the discriminator boards
were read out by a PCI based ADLink ADC controlled by LabView software.
The first beam exposure of our 30 cm×30 cm prototype chamber took place in May
2006 at a high flux beam which consists of 30 ps pulses of 1010 electrons every 43 μs in 5
cm radius. The detector and the electronics measured responses to 109 electrons per pad.
The chamber was able to see the beam clearly and provided a good measure of the time
structure of the beam. Additionally, as a test, we directly exposed a broken GEM foil to
the beam. In both the chamber and the broken GEM foil, we did not see any physical
damage. In addition, while the signal shapes were distorted by the hits from 109
electrons per pad, the chamber responded well to such a large signal, giving us
confidence that the chamber will function well in the ILC environment.
Additional beam tests were conducted at Fermilab’s Meson Test Beam Facility
(MTBF) [11] in April 2007. We tested a single multi-channel chamber using a 100
channel readout system. Most the useful data was taken using 120 GeV proton beams
from the Main Injector. LabView-based online analysis software complimented the DAQ
software and allowed us to monitor the data as they were accumulated. Since the DAQ
card required a long signal for efficient sampling, we developed a pulse shaper to stretch
the signal to a suitable level for the ADLink DAQ card to sample. We also used a
commercial shaper for verification purposes.
The trigger was formed of coincidences of three 1 cm×1 cm and two
19 cm×19 cm counters to constrain the beam to an area smaller than 1 cm×1 cm , which was
the size of a readout pad. The two 19 cm×19 cm counters enveloped the GEM prototype
chamber to ensure beam passage through the active area of the detector. In addition to
the beam trigger, we employed two additional triggers: chamber self trigger with the
signal above 30mV, utilizing the negative output from Fermilab QPA02 preamplifier, and
the coincidence between the five counters and a pad signal above 30mV to constrain the
beam on a particular target pad.
Using the data collected in the MTBF beam tests, we were able to determine relative
efficiencies and fractional cross talk ratios. In order to verify the proper functionality of
the chamber, we took data using a high intensity Sr90 radioactive beta source. Fig. 2.(a)
shows the signal without noise subtraction (blue), noise (purple) and noise subtracted
signal (red) when 120GeV proton beam is incident on the target pad. The noise
subtracted signal distribution demonstrates a Landau shape as expected. Fig. 2.(c) shows
the relative efficiency measured on this pad as a function of threshold, which
demonstrates that the efficiency is about 98% at 40mV. However, it should be noted that
a sizable number of events have more than one proton entering the detector within the
200ns gate. This is the apparent reason why we observed differences in the widths
between the noise subtracted signal distributions from the source and proton beams
respectively. An initial estimate of the multiple proton events shows about 20% multiple
proton event contamination. A more detailed analysis using the differences between the
data obtained from the Sr90 source and the proton beams is being finalized.
In order to measure the cross talk rate, we read out the pad immediately next to the
trigger pad. Fig. 2.(b) shows the pulse height distributions of the pad number 7 when
beam was incident on an immediate neighboring pad. Blue dotted lines represent the
signal before noise subtraction, the purple lines represent noise, and the red line is the
noise subtracted signal. The difference between the two cases is apparent from the two

204
4

last modified: February 9, 2009

Figure 2. Signal from 120GeV proton (blue), noise (purple) and the noise subtracted beam (red) distributions (a) when the beam is
incident to the pad and (b) when the beam is incident to the neighboring pad (c) Relative efficiency (d) % fractional cross talk ratio

figures. From these, we can extract the fractional cross talk rate on a pad, as shown in
Fig.2.(d). From these studies, while the probability of the cross talk is small for both the
pads, it should be emphasized that given the size of the trigger paddle this distribution
includes charge sharing between the neighboring pads and the multiple proton events.
As in the cases before, a more systematic analysis is being finalized to take into account
these different effects.
Fig. 3.(a) and 3.(c) show the responses of the two channels of the prototype chamber
described above to electrons from a Sr90 radioactive source. Both channels show the
characteristic Landau distributions expected from a gas detector. Figures 3.(b) and 3.(d)
show the absolute efficiencies of the chamber for the same two channels as a function of
threshold in mV. As can be seen, the chamber demonstrates efficiencies over 99% when
the threshold is set at 30mV which is equivalent to 4 fC.
Multichannel Readout of GEM DHCAL Using KPiX
As the next phase, for a full chamber characterization using a multiple channel
readout system, we have been working with the high density analog readout system,
KPiX which is being developed at SLAC, and is described in detail in Ref. [12]. As
described later in this proposal, we plan to conduct further beam tests using KPiX once
we complete integrating the chip with our GEM chambers and fully characterize its
behavior in bench tests. The KPiX readout chip was originally developed for silicontungsten (Si/W) electromagnetic calorimeter (ECAL) [13, 14].
The chip has been
modified to include a switchable gain to accommodate small signals from a GEM
chamber. KPiX is being considered as the standard front-end readout device for most of
the major SiD [15] subsystems. It offers a 4 event deep pipeline, with a 13-bit Wilkinson
ADC on each channel. A decision, based on a combination of hardware tests, PFA
studies and costs, will be taken later about the final use of KPiX for the hadron
calorimeter.
205
5

last modified: February 9, 2009

Figure 3. (a) and (c) responses of two channels to Sr90 source in mV; (b) and (d) Absolute efficiencies of the same two
channels as a function of threshold in mV

The first study we performed was the characterization of the calibration parameters of
the KPiX v4 chip with a GEM chamber. For this study, we took calibration data hourly
for 19 hours and 24 hours on two different days to see if there are day – night and
weekday – weekend effects. This was to fully understand whether there are
environmental effects that would impact our measurements with KPiX v4 in our labs.
We observed that the mean values of any given KPiX v4 channels do not show any
systematic day – night dependence or weekday – weekend dependence. The fluctuation
in pedestal mean value for each channel is within 3 – 5%. We, however, observed the
mean values of the pedestal vary between 20 and 130 ADC counts channel to channel, as
shown in Fig.4.(a). We also observed that the channel to channel variations of the gains
vary 5 – 20 ADC counts/fC, as shown in Fig.4.(b). This channel to channel gain
variation has been reduced by a factor of two in the newest version of the KPiX chip (v7).
These observations have been communicated to SLAC team, and we anticipate the next
generations of the chip will have far less variations.
Fig. 4.(c) shows the signal read out from the GEM chamber with the KPiX chip from
a channel right under the source. As can be seen, the plot shows a large pedestal peak
near 0 fC with the long tail that signifies the signal from Sr90 source. Since this version
of the KPiX chip was designed specifically to work in the International Linear Collider
(ILC) operational mode, its trigger is synchronized to the ILC accelerator clock which is
expected to send the signal of beam arrival ahead of collisions. Due to this feature of the
chip’s triggering scheme and to the fact that we took data with Sr90 source which emits
low energy electrons that are difficult to trigger, the readout chip ran in a periodic reset
mode that integrates the charge in regular intervals independent of the existence of the
actual charge in the chamber.
In order to extract the charge distributions from Fig.4.(c), we developed an inference
method based on simple simulation of the KPiX charge integration scheme, the actual
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Figure 4. (a) The pedestal mean value vs channel number (b) Mean value of the electronics gain vs channel number (c) Mean
pedestal subtracted and electronics gain corrected charge distribution from Sr90 source run (d) Extracted charge distribution
from the GEM chamber (red) from the inference method using the simulation (blue) and its description of the data (solid
circles). The good distribution of the data from the simulation demonstrates that the extracted signal represents the chamber
responses well.

pedestal distribution of the channels from previous calibration runs, the simulated pulse
shape of the minimum-ionizing particle and the charge distributions from the previous
beam test measurements. We simulated the KPiX charge integration within a fixed
amount of time (333ns – the ILC beam crossing interval) starting randomly with respect
to the signal pulse. We then let the normalization of the Gaussian pedestal distributions
and the most probable value and the width of the charge distributions float until the
resulting output charge distribution describes the data distribution well. Fig.4.(d) shows
the data from the channel under the source in solid circle, the final simulation results in
blue histogram and the extracted GEM chamber response in red histogram. As can be
seen, the fact that the form of the data is well described by the simulation gives us
confidence that the extracted chamber response is real.
We, however, noticed that the most probable value of the extracted GEM chamber
response is 1.9fC which is about a factor of 10 smaller than what we observed in previous
source and beam tests. Upon detailed investigation of the chamber structure, which was
to give flexibility in modification of the chamber for KPiX v4, it was determined that this
does not provide an adequate level of gas in the active volume of the chamber since the
structure imposes a large resistance to the gas diffusion; thus most of the gas flows
following the direction around the active chamber volume. As a result, when we took the
source data, the charged particles traversing through the detector volume did not produce
sufficiently large amounts of ionization. Given this feature, we modified the chamber so
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that the gas is forced to be directly injected into the active volume and diffuse out to the
remaining volume of the chamber through tubing laid within the chamber active volume.
We took cosmic ray data to make sure that the chamber is producing sufficiently large
signals and have indeed observed the expected size signals from the chamber. We are
now working on integrating this new chamber with the new version (v7) of KPiX chip
(KPiX7). We are in the process of characterizing the new version of the KPiX chip and
are taking cosmic ray and source data to fully characterize the chamber with KPiX v7
chip.
Summary of Project Status
The UTA HEP group has made significant progress using the 30 cm×30 cm GEM
foils developed in collaboration with the 3M Inc. We have been working on integrating
the GEM chamber with the KPiX analog readout chip. We have characterized the
previous version (v4) of the KPiX together with a GEM chamber and extracted the signal
from a Sr90 radioactive source. We are working on integrating the chamber with the
latest version (v7) of the KPiX chip that allows external trigger input. We describe our
plans in FY2009 – 2011 in the sections below.
Facilities Equipment and Other Resources
The UTA high energy physics group has a large number of pre-amplifiers, amplifier
modules, fan-in and fan-out modules, logic modules, trigger logic gates and other
electronic modules as well as high voltage power supplies for prototype bench testing.
The group also has a cosmic ray testing station along with a large number of elements for
cosmic ray triggering, such as scintillation counters and photo-multiplier tubes, and a
large number of computers for simulation and analysis. The new Chemistry and Physics
Building houses three detector development laboratories - a clean room, an electronics
development room and a laboratory certified for radioactive sources. The group also has
a 5000ft2 detector construction area equipped with a 5 ton building crane. Adjoining the
detector construction area is the department machine shop which has many precision
CNC machines. Finally, as one of the leaders in distributed computing for the DØ and
ATLAS experiments, the group is the host of one of the five U.S. ATLAS Tier 2
computing centers and, independently, has another cluster of 300 CPUs and 70 TB disk
space which played a significant role in DØ distributed computing efforts.
FY2009 Project Activities and Deliverables
•

Full Characterization of 30cm x 30cm GEM chamber with KPiX v7 Readout
The SLAC team has provided an anode board with the new 64 channel KPiX v7 chip.
This new version provides HV discharge protection as well as the capability of external
trigger input which will help testing dramatically. Based on the experience from the
previous version of KPiX v4 chip, we have made a design change in the gas distribution
system to ensure fast gas replacement and optimal ionization and signal induction levels.
Now that we have successfully observed signals from Sr90 radioactive sources, we are
ready to take data for full characterization of our double GEM chamber prototype read
out by the analog KPiX chip.
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As the next step, we will construct a new 30 cm×30 cm chamber with the optimal gas
distribution and a KPiX v7 readout board. We will understand the noise characteristics
of the chamber and will perform source tests. We will then take cosmic ray data for MiP
characterization, noise characteristics, and cross talk, on the bench at UTA - reading out
64 channels. Once we are confident with these results, we will expose the chamber in
particle beams for high statistics chamber characterization, measuring response
uniformity, noise rates, cross talks, absolute efficiencies, and gains.
• Development of 100cm x 33cm Large GEM Foils and Chambers
We plan to construct a total of five 100 cm×100 cm GEM chamber planes to demonstrate
performance of GEM active layers in a hadronic calorimeter. We will be working on
development of smaller unit chamber of size 100 cm×33 cm (with 96 cm×32 cm active
area). Three chambers will be put together to make up one 100 cm×100 cm plane. While
we had been working on development of 30 cm×30 cm GEM foils successfully with the
3M Inc., they decided to close their micro-flex circuit division in late 2007. For this
reason and because the CERN GDD workshop has been working on developing cost
effective technology to produce large size GEM foils, we are now working with this
workshop on the design of a 100 cm×33 cm GEM foil silkscreen. The CERN GDD work
shop estimates a total production time of eight weeks for the first set of 20 large GEM
foils after the finalization of the silkscreen. We are currently working with CERN to
finalize the design of the silkscreen that is optimal for our prototype detectors.
As part of the effort for constructing 100 cm×100 cm GEM planes, we will work on
development of mechanical structure, the electronic readout board schemes with the
SLAC team, and the schemes for connecting the three unit chambers to form one
100 cm×100 cm detector plane. Each of the 100 cm×33 cm unit chambers will have

Figure 5. A schematic diagram of a 100 cm×100 cm double GEM detector plane. Three of unit chambers of size
100 cm×33 cm will be assembled on a 2mm steel plate to make up one 100 cm×100 cm GEM plane. The figure also shows
the anode board structure where two boards 50 cm×33 cm make up one unit chamber.
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96 cm×32 cm active area, leaving two 1cm gaps on each of 100 cm×100 cm plane in
between unit chambers. As shown in Fig. 5, we plan to use a 2mm thick 100 cm×100 cm
area steel plate to assemble three of these unit chambers into one 100 cm×100 cm detector
plane with strong mechanical support.
Once we finalize the mechanical structure for the unit chamber of size100 cm×33 cm ,
we will construct one prototype chamber using the 256 channel KPiX v8 analog readout
chips, to be available by mid-2009, and a readout anode board of size 50 cm×33 cm . We
anticipate the first chamber to be ready for testing in late 2009. We will characterize the
chamber and the chip using source and cosmic ray at UTA. Once the chamber is
characterized on the bench, we will expose the chamber to particle beams.

•

Anode Board for 1m x 33cm GEM Unit Chamber with KPiX v8
We have been working with the SLAC KPiX electronics team led by M. Breidenbach
in using the analog system for GEM chamber signal readout. After several months of
understanding the performance of the electronics with 30 cm×30 cm GEM chambers, we
will be at the point to take data using KPiX v8 readout chips. Two 50 cm×33 cm anode
boards will make up one 100 cm×33 cm anode boards for a unit chamber. Each half
anode board will be read out by six 256 channel KPiX v8 chips.
Project Activities and Deliverables Beyond FY2009
• Completion of Construction and Characterization of 100cm x 33cm Unit
Chamber
In the case that the development of 100 cm×33 cm unit chamber and the
characterization process does not finish in FY2009, we will complete this process as part
of the FY2010 activities.
• Large Thick-GEM prototype chamber in 2010
As an alternate, cost effective solution for regular thin GEM foils, we have been
continuing to pursue the development of thick-GEM’s (TGEM) [16, 17]. In addition to
TGEMs that are made of normal PCBs, a new development effort has been made on
Resistive Electrode TGEMs (RETGEMs) [18]. As a member of the RD51 collaboration,
we are working closely with various collaborators on the development of these new
TGEMs in small and large scales. In particular, we have been working with the Amos
Breskin’s group at the Weizmann Institute for large scale TGEM development. These
TGEMs are anticipated to become available on a late 2009 or early 2010 time scale.
Once TGEMs are tested and certified, we will construct and characterize a prototype
chamber on the bench using 64 channel KPiX v7 or 256 channel KPiX v8 analog chips.
When this completes, we plan to expose the chamber in the beam for full, high statistics
characterization and for comparison of its performance with regular thin GEM chambers.
We anticipate this beam test to be on an early or mid 2010 time scale.
•

Completion of Construction of five 100cm x 100cm GEM Planes and DHCAL
Beam Test
As the 100 cm×33 cm unit chamber is being fully characterized, we will complete the
mechanical design for 100 cm×100cm GEM active layer planes and construct a total of
five of such planes. We will develop a procedure for mechanical construction and quality
testing of the planes and will replace five of the forty RPC planes in the existing
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CALICE[19] calorimeter beam test stack currently located at Fermilab for beam test.
The goal of this beam test is to partially measure the performance of a GEM-based
DHCAL. This result should be compared to that of a DHCAL with full 40 layer RPCs
and other analog HCALs to provide valuable information in overall ILC detector design
choices. This beam test will be carried out using either CALICE Si/W or Scintillator/W
ECAL and a tail catcher (TCMT), using the CALICE mechanical support structure.
GEM/DHCAL Beam Test Plans
In order to continue testing GEM based DHCAL, we plan for the future particle beam
tests of our GEM chambers in phases as listed below.
• Phase I: Chamber characteristics
o A prototype chamber with dimension 30 cm×30 cm will be constructed with
the 64 channel KPiX v7 analog chips being characterized at SLAC and at
UTA.
o The primary goal of the test is to exercise the newly developed and benchcharacterized KPiX v7 chip in particle beams with the trigger system
synchronized to the accelerator clock, and fully characterize the chamber with
KPiX readout chips.
o This test will be performed at Fermilab’s MTBF in early summer 2009.
• Phase II: Unit chamber ( 100 cm×33 cm ) beam test
o We will construct a total of fifteen 100 cm×33 cm unit chambers using the
CERN-developed 100 cm×33 cm GEM foils.
o For readout of these unit chambers, we will be using the next generation 256
channel KPiX v8 chips. Twelve of these chips will be used to readout a unit
chamber, six of each mounted on 50 cm×33 cm anode board.
o This test will be performed at Fermilab’s MTBF sometime in late 2009 – mid
2010 time scale.
o The goal of this test is to characterize large scale unit chambers built with
CERN thin GEM foils.
o We expect to receive a few large Thick GEM (TGEM) boards in this time
period. We will then build a prototype chamber and expose to particle beams
for characterization. We will be using 256 channel KPiX v8 chips for this test
as well.
• Phase III: Five GEM Plane DHCAL Beam Test
o A total of five 100 cm×100 cm chambers, each using three unit chambers, will
be used for this beam test.
o This test will be performed at Fermilab’s MTBF on a late 2010 – early 2011
time scale.
o These five planes will be inserted into the existing CALICE 1 m3 calorimeter
stack as part of the on-going beam testing of RPC based DHCAL.
o The goal of this test is to partially measure the responses and resolutions of
GEM-based digital hadron calorimeter along with 35 remaining RPC planes.
o This full scale prototype will be tested jointly with CALICE Si/W ECAL and
the NIU tail catcher (TCMT), using the CALICE mechanical support structure
currently situated at MTBF.
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Simulation and PFA development of GEM/DHCAL in the context of SiD
During the past several years, due in part to lack of funds, we have been
concentrating on hardware development, rather than both hardware and simulation.
While the geometry for the GEM DHCAL layer structure has been provided and
incorporated into the SiD detector overall geometry, our previous studies were conducted
using an old Mokka TESLA detector geometry. Since the performance of a detector
component is only meaningful as an integral part of an overall detector, it is important for
our group to obtain funds to resume the performance studies of GEM in the context of
SiD, develop simulations for beam test stacks, and to actively participate in Particle Flow
Algorithm (PFA) development.
Since GEM is already included in the SiD detector geometry, thanks to Norman
Graf’s efforts at SLAC, we will start with verifying the implementation of this geometry
and conduct performance studies of GEM DHCAL in the SiD context. We will
investigate the responses and energy resolutions of single particles to compare the
detector’s performance to the previous studies and will compare GEM with other detector
technologies, such as RPC, micro-megas and scintillator based HCALs.
In addition, given the fact that we will be taking series of test beam runs, we need
to prepare simulation packages for beam tests. Since we are part of CALICE, and will
be an integral part of the CALICE test beam set up, we can utilize the MC framework
that allows an easy integration of our detector geometry for the test beam, especially the
run with the full scale 1m3 prototype. This will allow our students to exercise their
analysis techniques in time for the full scale prototype run.
Since the largest contribution in worsening jet energy resolution in PFA comes
from the confusion term that stems from unmatched or mismatched energy clusters, the
fine granularity of the calorimeter cells will be of particular importance. However, the
studies that have been conducted so far have yet to clearly demonstrate the dependence of
PFA resolution on the lateral size of the cells and/or the granularity of longitudinal layers.
This probably has to do with the fact that there is no unique PFA that the R&D groups
can use as a common tool. This, however, should not stop the groups studying these
dependencies with one given algorithm. In addition, the recent completion of a PFA
template should certainly be of great help.
Since GEM can essentially provide track position information, it is natural for us
to perform the cell dependence study and to provide optimal cell sizes for a PFA detector
and other parameters such as absorber thickness, sensitive gap size, on-board readout
electronics sizes, and mechanical support structures. These studies will be done, in
particular, for GEM DHCAL.
The preparation and verification of simulation packages and studies in optimal
detector parameters will allow us to naturally move into the development of PFA in the
following years. We will start with developing an H-matrix based electron and photon
identification algorithm, taking advantage of experience in ATLAS. This will be tested
at the test beam and will be made available to the community for broader use. We will
then move into cluster matching algorithm for hadrons, utilizing GEM’s fine granularity.
To expedite the use of the beam test data, we will work closely with the SiD
software development team and the CALICE software development team to incorporate
GEM software into already existing data analysis software. The development of GEM
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test beam analysis software should begin as soon as possible so that it is prepared in time
for the anticipated beam tests of five layers in late 2010 and early 2011.
To summarize, the major deliverables for FY2009 - 2011 in simulation and software
efforts are as follows:
 Verification of GEM in the SiD geometry and comparisons of detector
performance with previous studies
 Development and verification of PFA with GEM in SiD
 Development of analysis software, and analysis of beam test data
Budgets
FY09: Total Project 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
FY10: Total Project 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

213
13

FY2009
27k
0k
0k
27k
8.1k
35.1k
110k
12k
8k
5k
177.1k
29.7k
199.8k

FY2010
28.1k
11.5k
0k
39.6k
9.6k
49.2k
60k
12k
8k
9k
134.6k
36.7k
171.3k
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FY11: Total Project 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

FY2011
29.2k
23.9k
0k
53.1k
11.2k
64.3k
50k
12k
8k
13k
140.1k
44.2k
191.5k

Budget Justification
Salary:
• Six months of Research Fellow, Dr. Seongtae Park, at $54k per annum. Fringe
benefits for this person are at a 30% rate. FY2010 and 2011 salaries are assessed
with a 4% cost of living adjustment.
• FY10 and FY11 budget includes a 6 month and a 12 month salary for a graduate
student, respectively, with the anticipation that FY09 and half FY10 will be
covered by the department as a TA. A cost of living adjustment of 4% is applied.
Fringe: UTA fringe rate for other professionals is at 30% while for students it is at 10%.
Equipment:
• FY09 budget includes purchasing 100 cm×33 cm regular GEM foils from CERN.
The final delivery cost is 2000CHF per foil with a nonrecurring tooling cost of
5000CHF. We plan to purchase a total of 40 foils to construct fifteen
100 cm×33 cm unit chambers with 10 spare foils. The cost for GEM foil purchase
is at $85k. Materials for chamber bodies are also included in this budget.
• The FY09 budget also includes purchasing the first batch of 200 KPiX v8 chips,
of which 180 will be used to construct 15 unit chambers with 20 chips to spare.
This also includes the cost for eighteen (half the thirty six total needed of which 6
are spares) 50 cm×33 cm anode boards on which the KPiX chips are mounted.
Two of these boards will make up one 100 cm×33 cm unit chamber. The overall
cost for the first batch of electronics is assessed at $50k.
• FY10 budget includes the first few TGEM boards at a cost of $10k. The
remaining 100 KPiX v8 chips and eighteen anode boards for thin GEM foils as
well as additional electronics for TGEM prototype chamber are assessed at $50k.
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Travel: Travel costs reflect cost for beam tests at Fermilab’s MTBF facility and travel to
participate in various Linear Collider and SiD related meetings and conferences.
M&S: Materials and supplies budget covers gas and other materials for prototype
construction and beam test operations. FY09 budget is larger than FY10 and 11 since
we will be constructing and operating a large number of unit chambers.
Other direct cost: This includes tuition for the graduate student, costs for publication and
others.
Indirect: The indirect cost is estimated at the on-campus rate of 49.5% for all direct costs
except for the cost of equipment.
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PROJECT OVERVIEW
We propose an R&D project which builds on previously funded LCDRD work described
in “Investigation of ECAL Concepts Designed for Particle Flow” [1]. This work was presented at the LCWS07 ILC Calorimetry R&D Review [2]. The particle-flow method of jet
reconstruction is central to the ILD and SiD detector concepts. Recent results from Mark
Thomson’s PANDORA particle-flow algorithm (PFA) demonstrate that the goals of a jet
energy resolution sufficient to distinguish hadronically-decaying W’s and Z’s is within reach
for ILD[3, 4] as illustrated in Figure 1. The PFA performance is critical to understanding
how to converge on an integrated, optimized and feasible detector design. Using more advanced reconstruction techniques, one expects to achieve further improvements in the PFA
performance. An optimized design of the sub-detectors and their overall integration is a
priority for detector R&D aimed at maximizing the scientific potential.
The project has three inter-related topics:
• advancing the ILD detector concept through optimization of the calorimeter design
and development of the reconstruction algorithms.
• analysis of CALICE test-beam data with low energy hadrons and participation in the
CALICE program.
• evaluation of calorimeter energy calibration strategies.
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These topics are very well aligned with the recommendations of the calorimetry R&D
review regarding critical detector R&D [2].
This project emphasizes assessment and development of the particle-flow and calorimetry
performance of variants of the ILD detector concept. An approach we have been developing
is to seek a thorough understanding of the errors on the individual jet energy measurements
knowing that some jets will be better measured than others. The jet energy resolution
depends strongly on the particular charged, photonic and neutral-hadron energy fractions,
and the degree of ambiguity in separating the components, and so the response function
is distinctly non-Gaussian.
As a toy example1 , suppose half the
√
√ jets have a Gaussian
resolution of 48%/ E and the other half are measured with 24%/ E resolution. If one can
distinguish the
√ two categories,
√ the effective jet energy resolution in the ensemble improves
from 35.4%/ E to 30.4%/ E. We have concentrated on applying this in the context
of π 0 mass constrained fits to the prompt photonic component of jets where significant
improvements in the energy errors and knowledge of the error assignment is at hand. We
suspect the PFA algorithm used in ILD is close to the level of maturity needed for such an
approach to start bearing fruit for the jets themselves.
We will continue to explore the conceptual design of the ECAL and its integration with
the HCAL. The ECAL technology choice and segmentation is a major cost driver for the
ILD detector design. The principal physics design criteria for the ECAL are: i) hermeticity
ii) the precise measurement of hadronic jets including taus using particle flow and iii) design
suited to a general purpose experiment.
We have made fundamental contributions to assessing the potential improvements in
jet energy measurement by applying mass constrained fits to the reconstruction of prompt
π 0 ’s. We have demonstrated that the resolution on the prompt electro-magnetic energy
component of hadronic jets can be√substantially improved √
for EM calorimeter designs with
high transverse granularity (16%/ E → on average 9.4%/ E) assuming perfect matching.
Ongoing work indicates that realistic matching algorithms can preserve the majority of this
improvement. On a jet-by-jet basis, one should be able to estimate reliably the improved
uncertainties on the neutral pion energy component. A realistic assessment of the potential
of this technique requires substantial work. It should be undertaken now with high priority
because the ramifications for the ECAL technology choice and the ECAL longitudinal sampling frequency (major cost driver) are likely to be considerable. The study will address:
i) the interplay between angular resolution and energy resolution ii) ability to reconstruct
soft photons iii) photon/hadron separability. An initial primary goal of the work will be to
complete a realistic study including relevant detector effects with a detector design suited
to this application.
The KU group joined CALICE in January 2008 and participated in the 2008 Fermilab test-beam program. The focus of the proposed CALICE activity will be collaborative
analysis of already collected “physics prototype” test beam data with low energy hadrons
using the Si-W ECAL, the analog scintillator-steel HCAL and the tail-catcher/muon-tracker
(TCMT). We are interested in developing collaborative proposals which add qualitatively
new physics capabilities for future CALICE test-beam campaigns and potentially future
integrated tracker+calorimeter facilities. Areas of potential interest are: timing instrumen1

indicative of jets with and without significant neutral hadron energy components
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Figure 1: a) Reconstructed total energy (GeV)
√ using Pandora PFA with the ILD00 detector for

light quark events with | cos θthrust | < 0.7 at s = 200 GeV. b) Parametrized dependence of rms90
jet energy resolution on jet energy for variants of an ILD-like detector based on the LDC model.
LDC (blue), LDC’ (green), GLD (red). Note that for a Gaussian response function, σ = 1.26 rms90 .

tation, particle identification, tagged-photon beam-line, π 0 reconstruction, beam tracking,
timing-based pile-up rejection, neutron-sensitive scintillators and direct measurement of
scintillator saturation.
At KU, we have continued to develop our HEP detector lab focussing on experimental
measurements with simple well-defined plastic scintillator setups. We are using sources to:
i) evaluate source-based calibration and quality assurance strategies relevant to sampling
calorimeters and ii) test the modelling of particle interactions with matter in GEANT4.
We have encouraging results from a self-triggered gamma-subtracted conversion electron
technique. We plan to investigate an externally triggered technique using back-scattered
gammas detected in a NaI detector to select forward-scattered electrons from Compton
scattering. We are gaining experience with pixelized photon detectors and are planning to
use them in more realistic calibration scenarios and for timing applications.
These mostly calorimetry topics are also relevant to the SiD concept. However as a
practical matter given that ILD and CALICE both use the same mature software framework
and given Wilson’s commitment to ILD, specific detector results will be targeted at ILD.
BROADER IMPACT
The project supports participation of undergraduates in research. Two undergraduate
students, Eric Benavidez, and Donald Claus, who worked on this project, were awarded
McNair scholarships. Over the last five years the project has also given the opportunity
for one senior physics or engineering-physics major per year to work on a semester-long
design project. We will illustrate the research with suitable graphics or movies which depict
particle interactions in detectors and envisage that a computer-literate undergraduate would
learn a great deal and would help communicate the science to a broader audience.
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2 GeV
1.5 GeV
1 GeV

Figure 2: Intrinsic ECAL resolution study for e+ e− → ννh, h → γγ. Left panel: contours
√ of aver-

age mass resolution dependence on stochastic and constant terms for this final state at s = 1 TeV.
Right panel: di-photon invariant mass distribution with electron and positron beams polarized 80%
and 60% respectively to favor WW-fusion production (increases signal and non-resonant νe νe γγ
background). This plot is for stochastic and constant terms of 10% and 1% respectively corresponding to an average mass resolution of 1.25 GeV.

RESULTS OF PRIOR RESEARCH
Wilson has been involved in linear collider related research since 1995 [5]. Our first
funding from the UCLC LCDRD program was received for FY2005 through the UCLC
LCDRD program and amounted to 80.5k$ over three years. Results have been reported in
the FY2006 and FY2007 renewals. The latter [1] reports on work prior to December 2006.
We refer to our previous report for work carried out more than two years ago and focus
here on linear collider related activities in the last two years.
Results have been reported in several forums [6, 7, 8, 9, 10, 11, 12, 13, 14, 4], notably
LCWS07-Hamburg, ALCPG07-Fermilab, ILD-Zeuthen, CALICE-Manchester and LCWS08UIC and indicate continued productivity despite the 2008 funding hiatus. Wilson has also
been heavily involved with the ILD steering group preparing the LoI and an engaged participant in the ILD detector optimization work. Some representative examples of the newer
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work are outlined below.
We have looked in some detail at h → γγ and the measurement of the Higgs branching
ratio to γγ at high energy as a constraint on the intrinsic ECAL resolution [13]. Representative results are shown in Figure 2. It turns out that because the production is dominated
by WW-fusion, the average energy of the photons is relatively modest, leading to the conclusion that both the stochastic and constant terms are of similar importance on the relative
scales shown in the figure.
We have continued to explore the use of mass-constrained fits to prompt π 0 ’s as outlined
in the project overview. Our approach has been to identify the fundamental issues and to
explore those in simple well-defined steps, leaving the complete implementation in a specific
detector model and full simulation to a later stage when we have a good understanding of
the design requirements.
We have previously demonstrated with a full simulation of a highly granular ECAL
design that the critical issue for achieving exceptional photon angular resolution is the
measurement of the transverse position of the initial conversion point. In a model with
1mm × 1mm Si pixels and 5/7 X0 samplings we have found a position resolution of 300 µm
for 1 GeV photons. This is 5 times better than one would naively
√ estimate from fitting the
depth integrated shower profile, and scales as the cell-size (d/ 12). Current Si-W ECAL
detector designs like that of SiD with 3.5 mm pixels, or ILD with 5 mm pixels and a longer
lever arm are capable of achieving di-photon opening angle resolutions of around 2 mrad.
Most of the cost of these solutions is related to the Silicon area. Therefore there is a lot
of potential for much better angular resolution, especially given technological developments
such as MAPS [15] with 50 µm cells, and the fact that it is only critical to have really fine
granularity near the front of the calorimeter.
Our previous work has provided a “proof-of-principle” of the power of mass-constrained
fits. At first sight it might seem surprising that we were relatively undaunted by the combinatorics in the context of hadronic events. An essential aspect is that the photon-pairs
which offer the most potential gain in π 0 energy resolution are the easier to detect symmetrically decaying ones. We know that it will be impossible to correctly reconstruct all
photon-pairs all the time, but it should be feasible to reconstruct many of the useful ones
with high efficiency. We reported previously on the improvement in energy resolution on the
prompt π 0 energy by assuming that all photons were paired up correctly (perfect pairing)
where we found that the stochastic resolution could be improved from 16.0% to 9.4%. We
have now extended those results to the more realistic case where we have implemented a
matching algorithm which matches sibling photons to parent π 0 ’s based on the fit probability, the measured mass and error, and the photon energies. The improvement is illustrated
in Figure 3. The stochastic energy resolution of this component has improved from 15.7%
to 12.0%. There is still room for further improvement, but this is already a rather encouraging result with potentially important consequences for the cost and performance of
the ECAL. In the current algorithm, we have indications that it is rather important to be
able to reconstruct low energy photons. We currently assume that photons with energies
exceeding 100 MeV can be reconstructed. We suspect that this dependency is not so much
a result of those photons being essential to the energy reconstruction, but to helping resolve
the matching ambiguities.
The above implementation of a matching algorithm is not well suited to assessing
5
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fit results for the resolution on the prompt π energy sum √for 10,000
relative
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sum (no fitting), and EG is the true generator
value. Lower graph: Fitted prompt π energy sum
√
stochastic residual defined as (EF − EG )/ EG where EF is the fitted prompt π 0 energy sum with
our preliminary matching algorithm. Units are GeV 0.5 .
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Figure 4: Sketch of the combinatoric matching problem of matching sibling photons to parent π 0 ’s
in hadronic events. On the left, each of the 8 detected photons is represented by a black vertex,
with viable pairings as π 0 ’s indicated as black dotted-lines. One “mirror photon” vertex in blue is
added for each detected photon as a construction to ensure that there is always a perfect matching
solution such as that illustrated on the right, where all vertices are paired with one and only one
other vertex. The problem reduces to choosing suitable edge (connecting-line) weights such that the
perfect matching solution with minimized total edge weight gives a good fit to the full reconstruction
of the prompt electromagnetic component of the hadronic event or hadronic jet.

whether the chosen set of pairings is optimized in a global sense per event or per jet.
It is also desirable to be able to easily visualize what is going on, have a scalable algorithm and a method for dealing naturally with unmatched photons. After consulting with
J. Martin, a KU mathematician specializing in combinatoric problems, we were oriented
towards the literature on graph theory, matching problems and related algorithmic implementations [16]. We have cast the problem as a “weighted non bi-partite matching problem”
where the detected photons are vertices in a graph, and the potential matches are edges
connecting potential pairings. We have introduced the concept of “mirror photons” which
guarantees an even number of “photons”, and allows for a detected photon to not be matched
at all to another detected photon as would be reasonable in practice when there are some
orphan photons. This is illustrated in Figure 4. We are using a fast C implementation [17]
of Edmonds’ Blossom algorithm [18] and have been investigating various schemes for assigning weights to the various photon pairings in the context of finding the match which
minimizes the sum of the weights. This work is at an early stage where performance similar
to what has already been achieved has been reproduced. We will address the robustness of
the matching solution by varying the weights and allow for iterative re-matching based on
the global χ2 and energy resolution improvement potential.

7
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CALICE
The KU group joined CALICE in January 2008 following the recommendations of the ILC
Calorimetry R&D Review. Wilson participated in the 2008 Fermilab test-beam program and
the CALICE collaboration meetings at Argonne and Manchester, presenting the status of
the KU energy calibration studies detailed below [14]. Being a member of CALICE assures
access to real data which can be used to test some of the ideas we have been developing,
but also requires sufficient resources to be able to contribute in a meaningful way to the
collaboration.

Lab Developments and Energy Calibration Techniques
We have continued to develop our lab., centered around a VME based data acquisition system with multi-channel QDC’s and TDC’s for measurements with scintillator-based detectors. Undergraduates Eric Benavidez and Jonathan van Eenwyk originally worked together
with Wilson on the commissioning of this system with a DAQ implementation based on
LabView. In 2007, we transitioned to a Linux platform DAQ based on the VM-USB VME
Controller with C/C++ libraries. We now have a well integrated setup with facilities for
rate, charge and time measurements. David File (graduate student) has led the software
development and has put in place an object-oriented approach which is facilitating the
integration of several VME boards.
We have continued measurements with simple well-defined scintillator setups first started
with graduate student Matt Treaster (2006). The motivation of this study is three-fold:
evaluating the performance of individual detector layers, testing the modelling of particle
interactions with matter in GEANT4, and evaluating calibration strategies. We have placed
particular emphasis on the response to electrons from internal conversion sources such as
Bi-207 and Cs-137 which provide mono-energetic electron lines in the 0.5 - 1 MeV range.
These electrons usually deposit all their energy in 5 mm of scintillator, but also frequently
deposit all their energy in thinner detectors. This energy range is well matched to the energy
deposition scale of MIPs, and also is very relevant to the evaluation of the performance for
multi-GeV electrons and photons. We also have at hand several other standard sources:
Sr-90, Tl-204, Co-60, Co-57, Cd-109, Ba-133, Na-22.
David File has been focussing on the experimentation, while Brian van Doren (graduate
student) worked in Summer 2008 on the simulation and first-principles fitting. This work
has been reported in other forums [8, 14]. In the current setup, the thickness of upstream
wrapping materials is about 30 mg/cm2 ; which will be eliminated when we go to a light-tight
box arrangement (in progress). This will reduce energy loss and should make it possible to
observe directly the Compton edges in the without absorber data.
Figure 5 gives a good summary of the current preliminary status showing data from
Bi-207 both without and with an upstream absorber for electron filtering. We find that a
particularly promising technique is to look at the measured rate difference between these
two runs, which should elucidate the electron component. In the lower plot we see that the
structure in the electron contribution from the various electron lines is partially resolved
consistent with the expectations from the simulation. However the first-principles comparison of data with the electron simulation does not satisfactorily account for the number
of electron-like events observed particularly at energies below the peaks, and the current
8
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Figure 5: Measured charge distributions from a Bi-207 source using a BC-408 5mm thick 1-inch
diameter plastic scintillator disk directly mounted to a self-triggering 2-inch photo-multiplier. Upper Panel: Measured data without (blue triangles) and with a 6mm polyethylene absorber (red
squares). Lower Panel: Rate difference for data (black squares). Superimposed (blue histogram) is
the simulated contribution from conversion electrons using GEANT4.9.1.p02. The simulated data
√
has been adjusted in normalization, energy scale (2025 ADC counts/MeV) and resolution (4%/ E
(MeV) Gaussian) to approximately fit the pronounced absorption peak from K, L and M conversion
electrons in the data associated with the 1064 keV transition in Pb-207. The data plots are pedestal
subtracted and dead-time corrected.

9
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Figure 6: Initial photo-electron spectrum obtained from a MPPC-100 module under green LED
illumination coupled to an optical fiber at room temperature. The LED was pulsed at 1 kHz for
100 ns duration. The amplifier tail pulses with a 50 ns time constant were integrated using a CAEN
V965 charge integrating ADC with a 1 µs gate to minimize partial integration of dark current pulses
at the gate edges. ADC saturation accounts for the accumulation near 3500 ADC counts. The insert
shows the dark count spectrum obtained with the LED off (the dark count rate is about 550 kHz).

comparison does not give a simultaneously good fit to the energy scale in both the 0.5 MeV
and 1 MeV regions. We also find similar but smaller inconsistencies in the energy scales
determined from the two Compton edges in electron-filtered data.
We are in the process of improving the experimental design and the monitoring of
pedestal, rate and temperature stability to ensure better medium-term repeatibility. We
have been investigating various potential explanations for the discrepancies and have been
able to test and exclude several hypotheses. Some of the open potential explanations for
the energy scale issues are: uncertainties in the upstream material modelling, light collection efficiency vs scintillator depth, Cerenkov radiation. We suspect the discrepancies
in the electron continuum height may most easily be explained by poor modelling of the
back-scattering of partially absorbed electrons which is expected to be the dominant cause
of electrons being measured with much lower energy. We expect that careful further experimentation with some collimation will shed light on what is happening.
We have also developed a setup for measuring the scintillator emission time distribution
10
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of scintillating fibers using the self-triggered PMT used in the above studies as a trigger.
This work was developed by Donald Claus who worked on a senior engineering physics
student project in Spring 2008 and worked with Wilson in Summer 2008 on a McNair
scholarship. Claus showed considerable flair for mechanical design and obtained emission
time distributions for multi photo-electron events. The next steps will be to reduce the
light levels to measure single photo-electrons and incorporate correlated charge and timing
information.
We have also gained some experience with pixelized photon detectors suited to fiber
readout. We have in hand 100, 400, and 1600 pixel versions. Figure 6 shows recent results
of LED tests with a MPPC-100 module which has a 65% photon detection efficiency specification. We are planning to evaluate the timing performance of these devices with a view
to developing a design for a photon timing layer in the ECAL.
FACILITIES, EQUIPMENT AND OTHER RESOURCES
We have lab space and equipment suited to our needs with access to an excellent machine
shop, an electronics technician, an instrumentation design lab with engineering support,
and have adequate computing resources.
FY2009 PROJECT ACTIVITIES AND DELIVERABLES
We will focus on advancing the ILD detector concept through optimization of the
calorimeter design and development of the reconstruction algorithms.
A primary goal will be to complete and document a realistic study on the potential of the
π 0 reconstruction to improve jet energy resolution. The study will include relevant detector
effects with a detector design suited to this application. We will address: i) the interplay
between angular resolution and energy resolution ii) ability to reconstruct soft photons
iii) photon/hadron separability iv) conversion and non-prompt photon finding. In the full
detector simulation study we will quantify the importance of photon-hadron confusion by
comparing results in which we simulate all particles and only simulate the electro-magnetic
particles.
We plan on show-casing the improvements possible through jet specific energy resolutions
in the context of a specific physics channel. One choice could be e+ e− → ννh, h → qq
where the boson intrinsic width is expected to be negligible on the scale of the experimental
resolution.
We will continue our work on the photon reconstruction for particle flow algorithms
and plan to contribute to both PandoraPFA and the calorimeter-based particle-flow-object
particle ID package developed by Alexei Raspereza for ILD. Deliverables will include characterization of the photon reconstruction performance in energy and direction as a function
of energy and polar angle and as a function of photon-hadron separation distance. The
photon longitudinal track fit that we developed will be included in the standard photon
reconstruction.
We also plan on investigating the optimization of the longitudinal segmentation of the
ECAL. In particular, is it necessary to have expensive Silicon sampling in the rear half of
the ECAL? We will explore a transition to scintillator ECAL or analog HCAL technology
already at depths of around 12 X0 .
11
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We will investigate calibration issues for longitudinally subdivided ECAL sections. This
will involve sampling corrections as a function of shower depth/age, and will necessitate
reconstruction of the photon conversion point shower by shower. This work has synergies
with our photon angular reconstruction work.
We plan on continuing our involvement with the CALICE test-beam activities. We
are particularly interested in making sure that there is a good understanding of the beamline and beam quality. We are interested in developing collaborative proposals which add
qualitatively new physics capabilities for future CALICE test-beam campaigns. Areas of
potential interest are: timing instrumentation, particle identification, tagged-photon beamline, π 0 reconstruction, beam tracking, timing-based pile-up rejection, neutron-sensitive
scintillators and direct measurement of scintillator saturation.
We will develop an analysis of CALICE test-beam data which is synergistic with our
detector optimization studies. CALICE has already submitted for publication some basic
results from the Si-W ECAL [19, 20]. The CALICE data collected at Fermilab (17M
triggers) has the most complete detector (Si-W ECAL, analog HCAL, TCMT) and has
data taken with low energy hadron beams which is complementary to previous data-sets
collected at CERN in 2006 and 2007. There are many analyses which can be done. We plan
on looking into aspects of the photon-hadron separation in the Si-W ECAL. We want to
investigate π 0 reconstruction and the measurement of low energy photons. One interesting
direction could be to concentrate on the relatively rare (typically 0.1%) but clean chargeexchange processes like π − p → π 0 n and π − p → η 0 n [21]. Here one observes the charged
pion as a MIP in the early layers of the ECAL and then can test the ability to reconstruct
π 0 ’s and η 0 ’s using the reconstructed mass, the meson decay angular distribution, and the
two-photon miss distance. The CALICE physics prototype is potentially quite well suited
to this study since three separate longitudinal segmentations are available, but the statistics
are likely to be relatively small and with a 1 cm segmentation, the reconstruction is likely
to be challenging for π 0 ’s produced in the detector. Another less speculative approach
would be to vertex higher energy π 0 ’s which are produced in hadronic interactions in the
last beam scintillation counter (1% interaction length) 2 m upstream. We envisage that
future data-taking should place some emphasis on collecting neutral pion data from an
upstream target, and potentially incorporate a charged particle veto at the trigger level for
some dedicated running with charge-exchange enhanced data. Another potential avenue
would be to measure and compare with simulation the rate of fragment production, where
topologically disconnected apparently neutral objects are produced by charged hadrons.
These fragments be they secondary photons or secondary neutral hadrons are particularly
dangerous for particle-flow algorithms.
We will test the modelling of particle interactions with matter in the GEANT4 models
at a detailed level using simple experimental setups with sources of low energy electrons,
photons and positrons and with cosmic ray muons, and evaluate calibration strategies for
thin scintillators. We will verify and include relevant low energy processes in the GEANT4
model including Cerenkov radiation. David File should complete his Master’s research using
the self-triggered gamma-subtracted conversion electron technique with Bi-207, Cs-137 and
Ba-133 in 2008. This work promises to reach publication quality in the near future, and is
very well suited to developing experimental skills.
We plan to investigate a technique using back-scattered gammas detected in a NaI
12
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detector to trigger on forward-scattered electrons from Compton scattering in the plastic
scintillator. Gamma-ray sources would avoid the upstream material issues, allow calibration
tests at various energies, and can be externally triggered.
We plan to continue gaining experience with pixelized photon detectors and are planning
to use them in more realistic calibration scenarios and for timing applications.
PROJECT ACTIVITIES AND DELIVERABLES BEYOND FY2009
Many of the targeted issues will require further investigation beyond FY2009 and are
expected to lead to other compelling related areas of investigation. In particular the CALICE test-beams with the technological prototypes with finer granularity will take data at
the earliest in 2010.
Presuming that substantial progress is made on understanding the ECAL design, we
would anticipate shifting emphasis somewhat more towards the global detector optimization’s impact on the calorimetry, where one has to be concerned about the HCAL design
and its integration with the ECAL and the upstream material in the trackers and TPC
endplate.
TOTAL PROJECT 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

FY2009
0
25
6
31
1
32
0
18
9
4
63
27
90

BUDGET JUSTIFICATION: University of Kansas
We request full-time GRA support for a Ph.D. seeking graduate student starting in
summer 2009 who would participate in test-beam data analysis, particle-flow simulation
studies, and a showcase ILC physics analysis.
The majority of the costs are associated with personnel (in the form of undergraduate
and graduate research support), and the support for travel. The travel will involve participation in CALICE test-beam and ILD and CALICE meetings (usually coordinated to
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be back-to-back). The travel will also include research visits to DESY and Cambridge and
participation at future workshops.
The materials and supplies items are associated with detector and experiment development work in our lab.
Fringe benefits are 4% for graduate and undergraduate students. Other direct costs is
for graduate student tuition. Indirect costs are at an on campus rate of 46%.
We have a very suitable research capable graduate student who deserves to be supported.
Reduced funding levels would make it very difficult to retain this student in high energy
physics.
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Project Overview
The 4th detector is designed to meet the challenge of a high-precision detector at
a high energy e+ e− collider with energy, momentum, and spatial resolutions that are
2-to-10 times better than the four LEP detectors. We believe that fundamentally
new ideas are required to get there, and that dual-readout calorimetry is one essential
idea, an iron-free flux return is another and, possibly, a new low-mass tracker is yet
another. This project is a continuation of Project 6.18 and is essential for any further
progress on 4th concept beyond the LoI, and therefore its impact is 100%. A brief
description of these systems follows:
is an ultra-low mass drift chamber modeled on the successful KLOE chamber at Frascati, already the largest and lowest mass chamber ever
built, and filled with a He-based gas to reduce by a factor of 10 both the multiple
scattering of physics tracks and the electromagnetic conversions of beam-crossing
The tracking chamber
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Figure 1: The 4th detector showing final focus transport, the dual solenoids for iron-free
flux return, the vertex and tracking systems, and the calorimeters in yellow: inner one is
dual-readout crystal and outer is dual-readout fiber, both with time history readout. The
total depth is 10 λI and all calorimeter channels are projective with the origin. The frame
is non-magnetic, possibly Ti or SS, and is easily able to contain the magnetic pressure
∝ B2.

debris in the tracking volume. We make two new augmentations to this chamber:
(i) we clock out each wire at ∼ 1GHz and count individual clusters of electrons, providing a 3.5% measurement of specific ionization (without a Landau tail) for particle
identification in the few-GeV region, improved spatial resolution of 55µm by including all clusters in the determination of the impact parameter of the track, a dip
angle measurement and therefore a z measurement each wire, and with a 300ns total
drift time that is less than the bunch crossing time of 337 ns; and, (ii) we are using
new composite wires (made in industry) of a high tensile strength 20µm diameter
core, coated with Ni and over-coated with Ag for conductivity. These small wires
reduce the multiple scattering to be comparable to the extremely low multiple scattering in the gas, allowing lower operating voltages and therefore easier electrostatic
2
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instabilities, and lower bulkhead forces.
is just outside the tracking chamber and consists of 25X 0
(about 1 λint ) of 2cm×2cm laterally segmented BGO crystals. The primary physics
driving the BGO calorimeter is the necessity to measure τ decays to a spin-1 ρ as a
probe of the spin structure of heavy objects that may decay to τ :

The crystal calorimeter

τ ± → ρ± ν → π ± π 0 ν → π ± γγν,
and, therefore, the calorimeter must measure two photons spatially separated by
∆(Rφ) ∼ Rmπ0 /Pπ0 ∼ 2 cm for a typical P ∼ 10 GeV/c π 0 decaying from a
40 GeV/c τ . We can accomplish this with the fiber calorimeter alone, but with
less efficiency.
Simulations of this calorimeter in ILCroot yield energy resolution of
√
2.8%/ E for electrons and photons.
behind the BGO is a spatially fine-grained dual-readout
fiber calorimeter modeled after the dream module[2] with time-history readout at 1
GHz to measure the neutron content of a shower and make other particle identifications. The dual fibers are scintillation and Čerenkov for separation of hadronic and
electromagnetic components of hadronic showers. The calorimeter modules will have
fibers up to their edges, are constructed for sub-millimeter close packing, and are
projective to the origin with signal extraction on the outside so that the calorimeter
system will approach full coverage without cracks. The energy resolution calculated
in ILCroot is now[1](vii)
√
σE /E ≈ 29%/ E ⊕ 1.2%,
The fiber calorimeter

including jet reconstruction in the detector [1](vi), a result consistent with dream data
[2](i).
In addition to this raw energy resolution, the hadronic response of this dualreadout calorimeter is demonstrated to be linear in hadronic energy from 20 to 300
GeV having been calibrated only with 40 GeV electrons.[2] We are confident that this
critical capability with be of paramount importance at the ILC in which a detector
can only be calibrated with 45 GeV objects from Z decay, but must maintain a true
energy up to 10 times this energy for physics.
We have tested a bgo+dream configuration in e, π, and µ beams from 20 to
300 GeV at CERN in the beam line setup shown in Fig. 2 during July-August
2008. The energy resolution is consistent with the ILCroot simulations, being about
4.2% for 200 GeV π + , a resolution limited by the 4% leakage fluctuations in the
1 kt dream module. In Fig. 4 we show both our simulation results of 45 GeV
3
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Figure 2: Dual-readout crystal and fiber calorimeter tests at CERN (Jul-Aug. 2009).
The beam (e− , π ± , µ± ) enters from the left in this image, encountering 6 × 6cm 2 trigger
counters, an xy-beam chamber, the 100-crystal BGO array shown in this image, followed by
the dream module which is surrounded by eight large scintillating paddles to sample the
leakage from the dream module. Beams from 20 to 300 GeV were used in this test. This
configuration is close to the 4th proposed arrangement of a crystal dual-readout in front of
a deep fiber dual-readout calorimeter (but with the crystals aligned with the beam), and
allows us to practice calibrating the fiber calorimeter behind the crystal calorimeter, and
to inter-calibrate the two detectors. This work is done by the dream collaboration led by
Richard Wigmans.

single π − energy resolution, (a) and (c), and the di-jet mass resolution for jets in
the process e+ e− → Z 0 H 0 (b). The response to 200 GeV π + is shown in (d) with
4.2% resolution. In all cases, the response function is Gaussian, or nearly so, and all
events are displayed without selection.
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The muon system
consists of essentially a spectrometer between the dual solenoids1 whose magnetic
field configuration is shown in Fig. 3. This field configuration is easy to obtain
and provides a uniform tracking field, a beam ribbon twist compensation solenoid
at z ∼ 7m, a second reverse-bending of muons which penetrate the calorimeter,
a radial component of B to bend very low angle muons (∆pφ ∝ vz × Br ), a flux
return determined entirely by conductors, the cancellation of detector asymmetries
by B → −B for quark asymmetry measurements, and zero fringe field [1](ii).
This dual-solenoid field configuration is made possible by a novel “wall of coils”
(or, “end coils”) at z ≈ 6m (see Fig. 3) that turns the axial field into a radial
field that provides muon momentum bending down to small angles and also allows
us to completely control the magnetic environment near the beam line. This open
magnetic geometry also allows final focus (FF) elements inside the detector and both
openness and flexibility for a future γγ-collider option.

Magnetic field configuration and the iron-free muon system

Figure 3: The magnetic field configuration of the dual solenoids. The central tracking field
is 3.5T, the reverse field between the solenoids is −1.5T, and the field is symmetric in φ and
smooth everywhere in θ. The field can be exactly reversed to cancel detector asymmetries
in high-precision quark asymmetry measurements, and the fringe field is essentially zero.
1
The B field in this region is B ≈ −1.5T and with the same or similar wire chamber as CluCou, we will
make excellent measurements of the momenta of particles exiting the 10 λint of calorimeter. In contrast, a
muon in iron is fundamentally limited to a momentum resolution of 10%, at best, independent of field and
measurement precision.
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A final unique feature of 4th is that every subsystem makes measurements in
a spatial volume (e.g., a calorimeter volume or a tracking channel volume) that is
digitized at 1 GHz for 300 ns, and therefore there is never a nanosecond during which
nearly every cubic centimeter of the detector is not being watched. This has proven
powerful in dual-readout and in cluster-counting, but we believe it will also reward us
in assessing machine backgrounds, ‘flyers’, stray beam, albedo, etc., during physics
running. It will also be useful in the event that massive slow particles are produced,
or particles with long mean lifetimes (τ ∼ µs →ms), whose decay products pass
through the tracking system and the calorimeter. We will be able to see them.
Broader Impact
The 4th concept has had both scientific and educational impacts, and shows
prospects for future experiments.
There is growing interest in dual-readout calorimetry[2] and its anticipated use in big experiments is now being pursued2 at three major labs (CERN,
Fermilab, and SLAC) and Pisa. It is agreed that this is due to the 4th concept
designing, demonstrating, and calculating the performance of such calorimeters at
many meetings of the linear collider community over the past 3.5 years.3
The idea of an iron-free flux return is now part of the thinking among collider
physicists due to its many benefits in final focus optics, IR push-pull schemes, muon
physics, positioning and alignment, beam-beam co-stability, and γγ physics (now
proposed by Sugawara as a pre-ILC machine).4
It is true that only the big labs can build the big machines and their detectors,
but it is equally true that university groups bring ideas, new methods and students
to the labs. Both are needed and a productive balance must be achieved.
scientific

We have integrated students into our work from the beginning on
instrumentation, testing, detector simulation, and physics analyses. To date, four
doctoral theses have been written. 4th is still small enough that even a new un-

educational

2
We began ‘a 4th’ concept with the intent of “putting options on the table” in the linear collider
community, specifically in the area of hadronic calorimetry. We have continued to put new options before
the community for criticism and discussion, including a nearly massless tracking chamber, more than a
dozen novel particle identification measurements [1](iii), an iron-free flux return, and an overall geometry
with a complete root-based simulation and analysis [1](i).
3
We have given multiple talks at every linear collider and calorimeter meeting since Snowmass in 2005.
Talks at the last five such meetings are listed in reference [1].
4
Two CERN staff members have joined 4th through their interest in an iron-free flux return and its
many interesting benefits.
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Figure 4: (a) Response of 4th calorimeters (BGO crystals plus fibers) to 45 GeV pions
(calculated in ILCroot); (b) benchmark process e + e− → Z 0 H 0 → ννcc̄ for HM = 120
2
0 0
GeV/c
(c) dual readout hadronic energy resolution scales
√ , including Z Z background;
as 1/ E; (d) 200 GeV π + dream data in BGO+dream beam test configuration (Fig.
2). Resolution is 4.2%, limited by 4% leakage fluctuations. In all cases, both data and
simulations, the response of these dual readout calorimeters is Gaussian (or very nearly so)
and linear in hadronic energy over the range 20-300 GeV measured so far.

7

237

last modified: February 9, 2009

dergraduate student feels welcome and quickly becomes useful.5 One-half of the
students are female. This concept group has been able to easily integrate research
with teaching at our universities, primarily because we are small and everyone makes
an essential contribution to the work.
The dream module itself is a rectilinear volume with
absolute fiber volume uniformity and therefore applicable to fixed target experiments. Any experiment that requires good hadronic energy resolution and hadronic
response linearity can profit from the work of the dream collaboration [2]. There are
many possible instrumental manifestations of dual readout calorimetry; we have investigated only dual fibers and BGO and doped P bW O4 crystals, but the principles
remain the same.

future HEP experiments

Results of Prior Research
Prior funding from the Univ. of Oregon LCRD program of $35K (Project 6.18,
DoE Grant DE-FG02-05ER41383) has covered an additional year with zero funding.
This request is a renewal, after a one-year hiatus, and is a direct continuation of this
prior support. We have accomplished a great deal on 4th in this past year and most
importantly, we have accomplished what we proposed in the last LCDRD proposal
submission. This should serve as a measure of our capability to bring problems to
completion and present all results publicly [1, 2]. These results are a combination of
work of the 4th group and of the dream group led by R. Wigmans. Specifically,
1. we have measured the MeV neutrons liberated in hadronic showers and used
them in both “hadronic” particle identification and to improve the energy resolution of a hadronic calorimeter, Ref. [2](xii);
2. we have tested several crystals as dual-readout media, and thoroughly tested
a 19-crystal P bW O4 array and a 100-crystal BGO array placed in front of
dream as a combined em-hadronic calorimeter both of which function as dualreadout calorimeters, Ref. [2](xiii);
3. we have achieved a full simulation of 4th as a facility for e+ e− physics in the
framework of ILCroot, see C. Gatto talks[1] and we are now studying benchmark
processes for the LoI[1](i), (iv), (vi), (vii);
4. we have achieved in ILCroot a hadronic energy resolution of
√
σE
≈ 29% E ⊕ 1.2%
E
5

We lost five students (three of them undergraduates) when Congress terminated ILC funding a year
ago. We have had zero funds since then. Not being a lab-based group, the LCRD funds were our only
source of funds.
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in the 4th detector simulation. We understand some of the contributions to the
constant term and expect to improve this [1](vii);
5. we have designed and are confident that the dual-solenoid flux return can be
engineered and built. There is risk here, but we outline an R&D program to
lower these risks [1](ii);
6. we have continued to test (with cosmic µ’s) the cluster counting drift chamber.
This remarkable chamber presents very little material to not only the physics
particles from the IP, but also the em debris that will fill the tracking volume
by converting on high-Z nuclei. Its Achilles heal is occupancy in the inner layer,
but extensive ILCroot simulations put this at only 16% in tt̄ 6-jet events [1](iv);
and,
7. we have developed 14 particle identification methods in 4th that cover all partons of the standard model, including W → jj and Z → jj decays by 2-jet
mass discrimination, and missing ν by subtraction, limited by the jet energy
resolutions in the event [1](iii).
The PI of this grant request is also a member of the dream collaboration from
which 13 publications in NIM have been produced, and has contributed both work
and ideas, viz., the idea and method to measure the time-history of the whole
dream module as a means to measure the neutron content shower-by-shower, the
idea of time-history for this and other purposes, and the use of dual-readout for many
particle ID purposes.
We include extensive references at the end of this proposal to both define prior
work and to allow the reviewer to assess prior work. We list all of the dream papers,
and only include the 4th talks from the last five relevant meetings, although there
has been about 15 meetings since Snowmass 2005 when we started with 4th. This
prior completed work is essential to the proposed work to follow.
Finally, and most importantly for calorimetry, we have simulated in 4th and measured in dream the same results for energy resolutions and particle identifications.
There is no further doubt in our minds about dual-readout calorimetry.
Facilities, Equipment and Other Resources
We have sufficient resources at our institutions to carry out the proposed work
under the minimal funding assumption. The maximal funding assumes collaboration
with Fermilab in addition to international collaboration with INFN-Lecce, Budker
Institute, Korea University, etc.
FY2009 Project Activities and Deliverables
9
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1. Having delivered a Letter of Intent to build the 4th detector on 31 Mar 2009,
we will begin the detailed simulations of engineering supports and dead materials
in the detector volume that are required to assess their physics detriments. These
calculations will be in the context of the full 4th configuration with dual readout
calorimetry for both fibers and crystals, calculations of the iron-free flux return, and
laboratory tests of the cluster-counting CluCou chamber.
2. An engineering assessment of the whole 4th detector. To date, we have engineering studies of parts of the detector (calorimeter [3], tracker [4], solenoids [5]),
but not the whole.
3. A complete assessment of reconstruction efficiencies for τ ± → ρ± ν → π ± γγν
in 4th.
4. Because so much of 4th is new and unfamiliar, we face a high acceptance barrier. We have tested what we can test in beams, and are simulating what we cannot
test, and so another deliverable is a full-detector simulation that includes all that
we know for the prototype testing of dual-readout calorimeters and cluster-counting
chambers. These activities will be assessed and judged by IDAG (“International
Detector Advisory Group”, reporting to Research Director Sakue Yamada).
The LoI represents the major accomplishment for FY09, and all its associated
work. There will be explanations and clarifications with IDAG to follow for a few
of months after the LoI deadline of 31 Mar 2009, and funding for these follow-up
activities is requested in this proposal.
Project Activities and Deliverables Beyond FY2009
• Within the dream collaboration, we hope to test a fundamental goal of all e+ e−
detectors: the measurement and reconstruction of ρ → ππ 0 decays. This can
be accomplished in dream by instrumenting all 100 BGO crystals with photoconverters, putting the interaction target[2] two meters in front of the crystals,
and sending in a π − beam. There will be some fraction of the interactions that
produce
π − N → ρ− N + debris → π − π 0 + debris → π − γγ + debris.

It might be possible to find the ρ decays the same way we propose in 4th: find
two photons, calculate the 2-photon mass, and pair π 0 → γγ candidates with
a single pion in dream . This test will require 200 PMTs ($80K) or other
photo-converters, and we can use the same BGO crystals already tested.
• Optimization of basic parameters of the detector.
• The design and construction of a “scalable” module about half the mass of
dream that can be repeated and stacked 3-by-3 to form a larger, several tonne
beam-ready module.
10
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• The design and building of a cubic meter hadronic dual readout module (9 ×
a scalable module). This can be a consortium of dream and 4th, including
Fermilab and maybe calice.
• Assess photo-converters (e.g., SiPMs) for dual-readout purposes. Many people
are now doing this, some on 4th.
• Assess further crystals (and maybe glasses) for dual-readout, and study optical
light collection for uniformity and efficiency. The dream collaboration has
started this work with several doped P bW O4 crystals.
• Develop front-end electronics for selected photo-converters in collaboration with
Fermilab.
• Assess the possibilities for large, lower cost and lower risk superconducting
solenoids led by Cornell LNS in collaboration with Budker Institute [6].
Budgets
The off-site overhead rate at ISU is 26% of TMDC6 The fringe benefits rates
at ISU are 4.6% for undergraduate physics majors (UG) and 13.3% for graduate
research assistants (RA).
The budget is listed for three funding levels: minimal ($300K for three LoI
groups), median, and maximal ($2000K for three LoI groups). The differences are
essentially equipment and the level of engineering work to be done at Fermilab,
augmented with commensurate people and travel.
Total Project Budget, in then-year k$ (See Table 1)
Budget Justification: Iowa State University
More funding allows us to bring more people on board to solve the series of
well-defined problems we face: engineering of full detector, dead volume simulations,
scalable module design and subsequent construction, GHz digitizers with front-end
electronics with zero-suppression and, as the group becomes larger, necessary travel
for meetings and communications. Much of this work is suitable for Fermilab, and
several activities can be done in parallel.
Other professionals: Scientific personnel for dream beam tests, simulations of
dual readout, assessment of physics reach with the IDAG benchmarks processes and
further processes: minimal is one postdoc, median is one postdoc plus engineering
support at Fermilab, and the maximal $250K in funding includes engineering of the
6
The effective overhead rate at ISU is 22% of TMDC, attained by the off-site rate of 26% decremented
by the 15% of overhead kick-back that the PI receives and puts back into the project.
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Item
Other Professionals
Graduate students
Undergraduate students
Total salary and Wages
Fringe Benefits 4.6% UG;
13.3% RA; 31.3% staff
Total Salaries, Wages, and
Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs (26% of TMDC)
Total direct and indirect costs

K$ FY09
minimal
45.0
8.0
12.0
65.0
16.5

K$ FY09
median
90.0
16.0
24.0
130.0
32.0

K$ FY09
maximal
250.0
16.0
24.0
290.0
87.0

81.5

162.0

377.0

0
30.0
6.0

40.0
40.0
12.0

70.0
50.0
14.0

117.5
30.0
147.5

254.0
65.0
319.0

501.0
127.0
628.0

Table 1: FY09 budget request: minimal, median, maximal

full detector and the engineering design of a scalable module (at Fermilab). The
imminent prospects for a Fermilab project in dual readout calorimetry will require
immediate expertise from both 4th and dream personnel for a quick jump-start and
smooth productive operations.
At funding levels above the minimal, we will initiate work at Fermilab on electronics for dual readout, SiPMs in collaboration with INFN, Trieste, and DAQ electronics for the GHz digitization and zero-suppression of both the fiber and crystal
calorimeters.
Students: self-explanatory and essential for 4th.
Fringe benefits: 4.6% for UG; 13.3% for RA; and, 31.3% for technical staff.
Equipment: zero for minimal budget; $40K for PMTs/SiPMs in the median budget
for dream tests; and $70K in the maximal budget for fADC electronics for timehistory readout of a scalable module.
Travel: minimal budget is $30K for all 4th personnel travel for the year; escalating
to $40K and $50K in the median and maximal budgets for travel of engineers among
the prime institutions for design of a scalable module and for overall engineering of
the detector. This includes $10-20K for travel by A. Mikhailichenko (Cornell LNS).
Materials and Supplies: minimal budget is $6K for computer supplies, laboratory
supplies; escalating to $12K and $14K for the median and maximal budgets.
12
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Indirect costs: The off-site rate at ISU is 26% of TMDC.
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Project Overview
Resistive Plate Chambers (RPCs) are the present SiD baseline detector choices for both
the muon system and hadron calorimeter. Several types of RPCs have been successfully
constructed and tested in the worldwide HEP community. RPCs with Bakelite electrodes
were invented and developed by Santonico et a.l and used in L3, BaBar, CMS, ATLAS,
STAR, ALICE ToF, and a variety of cosmic ray and neutrino experiments, such as ARGOYBJ, OPERA.
The BESIII Muon group of IHEP (Beijing) and Gaonengkedi, Inc. (Beijing) have
developed a new type of Bakelite for use in the BES III and Daya Bay Muon Systems that
does not require linseed-oil treatment, and RPCs using this material have achieved acceptable
dark noise rates.1 These RPCs are operated in streamer mode in their present applications. So
far, the aging effects of the BESIII RPC have not been thoroughly tested, and there is no
published report available on this topic. At Princeton, a preliminary study of IHEP RPCs to
be used in the Daya Bay Muon System has indicated a significant aging effect that must be
understood and mitigated prior to use of this technology in the SiD.
The present proposal is to continue and extend our RPC aging studies using 5 so-faruntested, bare BESIII RPCs (50 x 50 cm2) that are on hand. Our machine shop will add
readout strip planes, HV cables and gas tubing to these 5 RPCs, which will then be subjected
to a new round of aging studies. To monitor the efficiency of these RPCs, we also need to
expand our cosmic-ray-trigger counter array and related electronics.
A longer-term goal of the study is to collaborate with IHEP and Gaonengkedi to develop
new variants of Bakelite that are more resistant to aging.

246

This study would be a continuation of ILC R&D on RPCs at Princeton.2,3 A summary
report of our previous work on RPC electrodes was presented in RPC2007 workshop, and
will soon be published in a special issue of Nuclear Instruments and Methods in Physics
Research, Section A.4 See also:5,6,7
RPC Aging Overview
As is well known,8 the major cause of aging in RPCs is HF vapor, which is a byproduct
of gas avalanche in the Freon-based gas mixture. There must also be sufficient water vapor
present to activate the HF vapor as a weak acid, according to HF + H2O → H3O+ + F−.
Glass RPCs with metal tubing for the gas supply permit operation at very low levels of
water vapor, therefore dramatically reducing the destructive effect of HF vapor, as shown in
the Belle experiment. However, operation of Bakelite RPCs at their nominal volume
resistivity depends on a controlled level of water vapor in the RPC gas mixture (≈ 0.4 %),
which implies that a significant level of H3O+F− is inevitable in these chambers.
The following preliminary observations from the Daya Bay RPC aging test at Princeton
deserve further study:
(1) After the equivalent of 5 years of streamer operation at cosmic-ray background
levels, a BESIII Bakelite RPC already shows some profound aging affects.
(2) The map of the aged areas suggests that details of the distribution of the gas
throughout an RPC system may have a significant effect on RPC aging..
These preliminary observations are consistent with our generic R&D results, in which
we found that without a linseed-oil coating on the inner surface for the BESIII RPC its
resistance to attack by HF vapor is much worse than linseed-oil-coated Italian Bakelite.
To repeat these tests in more systematic way and get more reliable results will be the first
goal of the proposed ILC R&D project.
A second and more important goal for this ILC R&D project is the search an oil-free
surface treatment of Bakelite that is resistant to effects of HF vapor.†

Results of Prior Research
The proposed work continues and extends studies of the BESIII (IHEP) RPC aging
performance. Following are brief summaries of previous Princeton ILC R&D results on the
HF production, adsorption and attack to the RPC electrode surface.
(1)

HF production in RPCs

The concentration of HF in the exhaust gas from an RPC was monitored by bubbling
the exhaust gas through a water-based mixture known as Total Ionic Strength Adjusting
Buffer (TISAB). The latter was chosen to permit accurate measurements of F- ion
concentration by a special-purpose probe..

†

The historical use of linseed oil on Bakelite electrodes has mitigated the issue of HF vapor at the expense of other aging
effects.
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Our test apparatus is shown in Fig. 1. The F- ions contained in the exhaust gas were
trapped by the TISAB and the resulting concentration of F- ions is measured by an electrode
probe immersed in the TISAB, which was connected to a data-acquisition system that
monitored the probe output voltage. Figure 2 shows the amount of F- ions trapped by the
TISAB vs. time. At the same time the current drawn by the RPC chamber was also recorded.

Figure 1. Fluoride probe set-up to test the production of fluoride in RPC gas mixture.

This amount of F- would be
accumulated inside the
chamber and attack the
electrode!!

Figure 2. Concentration of fluoride ions in the sampling solution vs. time.

For the first 1500 min the RPC was operated with the nominal gas mixture and HV on.
During this time HF is produced in the chamber. Some HF is flushed out of the chamber and
accumulates in the TISAB, but a significant amount remained in the chamber, adsorbed on
the Bakelite electrodes. The first straight line section shows linear dependency of fluoride
concentration on the time, which indicates the steady production of fluoride in RPC gas
discharges. This section corresponds to the un-adsorbed F- production rate. The accumulating
charge Q is calculated to be 22.5mC during streamer operation, therefore the rate is about
1.19×1019 F-/C.
The second section of the curve is recorded for pure Ar gas operation. In pure Ar the
UV light created in the gas discharge can release the adsorbed fluoride from the surface,
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therefore we can see the fluoride concentration is continuing increase. Eventually the fluoride
concentration reaches saturation, from which we can estimate the total amount of fluoride
produced. It is 0.45ppm F- in 40CC solution after accumulating 22.5mC of charge. Therefore
we derive the fluoride adsorption rate is ~2.67×1019 F-/C.
(2)

Effect of hydrofluoric acid on the resistive plate surface

We exposed various materials to a HF vapor environment in controlled ways. We
measured the surface resistivity before and after the exposure to indicate what type of
electrode is most robust against attack by HF.
The test device is shown in figure 3.

Figure 3. Test device to study effects of HF on surefaces.

The BaBar (Italian) Bakelite plate has two different surfaces: one side with a
“marble” pattern, and the other side with a uniform brown color. The “marble” surface is
smoother than brown surface, and is normally used as the surface in contact with the RPC
gas. But its resistance to HF vapor corrosion appears worse according to the test results
shown in Fig. 4. After 24 hours of exposure to HF vapor the “marble” pattern was completely
destroyed, and the surface looked very rough. The brown surface showed slight discoloration,
much less severe than on the “marble” surface.
Another test showed that a Linseed-oil coating on the Bakelite surface effectively
protected the surface from HF vapor attack. After 24 hours of exposure no discolored region
could be seen on Linseed-oil coated surfaces.
The BES III Bakelite surface was badly attacked by HF vapor, as seen in Fig. 5.
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Marble side of BaBar
Bakelite plate, the
marble-pattern is
completely disappeared,
also discolored.

Brown side of Bakelite
plate shows slightly
discolored mark.

Figure4. HF vapor corrosive action on BaBar Bakelite surface.

Figure 5. HF corrosive action on BES III bakelite surface.

The time dependence of the Bakelite surface resistivity during exposure to HF vapor is
shown in Fig. 6. In first hour of exposure the surface resistivity dropped very quickly.

Figure 6. Surface resistivity variation of BESIII Bakelite upon the exposure to HF vapor.
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Figure 7 HF vapor effect on Belle RPC glass surface, (top) before water rinse; (bottom) after water rinse.

Belle’s RPC glass surface, after exposure to HF vapor for ~24 hours, looked powdery,
as seen in Fig. 7. The powdery “skin” could be easily removed by water rinses, and the glass
surface looked chapped.
We summarize the HF corrosive effect on the surface resistivity for various RPC
electrodes in Fig. 8. The linseed-oil-coated BaBar (Italian) Bakelite was the most resistive to
the HF vapor. The IHEP Bakelite was not as good as Italian Bakelite, especially the linseedoil-coated Italian Bakelite; it was slightly better than the Belle glass electrode.

Figure 8. Surface resistivity of Bakelite before and after exposure to HF vapor.

Based on above results we can further test the damage inflicted on the electrode by
HF due to operation of RPC chamber quantitatively in following steps:
1) Pipette 90μL of 48% concentration HF acid into our test container. After the HF drop
vaporized, it will produce ~ 1.3×1021 HF molecules inside the container. The total
inner area of the container is 103 cm2, 1.3×1021/103 cm2 = 1.3×1018/cm2, that is
equivalent to a 2m2 RPC operated at 5μA for 12.4 years assuming the previous
derived HF adsorption rate = 2.67×1019 F-/C.
2) Test the surface resistivity. The ratio of surface resistivity change (before/after) is ~
500 to 900 for IHEP Bakelite. The glass surface shows similar resistivity change.
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Such a big surface resistivity reduction certainly will affect the normal RPC operation.
We didn’t test this ratio for different amount of vaporized HF, it may not be linear.
(3) Preliminary aging observation on BESIII RPCs
The Daya Bay muon system is using BESIII RPCs as one of its muon veto detector
systems.
Our aging-test setup for the BESIII RPCs is shown in figure 9. A small (50 x 50 cm2)
BESIII-type RPC is placed above a full-size (2 x 1 m2) BESIII RPC. A Co-60 source
(~0.1mCi) was placed at two locations on top of the small RPC. Since the full size RPC was
~ 10 cm farther from the source, the gamma-ray intensity was much lower that at the small
RPC; however, the total rate of gamma-ray interactions was essentially the same in both
chambers..
Aging test chamber

Co-60

Full size BESIII RPC

Fig. 9. Aging test chamber and a full size BESIII RPC with the Co-60 source and trigger counters (when
source is on, the trigger counters are turned off, they are not aligned for cosmic ray trigger.

The Co-60 source was enclosed in a copper collimator, shown in Fig. 10. Monte Carlo
calculation indicated that 80% of the gamma-rays were concentrated in a circle of radius ~
2cm on the small RPC,as shown in Fig. 10(b).

(a)

(b)

Fig. 10. The geometry of Co-60 collimator (a) and the gamma-ray distribution based on the geometry and
Gamma ray absorption (b).

The measured streamer-rate distribution among 8 strips (6cm wide each) was
surprisingly broad, as seen in Fig. 11(a), and did not resemble the gamma-ray distribution.
This is due to the limitation of the streamer-mode RPC rate capability. We use the measured
rate distribution among the strips to simulate the streamer distribution in the RPC, finding
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that the distribution shown in Fig. 11(b) resembles the distribution of 11(a). We then use this
distribution to estimate the aging dose for the RPC.

(a)

(b)

Fig. 11. Measured streamer rate distribution among 8 strips (a) and the simulated integral streamer
distribution in the aging test (b).

The currents in the RPCs are recorded all the time with two Agilent 34401A digital
multimeters via LabView.

Fig. 12. The chamber currents, before aging, showed a jump of
about dI ~ 1.3 μA when the Co-60 source was applied at hour 24.

Before the aging started we measured the change dI in chamber current due to
placement of Co-60 source near the chamber, is shown in Fig. 12. The two RPCs had similar
current jumps at 5800V and with OPERA gas mixture, the current jump dI was around 1.2 ~
1.3 μA. From Fig. 11(b) we know ~ 40% of the streamers were concentrated in a circular
region of radius R = 10cm. Then, the current dose/area can be calculated:
0.5μA•3600•24/πR2 ~ 140 μC/cm2/day ~ 4.1 mC/cm2/month. If we assume 500 pC/streamer,
the noise rate of RPC was ~ 2kHz/2m2 ~ 0.13mC/cm2/month. Thus the aging-test dose was ~
30 times the background dose. Roughly speaking, one month of of the aging test was
equivalent to 30 months of normal background operation..
The aging test started on 4/30/2008. The Co-60 source was placed above region #1 of
Fig. 13. The numbers in the 9 rectangles represent the region # mentioned in the following
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text. The locations of the gas inlet and outlet are also shown in the figure. The OPERA gas
mixture, Ar/R134A/Isobutane/SF6 (75.5/20/4/0.5%), was used at a flow rate of ~10 sccm.
After two months of irradiation, the current jump, dI, in the small RPC due to the Co-60
source showed noticeable change, see Fig. 14 (50x50, before aging and 50x50, after aging).
dI represents the DC -current-subtracted dark current, which attributes solely to the streamers.

Fig. 13. Aging test chamber.

Fig. 14. Aging chamber dark current at 5800V, w/ and w/o source.

After the first round of aging, we surveyed the efficiency in the 9 regions, with results
shown in Fig. 15. Although the efficiency plateau curves have quite different starting HV, all
of them have more than 90% efficiency above 6000V.
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Fig. 15. Efficiency plateau curves of 9 regions.

We also measured the peak spectrum for 9 regions. A noticeable spectrum distortion
can be seen for the aged region #1, as shown in Fig. 15. The spectrum on radiated region
shows a very broad distribution, although the efficiency is still high, but the distorted
spectrum may reflect the aging damage to the internal electrode. The other two spectra,
triggered on the unradiated regions, show a narrow distribution, which is a typical streamer
distribution. Unfortunately we didn’t record the peak spectrum before the aging, so we are
not sure if this is solely due to the aging, or may be just due to the bad region originally. To
make sure if the aging effect is real, we started a second round of aging test on 8/18/2008,
this time placing the Co-60 source on region #9.

Fig. 15. Streamer peak spectrum from different regions.

The second round of aging lasted for ~ 30 days. The HV was set at 6000V.
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After only 16 days another aging effect appeared: the dark currents on two RPCs
became different, as shown in Fig. 16. For the full-size RPC, some distance away from the
source, the dark current (source off) at 6000V was ~1.5μA, but in the small RPC it was now
~3.6μA! In addition, the current jump due to the source was now smaller for the small RPC.
On 9/3/2008, the 16th day in the second round of aging, the current in the small chamber
jumped from 5.89μA to 7.25μA, so dI ~ 1.36μA, but the current in full-size RPC jumped
from 4.26μA to 6.74μA,for dI ~ 2.48μA. On 9/22/2008, the 34th day, the current jumps were
from 5.13μA to 6.25μA, dI ~ 1.12μA, and 3.42μA to 5.69μA, dI ~ 2.27μA, respectively, see
Fig. 17. Apparently the aging RPC had higher background current, which very much likely
was due to the damaged Bakelite inner surface.
(a)

(b)

Fig. 16. Chamber dark currents: (a) Full-size RPC; (b) Small RPC.

Fig. 17. Chamber current jump due to Co-60 source.

At the end of the second round of aging we surveyed the dark current response in 9 regions.
By placing the source on each region and measuring the dark-current jump, dI, there, we
mapped the chamber. The response is shown in Fig. 18(b). Figure 18(a) is the response of the
full size RPC. Figure 19 shows the efficiency survey results. The most surprising feature is
that the lowest efficiency was in region #3, near the gas outlet fitting, not in the two
irradiated regions.. The efficiency in region #7, by the gas inlet, was also surprisingly lower
than that in the central region #5; this region is farthest one from two irradiated regions. The
scatter plot of efficiency vs. dark current jump is shown in Fig. 20. Two lowest-efficiency
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points show a correlation: lower efficiency related to lower current jump, but the other
regions did not follow this trend.

(a)

(b)

Fig. 18. Current jump, dI, due to a Co-60 source placed over 9 regions, (a) full size RPC; (b) aging RPC.

Fig. 19. Efficiency survey results at the end of second
round of aging tests.

(4)

Fig. 20. Scatter plot of efficiency vs. current
jump, dI, for 9 regions.

Summary of the aging test results

As we mentioned above one month of aging test is equivalent to 30 months of cosmicray background operation. After two months of aging, some aging effect had already
appeared. An additional one month aging at a different location caused serious aging; in
some regions the efficiency dropped dramatically.
We propose a working model based on the three observed aging phenomena: 1) The
gas outlet region suffered aging the most; 2) For the downstream RPC in a daisy chain of
RPCs gas inlet region also suffers badly; 3) The radiated region was not the most damaged
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region. These facts point to a picture that the HF generated in the streamers stays in the gas
volume, pollutes the entire RPC, and the aging is the greatest where the chance to adsorb the
pollutant is the highest. This could be the reason why the regions near the gas outlet and inlet
damaged most. Because the gas flow has to go through the small diameter fittings there,
inevitably the pollutant will be forced to converge in the nearby regions.
Proposal for Further R&D on RPC Aging
The preliminary aging test had many uncertainties. Some small detailed differences
may have caused hugely different results. The result presented above is from only one setup,
and has not been repeated. In this first try to do a systematic aging study for BESIII RPC, the
test procedure was not well organized, making the reliable comparison difficult. Also the
cosmic-ray-trigger system was too small (5x5cm2) to collect sufficient data in short time. A
survey of 9 5x5cm2 required 7-10 days. Due to lack of a decent optical microscope we
haven’t opened the aged chamber to check the inner surface.
Now that the BESIII-type Bakelite (with its advantageous oil-free operation) is known
to be more vulnerable to the HF attack, we should make further improvement in surface
treatment of this material.. The chief engineer, Mingfa Su, of the Bakelite manufacturer is
willing to be involved in the R&D, but only in the second half of calendar 2009, after
completing his present commitments to the Daya Bay project. He has the resources (material,
facility, manpower, etc.) to put various ideas into action. We have discussed several new
techniques for producing more robust Bakelite before. If this ILC R&D project can be
approved, we can start the work by the last quarter of 2009.
Facilities, Equipment and Other Resources
Princeton has most of the test equipment, facilities and expertise for doing this research.
The new pieces of equipment we are seeking for funding are the following:
(1) Specialist Inspection Stereo Microscope (Lynx VS8), Vision Engineering
This advanced stereo zoom microscope can be in the range of x7 to x40 magnification.
Equipped with additional lenses, the magnification can be increased to x160. The best feature
of this device is the patented eyepieceless stereo microscope. Using its rotatable stage, we
can survey the surface morphology of various RPC electrodes in detail. Because it is optical,
we’ll be able to tell the color change after the aging. The basic unit costs ~ $7,500,
additional lenses cost ~ $2,500.
(2) Cosmic-ray-trigger counter array
We already have 10 100x7.5cm scintillation counters, which were made during BaBar
LST project. We only equipped two of them with PMTs. We need to purchase 8 R1306
Hamamatsu tubes with the socket assemblies to finish the whole trigger array. Total
hardware cost is estimated at ~$6,000.

FY2009 Project Activities and Deliverables
We have several untested bare BESIII RPCs (50 x 50 cm2) on hand. Our machine shop will
put on the readout strip planes, HV cables and gas tubing. We plan to make 5 such test
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prototypes and put them through HV training. Finish the cosmic ray trigger counter array and
related electronics.
FY2009 Milestones:
1. Purchase the optical microscope, open the previously aged RPC and survey the inner
surface;
2. Set up expanded cosmic-ray-trigger counter array;
3. Prepare 5 new BESIII-type test RPCs;
4. Start a new round of aging tests.
Project Activities and Deliverables Beyond FY2009
In the following years we will collaborate with IHEP and Gaonengkedi to try out various
new Bakelite electrodes:
1. Bench top test to make sure the robustness to HF;
2. General performance test for the RPC made out of the new Bakelite electrode;
3. Real aging test for the new RPC.
FY2010 & FY2011 Milestones:
1. Deliver new Bakelite sheets;
2. Deliver small test RPCs made with new Bakelite electrodes;
3. Test the general performance of the new RPCs;
4. Bench top test of the new Bakelite electrodes in HF vapor;
5. Start new aging test for these new RPCs.
Total Project Budget
Item
Machine shop (inc. benefits)
Undergraduate Students (2 months)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs (58% of non-equipment costs)
Total direct and indirect costs

FY2009
7000
2600
9600
12000
2000
9000
0
32600
5220
37820

Budget Justification
The fringe rate for machine shop personnel is 32.5% and for students it is 21.5%.
The indirect cost rate is 58%. Included in the travel budget are trips from Princeton to Beijing
for the new Bakelite study and discussion with Chinese collaborators. We plan to hire a
summer student to work on the data taking and analysis for about 1.5 months. The machine
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shop lab charge will be used for making cosmic-ray-trigger counter array and test stand, and
to assemble bare RPCs into working chambers. The materials and supplies include payment
to Gaonengkedi (or other Bakelite manufactures).
Broader Impact
To speed up the test process we are proposing to build an expanded cosmic-raytrigger array. This array will be a useful general purpose device, which can benefit Princeton
HEP groups for their future detector R&D work. It is also an ideal device to train the
graduate/ undergraduate students in detector hardware and analysis.
If we can achieve the second goal of our R&D, oil-free Bakelite surfaces with
improved resistance to HF, it will have big impact on the HEP community. Since large-area,
inexpensive muon detector systems are needed for almost every HEP experiment nowadays,
RPC systems are common at these detectors. Better performing, longer-lived RPCs will be
most welcome.
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Project Description and Status Report
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Project Overview
The 4th concept began with dual-readout calorimetry as its focus, these calorimeters were pioneered at TTU, and at this time TTU contributes to 4th through
dream tests primarily, but also contributes to the essential computing load for
the LoI and beyond, specifically, a final engineered optimization. The event generation and background generation are done on the grid (primarily Fermilab nodes, and
some INFN nodes) without problem. We are short of storage for the large multimillion event samples, and TTU can solve this problem through the acquisition of
50 Terabytes of storage and access to 1680 CPUs at TTU.
Texas Tech University has pioneered both fiber and crystal calorimetry:
The crystal calorimeter

is just outside the tracking chamber and consists of 25X0
deep 2cm×2cm laterally segmented BGO crystals (about 1 λint ). The primary physics
driving the BGO calorimeter is the necessity to measure τ decays to a spin-1 ρ as a
probe of the spin structure of heavy objects that my decay to τ :
τ ± → ρ± ν → π ± π 0 ν → π ± γγν.
1
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The calorimeter must measure two photons spatially separated by
∆(Rφ) ∼ Rmπ0 /Pπ0 ∼ 2 cm
for a typical P ∼ 10 GeV/c π 0 decaying from a 40 GeV/c τ . We can accomplish this
with the fiber calorimeter alone, but with less efficiency.
We have tested a bgo+dream configuration in e, π, and µ beams from 20 to 300
GeV at CERN.
√ this calorimeter in ILCroot yield energy resolutions
√ Simulations of
between 26%/ E and√30%/ E for single hadrons, jets, and reconstructed jets in
whole event, and 6%/ E for electrons and photons which, together with the fine
lateral spatial segmentation, will yield very well measured four-vectors.
The fiber calorimeter

behind the BGO is a spatially fine-grained dual-readout
fiber calorimeter modeled after the dream module [2] with time-history readout at
1 GHz to measure the neutron content of a shower and make other particle identifications. The dual fibers are scintillation and Čerenkov for separation of the electromagnetic component in hadronic showers. The calorimeter modules will have fibers
up to their edges, are constructed for sub-millimeter close packing, and are projective
to the origin with signal extraction on the outside so that the calorimeter system
will approach full coverage without cracks. The jet energy resolution calculated in
ILCroot is now [7]
√
σE /E ≈ 29%/ E ⊕ 1.2%,
including jet reconstruction in the detector.[8]
In addition to this raw energy resolution, the hadronic response of this dualreadout calorimeter is demonstrated to be linear in hadronic energy from 20 to 300
GeV having been calibrated only with 40 GeV electrons [2]. We are confident that this
critical capability will be of paramount importance at the ILC in which a detector
can only be calibrated with 45 GeV objects from Z decay, but must maintain a true
energy up to 10 times this energy for physics.
A unique feature of 4th is that every subsystem makes measurements in a spatial
volume (e.g., a calorimeter volume or a tracking channel volume) that are digitized at
1 GHz for 300 ns, and therefore there is never a nanosecond during which nearly every
cubic centimeter of the detector is not being watched. This has proven powerful in
dual-readout and in cluster-counting, but we believe it will also reward us in assessing
machine backgrounds, ‘flyers’, stray beam, albedo, etc., during physics running. It
will also be useful in the event that massive slow particles are produced, or particles
with long mean lifetimes (τ ∼ µs →ms), whose decay products pass through the
tracking system and the calorimeter. We will be able to see them.
Broader Impact
2
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The 4th concept has had impacts far larger than its size would imply, especially
in the area of dual-readout calorimetry. Two areas of impact are scientific (impact
on other experiments) and educational (students and group structures enabling education combined with research).
Scientific

Dual-readout calorimetry[2] and its anticipated use in big experiments
is now being pursued at three major labs (CERN, Fermilab, and SLAC) and INFN,
Pisa. It is agreed that this is due to the 4th concept designing, demonstrating,
and calculating the performance of such calorimeters at many meetings of the linear
collider community over the past 3.5 years.1
Educational

We have integrated students into our work from the beginning on
instrumentation, testing, detector simulation, and physics analyses. To date, three
doctoral theses have been written. 4th is still small enough that even a new undergraduate student feels welcome and quickly becomes useful. One-half of the students
are female. This concept group has been able to integrate research with teaching
without effort at our universities, primarily because we are small and everyone makes
an essential contribution to the work. New students are often attracted by word-ofmouth about this small group that is doing a big thing. We also disseminate our
work on the web.
Results of Prior Research
This is a new proposal. Prior results are a combination of work of the 4th group
and of the dream group led by Wigmans. Specifically,
1. we have measured the MeV neutrons liberated in hadronic showers and used
them in both “hadronic” particle identification and to improve the energy resolution of a hadronic calorimeter, Ref. 2(xii);
2. we have tested several crystals as dual-readout media, and thoroughly tested
a 19-crystal array of P bW O4 placed in front of dream as a combined emhadronic calorimeter both of which function as dual-readout calorimeters, Ref.
2(xiii). We are presently analyzing data from a 100-crystal BGO array plus
dream ;
3. we have achieved a full simulation of 4th as a facility for e+ e− physics in the
framework of ILCroot, see C. Gatto talks [1] and we are now studying benchmark processes for the LoI [5, 8, 7, 9];
1

We have given multiple talks at every linear collider and calorimeter meeting since Snowmass in 2005.
Talks at the last five such meetings are listed in [1].

3
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4. we have achieved in ILCroot a hadronic energy resolution of
√
σE
≈ 29% E ⊕ 1.2%
E
in the 4th detector simulation. We understand some of the contributions to the
constant term and expect to improve this [7].
5. we have developed 14 particle identification methods in 4th that cover all partons of the standard model, including W → jj and Z → jj decays by 2-jet
mass discrimination, and missing ν by subtraction. About half of these methods
depend on dual-readout calorimetry[6].

Head and
service nodes

Storage

Worker nodes
Related
grid services

Figure 1: Photos of the existing computing, storage, and related components of the existing
Tier-3 and related systems at TTU. The Antaeus cluster operates as part of the Open
Science Grid and includes relevant services described below.

Facilities, Equipment and Other Resources
For the LoI and the completion of a full physics design of 4th concept, we require
extensive use of ILCroot simulations, storage, and grid resources. The High Performance Computing Center at TTU operates a variety of computational resources for
high energy physics that represent an opportunity in this regard, including a CMS
Tier-3 Center with 240 cores of Intel Xeon cpu and 45 TB of dedicated storage for
CMS, and has recently also added a new 1680-CPU cluster that is so far not used
for high energy physics. Opportunistic access can be granted to both of these facilities if we supply the storage that will be needed to house and provide access to the
4th concept ILC data. The above facilities and infrastructure already exist, to be
augmented with 50 Tb of storage we seek in this proposal.
4
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TTU High Performance Computing Center
High Energy Physics OSG Cluster Configuration
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(Job Submission)
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Server
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Other TTU
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and systems
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Figure 2: (Diagram showing the layout of grid systems at TTU. The configuration includes
OSG compute element (CE), storage element (SE), authentication and authorization services, as well as a Squid-based cache used to provide local high speed access to database
content. Another large cluster, Grendel, is available at TTU in addition to the one above
that can also be used once we provide storage needed for 4th concept data operations.

In more detail, the existing Tier-3 center can be made available by the TTU
HEP group immediately within the limitations as stated above. The current need
is for approximately 50 TB of additional storage to support 4th concept operations.
Storage space can be added relatively inexpensively to this cluster, as it is based on
gigabit-ethernet connectivity.
At present rates, this can be added for approximately $25k (including needed
additional network hardware and metadata controllers for the underlying Lustre
open source file system) if deployed on the Antaeus cluster, or for approximately
$35k if targeted for the larger Grendel cluster, which uses Infiniband interconnects
and higher-redundancy hardware. The collaboration will make the selection between
these two options dependent on its need for access to the larger number of cpus
available on Grendel.

5
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FY2009 Project Activities and Deliverables
1. In addition to the Letter of Intent to build the 4th detector, extensive use of
the grid and storage at TTU will be used for the detailed post-LoI optimization of
the detector.
2. Because so much of 4th is new and unfamiliar, we face a high acceptance
barrier. We have tested what we can test, and are simulating what we cannot test,
and so another deliverable is a full-detector simulation that includes all that we know
for the prototype testing of dual-readout calorimeters and cluster-counting chambers.
The LoI represents the major accomplishment for FY09, and all its associated
work. There will be explanations and clarifications with IDAG to follow for a few
of months after the LoI deadline of 31 Mar 2009, and funding for these follow-up
activities is requested in this proposal.
Project Activities and Deliverables Beyond FY2009
• The dream collaboration led by TTU can test a fundamental goal of 4th
concept: the measurement and reconstruction of ρ → ππ 0 decays in a crystal
dual-readout calorimeter. This can be accomplished by instrumenting all 100
BGO crystals with photo-converters, putting the interaction target (IT)[2](i)
two meters in front of the crystals, and sending in a π − beam. There will be
some fraction of the interactions that produce
π − N → ρ− N + debris → π − π 0 + debris → π − γγ + debris.
It might be possible to find the ρ decays the same way we propose in 4th: find
two photons, calculate the 2-photon mass, and pair π 0 → γγ candidates with
a single pion in dream .
• The design and construction of a “scalable” module about half the mass of
dream that can be repeated and stacked 3-by-3 to form a larger, several tonne
beam-ready module.
• Assess photo-converters for dual-readout purposes. Many people are now doing
this, including some work at TTU.

6

266

last modified: February 9, 2009

Budgets
The Physics department at TTU is able to manage the travel, small stipends, and
expenses budgeted as part of this project. The effective overhead rate at TTU is 46%
of TMDC, and fringe benefits are 1% of salary for both undergraduates, graduates
(RAs) and postdocs, plus $290/mo. for RAs and postdocs.
Total Project Budget, TTU, in then-year k$
Item
Other Professionals
Graduate students
Undergraduate students
Total salary and Wages
Fringe Benefits2
Total Salaries, Wages, and
Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs (46% excluding equipment)
Total direct and indirect costs

k$ FY09
0
12.0
6.0
18.0
3.0
21.0
35.0
10.0
0
66.0
14.3
70.3

Table 1: FY09 budget request.

Budget Justification: Texas Tech University
The primary support we require is for computational support and personnel. The
equipment is for storage required to handle Monte Carlo data sets produced by TTU
and elsewhere for this collaboration. Secondly, we require travel funds for meetings
at Fermilab, including dorm room support and per diem for students and other 4th
collaborators. We expect to meet at Fermilab as necessary, but more frequent contacts with collaborators will be necessary after the LoI since more detailed questions,
such as engineering, will be addressed. In particular, the simulation of the effects of
dead volumes in the detector is very computationally intensive with the consequent
storage demands we have planned for in this project. TTU will provide access to its
Antaeus cluster (also used for CMS) and depending on the storage hardware chosen, can also enable access for the 4th concept collaboration to its larger 1680-core
Grendel high performance computing resource
Texas Tech is able to offer this access though its internal partnership between
the High Energy Physics Group and the TTU High Performance Computing Center.
7
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This arrangement has proven very beneficial to the operation of our base program.
The efficiencies gained by having our hardware contributions operated and monitored
by the professional staff provided at no cost to the program by the university have
produced a computing center that is widely acknowledged as being well-configured,
reliable, and operated to high standards for physics computation, Monte Carlo and
analysis.
By implementing the storage that we need to do this work in this context, we can
take advantage of the existing Tier-3 cluster at TTU as well as opportunistic access
to other cpus in clusters at TTU, as well as more widely on the Grid.

8
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PROJECT DESCRIPTION
and
STATUS REPORT

Research and Development of Hardware and Algorithms for Hadron
Calorimetry for SiD.

Personnel and Institution(s) requesting funding
Institution:

M.I.T.

Personnel: Prof. Ulrich Becker, Prof. Peter Fisher, Dr. Ray Cowan
Collaborators
None.
Project Leader
Prof. Peter Fisher
Em
Phone

ail fisherp@mit.edu
617-253-8561

Project Overview
This project consists of two parts, both regarding calorimetry studies for the SiD Detector
Concept. Part I is a hardware R&D effort investigating fill gas performance and
alternative readout techniques for the SiD HCAL (hadronic calorimeter) using macro or
“thick” GEMs . Part II is a software simulation and analysis R&D effort directed toward
obtaining optimal-performing neutral particle and jet energy resolutions from the SiD
HCAL and ECAL (electromagnetic calorimeter) and toward evaluation of SiD detector
design as a function of tracking system radius, calorimeter depths and segmentation,
overall detector length, magnetic field strength, and HCAL material and readout, and
total colliding-beam energy. These two parts bear an integral relationship, especially of
concern if the default SiD concept’s HCAL readout system and technology (RPCs) is
deemed to be inadequate in neutral particle/jet energy resolution performance. Detailed
knowledge of calorimeter performance will be invaluable in finalizing the SiD Detector
Concept design.
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Broader Impact

This project would have effects that go beyond the immediate benefits of a more detailed
understanding of how detector parameters influence calorimetry performance. The
particle flow analysis algorithms will be useful for the new liquid argon neutrino
detectors or any other detector that uses tracking in a dense medium. The thick GEMs
provide a rigid, robust alternative to wires or GEMs at a lower cost and this could prove
useful in dark matter, neutrino or X-ray detectors. Researchers at MIT are active in all
three areas, so there will be a high degree of cross fertilization.
All of our projects happen because undergraduates and junior graduate students get
involved. The undergraduates are partly funded through the Undergraduate Research
Opportunities Program (UROP). This project will expose students to state-of-the-art
detector development R&D with both hardware and software aspects. While advancing
our understanding in this new way of doing calorimetry, the project will give students an
opportunity to apply their classroom and laboratory learning and experiences to a realworld application.
Results of these studies will be made available to the high-energy physics community as
publications and as reports at conferences and workshops. Comparison of results from
this study with similar work by the other ILC detector concept efforts will promote a
deeper understanding of the technology and its likely future use at the ILC or elsewhere.
Establishing the real-world performance limits of particle-flow algorithms and their
relation to hardware concerns will be applicable to other high-energy physics
experiments unrelated to the ILC.
Potential benefits of this project to society at large must be considered in the larger
context of what the best possible detector performance at an ILC or in other advanced
applications would contribute. The best-possible performance for a given technology
choice ultimately gives us the best information for the minimum cost from experiments
performed using that technology. People are curious creatures. We have always been
involved in discovering how the world we live in works, how it behaves, and, in the best
cases, applying that understanding to improving the world we live in and to improving
ourselves. Forefront high-energy physics research is very likely to yield significant,
important knowledge about the natural world and how it works, as it has done over and
over again in the past.
Results of Prior Research
Dr. Ray Cowan has many years of experience in physics software R&D and analysis
which are core competencies needed for the particle-flow algorithm R&D component of
the project. In the past year, working with Lawrence Bronk (undergraduate) he carried
out initial studies of SiD PFA performance. They studied RPC vs. scintillator readout,
steel vs. tungsten absorbers, and HCAL radius using the SiD PFA version available at
that time. This study needs to be repeated with the latest SiD PFA and SiD design, and

273

last modified: February 9, 2009

with more variations and with variations in other parameters including number of HCAL
layers, radius, length, and B-field. Dr. Cowan has worked on studies of PandoraPFA
performance using an "SiD-like" detector design (really a variant of the LDC design
concept with radius, B-field, and other major parameters modified to SiD-like values).
This work was done with Marcel Stanitski of RAL who studied performance at lower
center of mass energies, mostly below 250 GeV. His part was to work on the higher
CMS energies above 250 GeV. The study was never fully completed due to the amount
of time required to simulate and reconstruct events (at 500 GeV CMS energies, this was
over 15 minutes for a single event on desktop linux boxes). While this technique yields
some insight into SiD performance, it's not as reliable as simulations using the full SiD
design, especially including the digital HCAL with RPC readout.
Dr. Cowan’s plan is to run PandoraPFA on a full SiD design using digital instead of
analog readout and RPCs instead of scintillator. He has also begun a study of the use of
iterative reclustering, one of the strengths of PandoraPFA, as applied to SiD. His plan is
to port PandoraPFA to java with appropriate modifications for use in the SiD
environment and study especially the origin of the "confusion terms" that arise from
invalid pattern recognition between MIPs, clusters, and split-off clusters, This is
especially dominant at higher CMS energies and may be the limiting factor in PFA
performance.
Prof. Ulrich Becker has many years of prior experience in R&D of gaseous detector
component design and the hardware portion of this project will make use of his extensive
knowledge. Prof. Becker pioneered the use of the multi-wire proportional chamber
(MWPC) in a high rate environment and the use of large drift chambers for muon
detection. More recently, his lab has carried out extensive studies of gas mixtures for
particle detectors (see http://cyclotron.mit.edu). He has also carried out extensive
students and characterization of GEM foils and worked on the development of thick
GEMS.
Facilities, Equipment and Other Resources
U. Becker operates a student run detector lab at MIT. A major feature of the lab is a 1-2
T cyclotron magnet with a 25 cm gap. The magnet is instrumented with a drift chamber
and electronics allowing the measurement of Lorentz angles and drift velocities of
various gases. Precise gas mixtures can be provided by an automatic gas handling
system. The lab is located next to the Edgerton student machine shop that, in addition to
providing a wide range of materials and machines, has a program of instruction for the
students.
For the software component of the project, access to substantial computing resources will
be needed for production and reconstruction of simulated events over a range of
colliding-beam energies and detector configurations. The need for computing resources,
especially CPU time and disk space, will be especially acute at higher energies. At MIT
we presently have access to a small batch system with approximately 100 linux boxes and
have some access to an Open Science Grid Tier-2 CMS computing site. We also have
some access to a modest amount of computing resources as SLAC via the SLAC batch
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system and at Fermilab via the ILC batch system hosted there. Access to additional
computing resources would be helpful.

FY2009 Project Activities and Deliverables
Part I. Fill gas and thick GEMs R&D for SiD HCAL.
Deliverables :
1. Study of ionization and gas amplification of candidate gas mixtures: A setup of a
cathode mesh allowing ionization in a gas volume of ~4mm thickness followed by
a double set of GEMs and a transfer gap to pads will be assembled in a gas-tight
box flushed with different gas mixtures. Recording the pulse-height distribution
from a Fe55 source (~200e) will measure the effective gain for Argon:CO2 =
70:30 as a “standard” reference to previous work done. Using this value(~3000)
as calibration, other mixtures will be evaluated. Whereas lower CO2
concentrations will yield higher gains, they will also cause the device to be more
spark prone under heavy ionization. Additives like iso-butane, water, N2, or CF4
will provide different absorption spectra in UV, thus may enhance quenching
without large loss of gain. Our automatic computer-controlled system can provide
mixtures economically and fast. The escape peak in argon-based mixtures
corresponds in ionization to a MIP. The heavy ionization will be provided by a
retractable alpha source.
2. Macro GEMs(MGEM): Also called thick GEMs (400um typically) would offer
better handling than foils, more economic coverage of the large areas in
calorimeters, and greater electrical robustness. Published measurements only were
done on very small samples (~1 cm2) therefore we plan to use 25 or 100cm2
MGEMs. TECHETCH in Massachusetts can provide those. Due to the different
ratio of thickness to the mean free electron path the gas, amplification will
depend differently on geometry,mixtures and pressure. The first year activities
will include computer-aided optimizations with a limited set of measurements in
pressure dependence around atmospheric, and one or two different mixtures for
understanding/verification.
3. Aging study: Whereas a setup exists which was used in aging studies of Atlas
tubes with a very strong source, we would like to wait until the SiD collaboration
has agreed on specific GEMs. So far Compass and other experiments have not
seen ageing with the typical Ar:CO2 I triple GEM cascades. Adding iso-butane or
other components as to use a double set only would need new confirmation.
4. Proof of principle with test beam: This would have to be in close contact with the
SID collaborators about specifics and test beam. It needs the full readout
electronics (KPiX or else) which is not included in our proposal.
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Part II. Particle-flow algorithm (PFA) R&D for SiD HCAL and ECAL and detector
optimization study.
1) Understand current PFA behavior and intrinsic limitations due to current SiD
HCAL and ECAL design (SiD02). Presently the SiD PFA performance is about a
factor of two below that seen in simulation studies using perfect pattern
recognition (see, e.g., Ron Cassell’s presentation at LCWS08). This will likely
require improvements in pattern recognition performance to reduce confusion
between hadronic charged tracks, hadronic neutral tracks, and electromagnetically
showering tracks and allow improved allocation of cluster energies to their
respective sources.
2) Understand why PandoraPFA/ILD performance generally is better than current
PFA/SiD02 performance. While part of the difference may be due to better
handling of confusion terms by PandoraPFA, it is also likely due in part to
hardware differences between the ILD and SiD calorimeters, including
calorimeter depths, segmentation, and readout technology.
3) Perform SiD detector global optimization study. Once PFA performance is better
understood, it will be very important to optimize the SiD detector concept design
in terms of detector length, tracking system radius, calorimeter depth,
segmentation and readout technology. Studies of solenoid field strength and
muon “tail-catcher” performance will also likely be needed.
It is to be noted that other researchers outside the scope of this project description will
also be working on PFA performance and detector optimization studies. We plan to
coordinate our activities with them as seems best, depending on the situation and needs at
the time.
Project Activities and Deliverables Beyond FY2009
Following initial tests of the thick GEMs and the identification and measurement of
candidate gases, we would anticipate a larger scale test, possibly in a test beam in 2010.
This would accompany conceptual designs for a thick GEM instrumented calorimeter.
For the PFA studies, we anticipate that PFA performance studies and improvements will
likely be needed in the succeeding fiscal years. We would like to continue to contribute to
these studies, involving additional students during this time period.
Budgets
Total Project Budget, in then-year k$

276

last modified: February 9, 2009

Item

FY2009

Other Professionals

5

Graduate Students
Undergraduate Students

25

Total Salaries and Wages

30

Fringe Benefits

2

Total Salaries, Wages
and Fringe Benefits

32

Equipment 18
Travel 15
Materials and Supplies

1

Other direct costs

3

Total direct costs

69

Indirect costs

33

Total direct

102

and indirect costs

For personnel, we request support for two undergraduate students ($10/h, 10 hr/week
during 28 week of term, 40 hr/week during summer) totaling $12,400/yr. Typically, MIT
will directly fund one student for each student with outside support, so we will have a
total of four undergraduates on the project. We also request $5,000 for support of our
technician, Mike Grossman, who will work 10% on this project.
We request $25,000 in equipment: $10,000 for computing equipment and disks to go into
our high performance computing facility. This will give us access to the power for the
entire facility. We request $8,000 for fabrication of thick GEMs and readout electronics
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for our lab. Finally, we request $15,000 in travel to attend SiD and ILC meetings in the
coming year.
Our budget reflects the resources needed for this project. However, if substantially less
funding is available, we could reduce our request to a single student, $13,000 of
equipment, $5,000 of travel to a total of $65,000 and still accomplish many of the goals
outlined above.
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PROJECT DESCRIPTION
and
STATUS REPORT
Development of Cost-Effective Crystal Scintillators for SiD
Personnel and Institution(s) requesting funding
Ren-yuan Zhu
California Institute of Technology
Collaborators
Adam Para and his colleagues, Fermilab
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Ren-yuan Zhu
zhu@hep.caltech.edu
(626) 395-6661
Project Overview
Inorganic crystal scintillators have been widely used in high energy physics (HEP) experiments
to construct electromegnetic calorimeters (ECAL). Recently proposed homogeneous hadronic
calorimeter (HHCAL) detector concept uses homogeneous materials for the entire calorimeter,
including both ECAL and hadronic calorimeter (HCAL), to provide good resolutions for
electrons, photons and hadronic jets. This HHCAL detector concept removes the traditional
boundary between ECAL and HCAL, so eliminates the effect of dead materials in the middle
of the hadronic shower development. The unprecedent crystal volume required for such
calorimeter, however, calls for a cost-effective material of high density. The adaption of
dual readout to achieve good hadronic jet energy resolution calls for good UV transmittance
and spectral discrimination between the Čerenkov and scintillation light. Among the massproduced crystal materials of high density, BGO (Bi3 Ge4 O12 ), PWO (PbWO4 ) and lead
fluoride (PbF2 ) are three potential candidates for this detector concept.
PbF2 is featured with the lowest cost because of its low raw material cost, cubic structure
and low melting point (824◦C). It, however, is not a scintillator although fast UV scintillation
light in Gd doped PbF2 crystal samples grown at Shanghai Institute of Ceramics (SIC) was
observed by C. Woody et al. In a close collaboration with SIC and Scintibow our recent
investigation found consistent photo- and x- luminescence in several rare earth doped PbF2
samples. The emission spectra of these doped PbF2 samples were found to be peaked in the
green and red, which is desirable for the Čerenkov/scintillation discrimination. PWO crystals
have been widely used in HEP experiments because of its very high density and fast decay
time. It also has a potential of low cost although not as low as PbF2 . Supported by DOE’s
Advanced Detector Research award, our previous investigation found that the blue emission
of PWO crystals may be shifted to the green by selective doping, which may facilitate spectral
discrimination between the Čerenkov and scintillation. BGO is a good candidate material for
1
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this detector concept. Its high raw material cost, however, seems prohibitive for the required
material volume of up to 100 cubic meters.
Based upon experience accumulated in the last two decades the Caltech group proposes to
carry out a R&D program to develop cost-effective crystal scintillators for the HHCAL detector concept for SiD at the ILC. Crystal samples will be grown at SIC and Scintibow, and
will be characterized at Caltech. Studies of the dopant distribution, the crystal structure
and defects will be carried out. Data obtained will be cross-correlated with crystal’s optical and scintillation properties, such as transmittance and luminescence spectra, light yield,
decay time, light response uniformity and radiation hardness, and will be fed back to the
manufacture. This will lead to improved crystal quality. The ultimate goal of this program
is to develop cost-effective crystal scintillators of sufficient large size for the HHCAL detector
concept for SiD at ILC.
Broader Impact
Inorganic crystal scintillator is a fast developing area. In the last two decades several new
scintillators were discovered, e.g. LSO(Lu2 SiO5 ), LYSO(Lu2(1−x) Y2xSiO5 ) and cerium doped
lanthanum tri-halides, such as LaCl3 and LaBr3 . These discoveries have great impact in three
application areas: physics experiments, medical instruments and homeland security applications. Because of its excellent energy resolution (< 3%, FWHM) for 137 Cs source LaBr3 ,
for example, is considered as a primary material for homeland security instruments. LSO,
LYSO and LaBr3 are being used in the 2nd and 3rd generation of the PET scanner. The
proposed research can serve as one integrated part of the worldwide research on crystal scintillators. After a successful completion of this program cost-effective crystal scintillators with
good radiation resistance will find wide applications in HEP and nuclear physics experiments,
computed tomography, oil-well logging and other medical applications. The development of
PbF2 as an effective scintillator may revolutionize the entire crystal scintillator industry. SIC
is a world known institution for research and development of inorganic crystal scintillators.
This effort may also be considered as one aspect of the US-China HEP collaboration program
to facilitate worldwide collaboration.
Results of Prior Research
Motivation
Total absorption shower counters made of inorganic crystal scintillators have been known for
decades for their superb energy resolution and detection efficiency [1]. In high energy and nuclear physics, crystal electromagnetic calorimeter (ECAL) has been constructed for precision
measurement of photons and electrons. Because of their good energy and position resolutions
and identification and reconstruction efficiencies for electron and photon measurement their
use has been a key factor in the successful physics programs of many experiments. Physics
discovery potential of crystal ECAL was early demonstrated by the Crystal Ball experiment
through its study of radiative transitions and decays of the Charmonium family [2]. Figure 1
(Left) shows nearly all the principal radiative transition lines of the Charmonium system
simultaneously measured by the NaI(Tl) crystal calorimeter. The designed goal of the CMS
lead tungstate (PbWO4 ) crystal calorimeter [3] is to maximize its physics discovery potential in searching for narrow resonances of photon and electron final states at LHC. Figure 1
(Right) shows the expected background subtracted Higgs peak reconstructed with its two
decay photons by the CMS PbWO4 calorimeter. The ability of the Higgs discovery via this
decay channel is directly related to the energy and position resolutions of the calorimeter.
2
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Figure 1: Left: An inclusive photon spectrum measured at the ψ 0 by the NaI(Tl) crystal calorimeter of the Crystal Ball experiment at SLAC [2]. Right: The expected background subtracted
Higgs mass peak reconstructed from its two photon decays measured by the CMS PbWO4 crystal
calorimeter [3].
The homogeneous crystal ECAL is well understood [1]. With proper calibration and monitoring, crystal ECAL usually achieves its designed goal in situ [4]. Crystals have recently been
proposed to construct homogeneous calorimeter, including both electromagnetic and hadronic
parts [5]. This homogeneous hadronic calorimeter (HHCAL) concept removes the traditional
boundary between ECAL and HCAL, so eliminates the effect of dead materials in the middle
of the hadronic shower development. It also takes advantage of recently implemented dual
readout approach to measure both Čerenkov and scintillation light to achieve good energy
resolution for hadronic jet measurement by compensation [6, 5]. A detector design was proposed [5], where homogeneous material of 5×5×5 and 10×10×10 cm3 cubes was used as basic
building block. Based upon our experience accumulated in building crystal ECAL, a pointing
geometry would provide good resolutions for both energy and position measurements, and
thus a good jet mass reconstruction. Figure 2 shows a schematic of a typical HHCAL cell with
pointing geometry [7]. It is similar to a typical calorimeter cell of a crystal ECAL, but with
several longitudinal segments and a total length of 1 m. Such detector depth would provide
100 cm

10

5x5 cm 2

10x10 cm 2

Figure 2: A schematic showing a typical cell for the HHCAL detector concept with pointing geometry [7].
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up to 5 nuclear interaction lengths, adequate for the hadronic jet reconstruction. The readout
devices are mounted on the side faces of these crystal segments. This is possible because of
the latest development in compact solid state readout devices, such silicon PMT. Because of
the huge volume (up to 100 m3 ) foreseen for the HHCAL detector concept, development of
cost-effective homogeneous medium is crucial.
Requirements to Crystals for the HHCAL Detector Concept
Table 1 lists basic properties of inorganic crystals with mass production capability existing in
the market: NaI(Tl), CsI(Tl), undoped CsI, BaF2 , bismuth germanate (BGO or Bi4 Ge3 O12 ),
lead tungstate (PWO or PbWO4 ), cerium doped lutetium oxyorthosilicate (Lu2 SiO5 or LSO) [8,
9, 10] or cerium doped lutetium yttrium oxyorthosilicate (Lu2(1−x) Y2xSiO5 , LYSO) [11, 9, 10]
and lead fluoride (PbF2 ). All these crystals, except LSO/LYSO, have been used to construct
crystal ECAL in physics experiments as shown in the last row of the table. LSO/LYSO
calorimeters are being proposed, but yet to be constructed. About 1 m3 PbF2 crystals of 20
cm long are used as Čerenkov radiator to construct an ECAL for the A4 experiment at the
MAinzer MIcrotron (MAMI) facility in Mainz with excellent energy resolution reported [12].
Because of the unprecedent volume (up to 100 m3 ) foreseen, the material used for the HHCAL
detector concept must be dense (to reduce the total volume) and cost-effective. Mass produc-

Table 1: Inorganic Crystals for High Energy Physics Experiments
Crystal
NaI(Tl)
3
Density (g/cm )
3.67
◦
Melting Point ( C)
651
Radiation Length (cm) 2.59
Molière Radius (cm)
4.13
Interaction Length (cm) 42.9
Refractive Indexa
1.85
Hygroscopicity
Yes
Luminescenceb (nm)
410
(at Peak)
Decay Timeb (ns)
230

CsI(Tl)
4.51
621
1.86
3.57
39.3
1.79
slight
560
1250

Light Yieldb,c

100

165

d(LY)/dTb,d (%/◦ C)

-0.2

0.4

Experiment

Crystal
Ball

CLEO
BaBar
BELLE
BES III

CsI
4.51
621
1.86
3.57
39.3
1.95
slight
420
310
35
6
3.6
1.1
-1.4
KTeV

BaF2
4.89
1280
2.03
3.10
30.7
1.50
No
300
220
630
0.9
36
4.1
-1.9
∼0
TAPS

BGO
7.13
1050
1.12
2.23
22.7
2.15
No
480
300
21
-0.9
L3
BELLE

PbWO4
8.3
1123
0.89
2.00
20.7
2.2
No
560
420
30
10
0.3
0.077
-2.5

LSO(Ce)
7.40
2050
1.14
2.07
20.9
1.82
No
420

PbF2
7.77
824
0.93
2.21
21.0
1.82
No
?

40

?

85

?

-0.2

?

CMS
ALICE
PrimEx
Panda

SuperB

A4 at
MAMI

a At the wavelength of the emission maximum.
b Top line: slow component, bottom line: fast component.
c Relative light yield of samples of 1.5 X0 and with the PMT quantum efficiency taken out.
d At room temperature.
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Figure 3: A photo shows 5×5×5 cm3 samples of three candidate materials for the HHCAL detector
concept.
tion capability exists for all materials listed in Table 1. The unit cost of PbF2 in USD/cc is
among the lowest for all materials of such density because of its low raw material cost, cubic
structure and low melting point (824◦C). The materials used to construct a HHCAL with
dual readout should be UV transparent to effectively collect the Čerenkov light. It should
also allow a clear spectral discrimination between the Čerenkov and scintillation. Among the
crystals listed in Table 1, BGO, PbWO4 and PbF2 are three candidate materials. Both BGO
and PbWO4 are well known scintillator with reasonable UV transmission. While PbF2 is a
dense material (7.77 g cm−3 , X0 = 0.93 cm, RM = 2.21 cm and λI = 21 cm) with very good
UV transmission, it is not known as a scintillator. Development work is needed for PbF2 and
PbWO4 crystals to be used for the HHCAL detector concept.
Osc.
cosmic ray

80

60

60
T% of UG 11
PbF2, TWEM: 1.00
BGO, TWEM: 0.53
PWO, TWEM: 0.21

40

40

Cherenkov Radiation
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Transmittance (%)

Cherenkov Radiation (a.u.)
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Coin.
And
PMT 1
Disc.
PMT 3
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PMT 2

0

200
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400

500

600

0

Wavelength (nm)

Figure 4: Left: The transmittance spectra of PbF2 (green), BGO (blue), PbWO4 (red) and UG11
(black) are shown as a function of wavelength. Also shown in this figure are the Čerenkov emission
spectrum (dashed blue) and the normalized figure of merit for the Čerenkov light (TWEM) measurement with the UG11 filter. Right: A schematic showing a set-up used to measure the Čerenkov
and scintillation light generated by cosmic-rays simultaneously by using two Hamamatsu R2059
PMT with a bi-alkali cathode. The light pulses are recorded by an Agilent 6052A digital scope.
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To achieve good resolution for the hadronic jet measurement Čerenkov and scintillation light
components in hadronic jets must be measured individually [6, 5]. The discrimination between Čerenkov and scintillation light thus is important for the HHCAL detector concept.
The amount of the scintillation light should be adequate, not necessary to be very bright.
To facilitate a spectral discrimination, the preferred scintillation light is at a long wavelength
and well separated from the Čerenkov emission which is peaked at the UV. Given the fast
nature of the Čerenkov emission it is also desirable to have a slow scintillation light peaked at
a long wavelength to facilitate additional discrimination by using the time information. We
have investigated the Čerenkov /Scintillation discrimination by using 5 × 5 × 5 cm3 samples
of three candidate materials grown at Shanghai Institute of Ceramics (SIC): PbF2 , BGO and
PbWO4 . Figure 3 shows a photo of these samples. Samples of this size can be seen as a basic
building block for the HHCAL detector concept.
Effective spectral discrimination between Čerenkov and scintillation light can be realized
by using optical filters. Figure 4 (Left) shows the transmittance spectra of PbF2 (green),
BGO (blue), PbWO4 (red) and a UG11 filter (black) as a function of wavelength together
with the Čerenkov emission spectrum (dashed blue). A UG 11 filter was used to select the
Čerenkov light with small or no scintillation contamination. Also shown in this figure is the
normalized figure of merit for the Čerenkov measurement (TWEM) by using the UG11 filter,
which is defined as the transmittance weighted Čerenkov emission. The numerical value is
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Figure 5: Top Row: Čerenkov light pulse measured by a Hamamatsu R2059 PMT with a UG11
filter for the PbF2 (Left), BGO (Middle) and PbWO4 (Right) samples. Bottom Row: Scintillation
light front edge measured by a Hamamatsu R2059 PMT with a GG400 filter for the BGO (left)
and PbWO4 (right) samples.
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1.0:0.53:0.21 for PbF2 /BGO/PbWO4 , which would be 1.0:0.82:0.75 without using the UG11
filter. Among three candidate materials PbF2 is the one most effective in collecting the
Čerenkov light because of its good UV transmission. Figure 4 (Right) shows a set-up used
in our investigation for the Čerenkov light collection and its separation from the scintillation
light.
Cosmic-rays were triggered by two finger counters with coincidence. The Čerenkov and scintillation light pulses generated by cosmic-rays were measured simultaneously by two Hamamatsu
R2059 PMT with bi-alkali cathode and quartz windows coupled to the sample through optical
filters UG11 and GG400. While UG11 is effective in selecting the Čerenkov light as shown in
Figure 4 (Left), GG400 is a low-pass filter with cut-off at 400 nm, so is effective in selecting
the scintillation light with small contamination of the Čerenkov light. The output of these two
PMTs were digitized by an Agilent 6052A digital scope. Figure 5 shows the Čerenkov light
pulse through the UG11 filter (Top Row) and the front edge of the scintillation light pulse
through the GG400 filter (Bottom Row) recorded by the digital scope for three candidate
materials PbF2 , BGO and PbWO4 . All Čerenkov light pulses have consistent time structure
in the delay from the trigger (td , 6.1 ns), the rise time (tr , 1.8 ns), the fall time (tf , 4.2 ns)
and the FWHM (3.0 ns). The numerical values of the delay and rise time are 6.2 ns and 1.9
ns respectively for the scintillation pulse, which are consistent with what observed from the
Čerenkov light. It is interesting to note that there is no difference observed in the delay and
rise time between the Čerenkov and scintillation light, indicating that only the light pulse
width and fall time are useful for the discrimination between the Čerenkov and scintillation
light. Integration of the light pulse, starting 15 ns after the trigger, for example, may avoid
Čerenkov contamination. A slow scintillator thus may help this discrimination by using time
information.
Figure 6 shows the comparison of Čerenkov (blue) and scintillation (red) light pulses measured by Hamamatsu R2059 PMTs with the UG11 and GG400 filters respectively for BGO
(Left) and PbWO4 (Right). The advantage of a slow scintillators in Čerenkov/Scintillation
discrimination is clearly seen. The ratio of Čerenkov versus scintillation light was determined
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Figure 6: Čerenkov (blue) and scintillation (red) light pulses measured by Hamamatsu R2059 PMTs
with UG11 and GG400 filters for the BGO (Left) and PbWO4 (Right) samples.
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to be 1.55% and 22% for BGO and PbWO4 respectively for this readout configuration. These
values are consistent with the scintillation light yield shown in Table 1, the emission weighed
quantum efficiency of the bi-alkali cathode of Hamamatsu R2059 PMT and the TWEM values
shown in Figure 4 (Left). This ratio, of course, is detector configuration dependent.
In a brief summary, among the materials listed in Table 1 BGO, PbWO4 and PbF2 are three
candidates for the HHCAL detector concept with BGO having several advantages in the
Čerenkov/scintillating discrimination over PbWO4 . On the other hand, the mass production
cost of both BGO and PbWO4 are too high for the required up to 100 m3 volume. Development of cost-effective material thus is crucial for the HHCAL detector concept. PbF2 seems
the best choice because of its good UV transmission and the expected low cost.
Development of Scintillating Lead Fluoride
PbF2 has been studied in detail as a Čerenkov material [13]. Effort was made to
scintillating PbF2 through phase transition (cubic to orthorhomic) during growth.
result was reported by Klassen et al. [14], but was not confirmed by Derenzo et
Observation of fast scintillation in Gd doped PbF2 crystals was first reported by
al. of SIC [16], and was later confirmed by Woody et al. [17].

produce
Positive
al. [15].
Shen et

Figure 7 shows the γ-ray excited emission spectrum for a Gd doped PbF2 sample grown at
SIC, as compared to a undoped PbF2 sample. Two clear emission peaks at 280 and 310 nm
are observed. Figure 8 shows the pulse height spectrum measured by using a Hamamatsu
R2059 PMT for a Gd doped PbF2 sample of φ2.1 × 2.2 cm from SIC. The measurement was
carried out by using 1 GeV/c minimum ionizing particles in a test beam at AGS in BNL [17].
About 6.5 p.e./MeV with a decay time of less than 10 ns was observed. This light yield falls
short for a precision crystal ECAL.
Our recent investigation shows that rare earth doping, other than Gd, also introduces scintillation in PbF2 . Figure 9 shows the excitation, photo-luminescence and x-luminescence
spectra for Gd, Sm, Tb, Pr, Eu and Er doped PbF2 crystal samples. Samples used in this
investigation were grown by Prof. Shen at SIC and Scintibow. As shown in these plots consistent photo- and x-luminescence spectra are observed in all these doped samples. While the

Figure 7: γ-ray excited emission spectrum for a
Gd doped PbF2 sample from SIC[17].

Figure 8: Light yield of a φ2.2 × 2.2 cm Gd
doped PbF2 sample measured at AGS[17].
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Figure 9: UV excitation (red), photo-luminescence (blue)and x-luminescence (green) spectra are
shown as a function of wavelength for Gd (Top Left), Sm (Top Middle), Tb (Top Right), Pr (Bottom
Left), Eu (Bottom Middle) and Er (Bottom Right)dopes PbF2 samples.
scintillation spectra of Er, Pr and Tb doped PbF2 samples is peaked at the green (500 nm),
it is peaked at the red (600 nm) for Eu and Sm doped samples. As discussed above these
emissions peaked at a long wavelength is more favorable than that of Gd doped sample for
the Čerenkov/scintillation discrimination.
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Figure 10: Scintillation pulse shape and corresponding fit of its decay time for Sm (Left), Tb
(Middle) and Er (Right) doped PbF2 samples.
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a width of a few ns. The wavelength of the laser was tuned to sample’s excitation peak. The
emission light, passing through a monochromator tuned to its emission peak, was recorded
by a digital scope. Figure 10 shows the scintillation light pulse shape and corresponding fit
to an exponential decay for Sm, Tb and Er doped PbF2 samples. The numerical values of
the decay time were measured to be 8.5, 7.0, 5.0 ms and 1.5 ms respectively for Eu, Sm, Tb
and Er doped PbF2 samples. These decay times are too long to be useful for calorimeters of
high energy physics experiments, but may find applications in medical industries.
In a brief summary, rare earth doping introduces luminescence center into PbF2 crystal lattice.
It seems that the fast luminescence, e.g. d → f transition, is quenched in these samples, and
slow luminescence (parity forbidden f → f transitions) are observed. For further development
we plan to continue to work on rare earth doping and also try to introduce other luminescent
ions, e.g. transition metal ions or even anion doping etc. As discussed below slow scintillation
light of µs decay time was observed by anion doping in the PbWO4 crystals. Since fluorides
are good hosts for doping ions, scintillation adequate for the HHCAL detector concept is
expected in doped PbF2 based crystals.
Modification of PbWO4 Emission
As shown in Table 1 yttrium doped PbWO4 is widely used in high energy physics experiments.
Mass produced PbWO4 crystals doped with yttrium have a low light output peaked at the
blue (420 nm). About 10 p.e./MeV measured with a PMT of bi-alkali cathode. Supported by
previous Advanced Detector Research award effort was made to modify the PbWO4 scintillation. Early Glow Discharge Mass Spectroscopy (GDMS) analysis shows that contaminations
of certain impurities, especially molybdenum, were responsible for the slow scintillation component in PbWO4 , as reported by Kobayashi et al. [18] and Zhu et al. [19]. Following this
line, PbWO4 samples doped with PbF2 and BaF2 (F− doping) were grown and were found
with their scintillation properties significantly modified.
The emission peaks of PbF2 and BaF2 doped PbWO4 crystals were found to be moved
from 420 nm to 560 nm with luminescence intensity increased by a factor of ten [20]. The
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Figure 11: Left: Photo-luminescence spectra for a yttrium doped sample S762, a PbF2 doped
sample Z24 and a BaF2 doped sample Z20. Right: The light output is shown as a function of
integration time for samples Z24, Z20 and S762.
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corresponding decay time was found to slowed down from tens ns to a few µsec. Figure 11
(Left) shows the photo luminescence spectra for a yttrium doped sample S762, a PbF2 doped
sample Z24 and a BaF2 doped sample Z20. As shown in this figure that PbF2 and BaF2 doped
samples have similar photo-luminescence peaked at 560 nm, while that from yttrium doped
sample is peaked at 420 nm. Figure 11 (Right) shows a comparison of light output, measured
by using a Hamamatsu R2059 PMT with a bi-alkali photo-cathode, for three PbWO4 samples
Z24 and Z20 and S762. The photo electron yield of PbF2 and BaF2 doped PbWO4 samples
were found 5 to 8 times of that of the yttrium doped crystal. Taking into account the
difference of the quantum efficiencies of the PMT used in this measurement these doped
samples produce up to ten times more light than the yttrium doped PbWO4 , with decay time
of a few µsec. In a brief summary, PbWO4 crystals may also be tuned to have emission light
peaked at the green to facilitate the Čerenkov/scintillation discrimination.
Past Awards from DOE and NSF:
• FY04-FY09, $500k, Laser Based PWO Crystal Monitoring System Maintenance and Operation for the CMS Experiment at LHC, NSF PHY-0441423, PHY-0516857 and PHY0612805.
• FY06-08, $240k, Cerium Doped LSO/LYSO Crystal Development for Future High Energy
Physics Experiments, DOE ADR DE-FG02-06ER41427.
• FY04-06: $225k, Lead Tungstate Crystal Development for Severe Radiation Environment, DOE ADR DE-FG02-92ER40701.
Relevant Publications in the Last Five Years:
• R.H. Mao, L.Y. Zhang and R.-Y. Zhu, Crystals for Homogeneous Hadron Calorimeter,
paper N55-4, presented in 2008 IEEE NSS/MIC at Dresden, will be published in IEEE
Trans. Nucl. Sci.
• R.-Y. Zhu, Precision Crystal Calorimeters in High Energy Physics: Past, Present and
Future, Invited Paper in Proceedings of SPIE Vol. 7079, 70790W, (2008).
• R.H. Mao, L.Y. Zhang and R.-Y. Zhu, Optical and Scintillation Properties of Inorganic
Scintillators in High Energy Physics, IEEE Trans. Nucl. Sci. NS-55, 2425-2431 (2008).
• R.H. Mao, L.Y. Zhang and R.-Y. Zhu, Emission Spectra of LSO and LYSO Crystals
Excited by UV Light, X-Ray and Gamma-ray, IEEE Trans. Nucl. Sci. NS-55, 17591766 (2008).
• J.M. Chen, R.H. Mao, L.Y. Zhang and R.-Y. Zhu, Gamma-Ray Induced Radiation
Damage in Large Size LSO and LYSO Crystal Samples, IEEE Trans. Nucl. Sci. NS54, 1319-1326 (2007).
• J.M. Chen, R.H. Mao, L.Y. Zhang and R.-Y. Zhu, Large Size LSO and LYSO Crystals
for Future High Energy Physics Experiments, IEEE Trans. Nucl. Sci. NS-54, 718-724
(2007).
• J.M. Chen, L.Y. Zhang and R.-Y. Zhu, Large Size LSO and LYSO Crystal Scintillators
for Future High Energy and Nuclear Physics Experiments, Nucl. Instrum. Meth. A572,
218-224 (2007).
• J.M. Chen, R.H. Mao, L.Y. Zhang and R.-Y. Zhu, A Study on Correlations between
the Initial Optical and Scintillation Properties and their Radiation Damage for Lead
Tungstate Crystals, IEEE Trans. Nucl. Sci. NS-54, 375-382 (2007).
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• R.-Y. Zhu, Precision crystal calorimeters in high energy physics: Past, present and
future, AIP Conference Proceedings, Volume 867, 61-75 (2006).
• J.M. Chen, R.H. Mao, L.Y. Zhang and R.-Y. Zhu, A radiation damage and recovery
study for lead tungstate crystal from BTCP and SIC, AIP Conference Proceedings,
Volume 867, 252-257 (2006).
• R.H. Mao, L.Y. Zhang, R.-Y. Zhu, Quality of Mass-Produced Lead Tungstate Crystals,
IEEE Trans. Nucl. Sci. NS-51 1777-1783 (2004).
• R.-Y. Zhu, Precision Lead Tungstate Crystal Calorimeter for CMS at LHC, IEEE Trans.
Nucl. Sci. NS-51 (2004) 1560-1567.
Facilities, Equipment and Other Resources
The Caltech group has extensive experience in developing high quality scintillating crystals
in collaboration with various crystal vendors, such as the BGO crystals for L3 in 1981-85
[21], BaF2 crystals for GEM in 1988-93 [22], CsI(Tl) crystals for BABAR in 1994-96 [23],
PbWO4 crystals for CMS in 1995 to 2005 [24] and LYSO crystals for SuperB since 2005 [25].
Following facilities and equipments exist at Caltech for the characterization of optical and
scintillation properties.
• A 50 curie 60 Co γ-ray source and a 2,000 curie 137 Cs γ-ray source. They provide well
calibrated radiation environment, and can be used for spectroscopic measurement during
irradiation, e.g. the radio-luminescence spectrum with Oriel 257 monochromator.
• An Amptek ECLIPSE-III x-ray tube. Together with Oriel 257 monochromator it can
be used to measure x-ray excited luminescence.
• A Hitachi F-4500 fluorescence spectrophotometer. It is used to measure excitation and
emission spectra.
• A PerkinElmer Lambda 950 and a Hitachi U3210 UV/visible spectrophotometers with
double beam, double monochromator and a large sample compartment equipped with
a custom Halon coated integrating sphere. These spectrophotometers can be used to
measure longitudinal transmittance for samples of up to 30 cm length with a precision
better than 0.2%.
• Several LeCroy QVT and their interface with PC. Together with fast electronics they can
be used to measure crystal’s light output, decay kinetics and light response uniformity.
• An OPOTEK Opollet 355 II + UV tunable pulsed laser with pulse width of 6 to 8 ns,
which can be used as a tunable pulsed excitation light source.
• A Neslab temperature stabilizer. It can be used to measure crystals under different
stabilized temperatures.
• A Lindburg Blue-M tube furnace with automatic temperature control. It can be used
to anneal crystals with defined temperature profile.
Studies of the trace element content and distribution, the stoichiometry and crystal structure,
and the density and distribution of color centers are carried out either at Caltech or in commercial companies and laboratories. Data obtained from specially prepared doped samples
will be cross-correlated to the crystal quality, such as light yield, transmittance and radiation
hardness, and will be fed back to SIC and Scintibow. This will lead to improved processing
technology. As a result of the improved control of raw materials, crystal growth and processing
methods, crystals with better quality, satisfying the requirements will be developed.
12
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FY2009 Project Activities and Deliverables
We plan to follow the following schedule in our research program, which will be optimized and
adjusted during the course of the program. In the 1st year (F209) very large number of doped
PbF2 and PbWO4 crystals will be procured from SIC and Scintibow and will be characterized
at Caltech. The spectroscopic response (transmittance and emission), light output and decay
time will be measured. The goal of this period is to develop a recipe for doped PbF2 or
PbWO4 crystals with initial quality adequate for future HEP experiments.
Project Activities and Deliverables Beyond FY2009
Based upon the result of the first year, in depth chemical analysis and investigations on
structure defects will be carried out for crystal samples and to correlate with their performance
and radiation hardness. Work in the 2nd year (2010) will be concentrated on the crystal
quality improvement for the selected doping. A decision will be made in choosing either
PbF2 , BGO or PbWO4 . The radiation hardness of crystal samples should be improved to a
level adequate for future HEP experiments.
The work in the 3rd year (2011) will be devoted to the development of large size crystals of
consistent optical and scintillation properties, so that they can be used in HEP experiments.
Mass produced crystals will be evaluated in batches and approaches of reducing production
cost will be investigated. The goal of this period is to establish mass produced capabilities of
the chosen crystal with adequate cost and ready to be used in HEP experiments.
Budgets
Total Project Budget, in then-year k$
Item

FY2009

1% of PI Salary
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits (25%)
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Crystal Samples from Vendors
Total direct costs
Indirect costs(52.4% not applied to sample orders)

1.2
40.4
0
8.4
50
12.5
62.5
0
10
9.5
50
132
43

Total direct and indirect costs

175

Budget justification:
We request $175,000 for developing cost-effective scintillating crystals for the HHCAL detector concept for SiD at the ILC. The physics motivation of this proposal is to maximize physics
13
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discovery potential by providing excellent resolutions for electrons, photons and hadronic jets.
The direct goal of this program is to develop large size scintillating crystals with a unprecedented combination of optical and scintillation properties, excellent radiation hardness and
low cos. The requested funds will be used to provide a partial support for a staff scientist (Dr. Rihua Mao) procurement of crystals samples from SIC and Scintibow, travel to
crystal vendors and necessary material and supplies, including material characterization in
commercial companies. The break down of the $175,000 request is listed in the table above.
In addition the PI, Dr. Ren-yuan Zhu will spend a significant fraction of his research time
on this project and will oversee its success. As the PI 1% of Dr. Ren-yuan Zhu’s salary is
charged to this project according to the Caltech regulation. Dr. Zhu has extensive experience
on development of high quality scintillating crystals, and has been working on a variety of
crystal scintillators including BGO, CeF3 , CsI, CsI(Tl), PbWO4 , LSO and LYSO crystals in
the last two decades. At SIC, Prof. Guohao Ren, Hui Yuan and Jun Fang will participate
in this project. Prof. Ren is the group leader for halide crystals at SIC, Prof. Yuan is the
group leader of the PbWO4 crystals. Prof. Fang is the general manager of SICCAS for crystal product. At Scintibow, Prof. Dingzhong Shen will participate in this project, who has
extensive experience in halide crystal growth and has recently developed a technique to grow
fluoride in air by using graphite crucible.
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PROJECT DESCRIPTION
and
STATUS REPORT
Construction and Testing of a Digital Hadron Calorimeter
Personnel and Institution(s) requesting funding
John Butler, Eric Hazen, Shouxiang Wu (Boston University)
Burak Bilki, Edwin Norbeck, Yasar Onel (University of Iowa)
Collaborators
Tim Cundiff, Gary Drake, Victor Guarino, Ed May, José Repond, James Schlereth,
David Underwood, Ken Wood, Lei Xia, QingMin Zhang (Argonne)
Marcel Demarteau, Jim Hoff, Scott Holm, Ray Yarema (Fermilab)
The CALICE Collaboration.
Project Leader
Yasar Onel (University of Iowa) and John Butler ( Boston University)
Yasar Onel <yasar-onel@uiowa.edu> and John Butler <jmbutler@bu.edu>
Project Overview
The aim of this project is to develop a hadron calorimeter optimized for the application of
Particle Flow Algorithms (PFAs) to the measurement of hadronic jets [1]. Such
calorimeters require very fine segmentation, both laterally and longitudinally [2].
Resistive Plate Chambers (RPCs) are considered an excellent candidate for the active
medium of a finely segmented calorimeter. RPCs are simple in design, robust, reliable
(when utilizing glass as resistive plates), cheap and their readout can be segmented into
small pads (or strips).
We have taken a staged approach to the development of an RPC-based hadron
calorimeter, with the following major steps:
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1

Study of various RPC designs utilizing an analog (14-bit) readout system.

2

Development of a digital (1-bit) readout system able to read out large numbers of
channels in a cost effective way.

3

Assembly and testing of a small prototype calorimeter utilizing the entire electronic
readout chain. This step validates our technical approach and is necessary before
embarking on the construction of a larger prototype.

4

Construction of a larger (1 cubic meter) prototype section with 40 layers and of the
order of 400,000 readout channels. This step will validate our concept of a digital
hadron calorimeter and provide precision measurements of hadronic showers with
unprecedented spatial resolution. The latter are needed for the validation of hadronic
shower models.

5

Further development to optimize the technology and prepare for the construction of a
technical prototype.

6

Construction of a technical prototype, defined as a module which could be inserted
into a colliding beam experiment.

We have initiated the construction of the larger prototype section (step 4), but are already
planning the future developments (step 5) leading to the construction of a technical
prototype.
Broader Impact
The proposed digital hadron calorimeter is a novel concept and an essential part of the
development of a detector optimized for the application of PFAs, as pursued by both the
SiD and ILD concept groups. If validated successfully, it will lead to improved
measurements of hadronic jets at a future lepton collider. Due to its novel approach, our
project advances not only the understanding of hadronic showers, but also calorimetry in
general.
Based on the current funding levels, the project supports two graduate students (from
University of Iowa and IHEP, Beijing). The students are contributing in a major way to
the construction effort and to the analysis of data obtained with the small calorimeter
prototype.
Resistive Plate Chambers are being used in a variety of applications. Our group has made
two significant new developments: a) we developed a pad readout system and b) we
developed thin chambers with only one resistive plate. These developments are also of
interest to the scientific community outside of particle physics. In particular, applications
in medical imaging devices, such as PET scanners, are very promising.
Results of Prior Research
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The project started in 2001 and already produced number of results. Following is a short
summary of the major achievements:
-

-

-

-

-

-

-

-

-

RPCs based on various designed were built and extensively tested with an analog
readout system. The chambers were either read out with a large single pad or an
array of 1 x 1 cm2 pads. The results have been published in Nulc. Instr. and Meth.
[3].
A digital readout system based on a custom front-end chip, the DCAL chip, was
developed. The DCAL chip reads out 64 channels and provides a hit-pattern
together with a time stamp with a resolution of 100 ns. The gain of the front-end
can either be high (for operation with e.g. GEMs) or low (for operation with
RPCs). A common threshold is applied to all 64 channels and can be set in a
signal range between 5 - 700 fC. The readout system includes a pad board (with 1
x 1 cm2 pads), a front-end board (housing the DCAL chips), a data concentrator
board (DCON) and a data collector (DCOL) board. The trigger and timing signals
are provided by a Timing and Trigger Module (TTM). Details of the readout
system can be obtained from [4].
A small prototype calorimeter consisting of up to 10 layers, each with an active
area of 16 x 16 cm2 was assembled. The prototype was tested extensively with
cosmic rays and in the Fermilab test beam.
Muons in the Fermilab test beam were used to calibrate the individual layers of
the prototype. The analysis measured the MIP detection efficiency and the pad
multiplicity. The results of this analysis were published in [5]. The paper also
included a detailed measurement of the noise rate in the chambers.
The primary proton beam at varying intensity was utilized to establish the rate
capability of the RPCs. The data analysis is complete and has been supplemented
with theoretical calculations. A paper draft is in preparation.
The prototype calorimeter was exposed to pions and positrons with and energy of
1, 2, 4, 8, and 16 GeV. Measurements of the response, resolution and longitudinal
and lateral shower shapes have been performed. The data is in reasonable
agreement with simulations based on GEANT4. A paper draft is in preparation.
Long-term studies of the response of the RPCs have been performed with cosmic
rays. Data have been collected over a period of 18 months and have been used to
study the effect of the environment on the response of the chambers. Clear
correlations with changes in temperature and air pressure have been observed. A
paper draft summarizing the results is in preparation.
Construction of the cubic meter prototype section has initiated. The design of the
DCAL chip has been finalized and the necessary amounts of chips (~6000) have
been fabricated. The chips are in the process of being packaged.
The first large size RPCs to equip the prototype section have been built and are
being tested.
A gas mixing and distribution system for the prototype section has been designed.
Parts have been ordered and assembly is imminent.
A High Voltage system capable of providing 120 channels with voltages up to 7
kV has been found. A software package for computer control setting and
monitoring of the voltages has been developed.
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Facilities_ Equipment and Other Resources
Both Boston University and University of Iowa have excellent electronic shops.
FY2009 Project Activities and Deliverables
In FY2009 the group will deliver the following items:
- Based on the data from the small prototype calorimeter an additional three papers
will be submitted for publication
1) Measurement of the Rate Capability of Resistive Plate Chambers
2) Measurement of the Response of RPCs as Function of Environmental
Conditions
3) Measurement of the Response of a Digital Hadron Calorimeter to Positrons and
Pions.
- The construction of the cubic meter prototype section will be completed with
120 Resistive Plate Chambers
40 cassettes for housing the chambers and providing mechanical stability
240 Pad- and Front-end boards with integrated data concentrators
20 Data collectors
5 Trigger and timing modules
1 gas mixing and distribution system
1 High Voltage system with 120 channels
- Development of an analysis framework compatible with the other projects within
the CALICE collaboration.
Boston University is responsible for the production of the 20 data collectors plus spares.
The design is finalized. In addition, Boston University is responsible for implementing
the data analysis frame work.
University of Iowa is responsible for both the gas and the high voltage systems. In
addition, University of Iowa is involved in the data analysis from the small prototype
section.
Project Activities and Deliverables beyond FY2009
In FY2010 and 2011 the group will test the cubic meter prototype section in the Fermilab
test beam. The calorimeter will be exposed to muons and pions and positrons of various
energies. The response and energy resolution will be measured together will
characteristics of hadronic showers, such as the lateral and longitudinal shower shapes,
which are relevant for Particle Flow Algorithms.
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Both groups at Boston University and University of Iowa will be strongly involved in the
commissioning of the prototype section, the set-up in the test beam area, the data taking
and the subsequent analysis of the data. The test beam effort will lead to several
publications, including precision measurements of hadronic showers, as needed for the
validation of the GEANT4 hadronic shower models.
In addition, the group at University of Iowa will pursue two developments in preparation
for the construction of a technical prototype module:
a) Development of a gas recycling facility
A recirculation system is a semi-automatic feedback control loop coupled with an
analysis/quality control system. Building such a system and getting it to work in a stable
equilibrium is a challenge. The conceptual design including the gas mixing system is
shown in Fig. 1.
There are three main "new" aspects to this system. The first is the purification process,
which will involve several types of molecular sieves, activated alumina/copper, activated
carbon, and particulate filters (coupled with compressors, regulators). The second is the
analysis part, which might include atmospheric analysis, electronegative characterization,
possible use of a "canary" chamber, and other more sophisticated tools (gas
chromatograph). The third "new" aspect is the manifold of the detectors, which will look
very different from what is being used presently.
The manifold of the input and output lines need to be designed in such a way as to
maintain a constant pressure difference between the input and output sides. The
corrosivity of the exhaust gas makes copper undesirable for long term use. Therefore,
much of the system will need to be made of stainless steel. This system as shown in Fig.
1 does not include any electronic flow controls, which might be necessary. Iowa will
provide a mass spectrograph type of gas analyzer.
The time needed to build this type of gas recycling facility is estimated to be about one
year of an FTE qualified engineer. This estimate includes the time to build the mixer, the
re-circulating systems and a gas gain monitor/analysis system:
Base Mixer
design, procurement, construction
installation, safety, documentation
commissioning

4 weeks
4 weeks
1 week

Recirculation System
design, procurement, construction
installation, safety, documentation
commissioning

3 months
3 months
1 month

Gas gain monitor/analysis system
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design, procurement, construction
installation, safety, documentation
commissioning

2-3 months
2 months
1 month

Figure 1. Schematic of the gas recirculation system.

b) Development of a high voltage generation and distribution system
The technical prototype module will consist of the order of 40 active layers. The
approach taken for the prototype section, i.e. to supply each chamber with high voltage
individually, is not a viable solution for the technical prototype. A system consisting of a
single power supply per module together with a distribution system to the layers needs to
be developed. The possibilities of adjusting the voltage and monitoring the currents for
each layer are necessary. A system based on the Cockcroft-Walton technology is being
considered.
In addition, the group at Boston University will contribute to the construction and testing
of the prototype section with:
a) The assembly of 30 Data Collector Modules
299

last modified: February 9, 2009

The prototype section counts of the order of 400,000 readout channels in 40 planes, each
with three chambers. Each side of a given chamber will be linked to an input of a data
collector (DCOL) module. With twelve inputs per DCOL, a total of 20 modules are
needed to read out the prototype section.
The DCOLs have been designed by Boston University. They have already been utilized
in the small prototype calorimeter and are now fully debugged and operational.
Funds are requested to purchase the parts for an additional 30 modules, the production of
the boards and their assembly.
b) The development of a data analysis frame work
The prototype section will be tested both standalone and together with other prototype
calorimeters of the CALICE collaboration. In order to analyze the combined data in a
way consistent with previous data analysis within the collaboration, a framework for
handling the ‘new’ DHCAL data needs to be. The framework also provides a natural
way to implement environmental data and calibration constants.
Budgets
.
Total Project Budget, in then-year $
Item
Other Professionals
Graduate Students
Undergraduate Students
Postdocs
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages
and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct
and indirect costs
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FY2009
35,165
50,740
8,800
25,875
120,580
29,024
149,604
28,250
11,000
35,000
1,000
224,854
66,352
291,206
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Budget, in then-year k$
Institution: Institution Iowa
FY2009
35,165

Item
Other Professionals
Graduate Students
Undergraduate Students
Postdocs
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

22,620
4,800
25,875
88,460
26,831
115,291
2,000
6,000
34,000
1,000
158,291
41,156
199,447

Budget justification: Institution Iowa
a) Gas system
- 1 Engineer for 4 months ( ½ FTE)
- 1 Graduate student ( ¼ FTE)
- 1 Undergraduate student ( ¼ FTE)
- The cost of the material (estimated) 29K
Iowa will provide a mass spectrograph type of gas analyzer.
b) High Voltage System
- 1 Engineer for 1 month
- 1 Graduate student ( ¼ FTE)
- 1 Undergraduate student ( ¼ FTE)
- The cost of the material (estimated) 5K
c) Data analysis
- 1 Postdoc for 9 months (1 FTE)
- 1 Graduate Student ( 1/2 FTE)
In addition, funds are requested to travel between Iowa and ANL/Fermilab and to attend
the relevant meetings.
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Fringe Benefits
Engineer : 38.2%
Postdoc : 19.4%
Grad.Stud:19.4% plus 6K Tuition
Undergrad : 3%
Indirect cost : 26%
Budget, in then-year $
Institution: Boston 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

FY2009
0
28,120
4,000
32,120
2,193
34,313
26,250
5,000
1,000
0
66,563
25,196
91,759

Budget justification: Boston University
The Fringe Benefits rate for Graduate Students is 7.8%, undergraduates do not incur
fringe. Since the preponderance of student effort will be on campus, the on-campus
Indirect-cost rate of 62.5% has been applied. Indirect costs are not applied to Equipment.
The Equipment cost for producing 30 DCOL boards was calculated by obtaining quotes
for parts, fabrication, and assembly of the boards. The estimated cost per board is $675.
From past experience, we estimate $6,000 for one month of engineering will be required
to support the testing and debugging the new boards. This engineering is included in the
Equipment cost.
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Project Overview
Our focus is on the design of an ILC muon detector and hadronic shower “tail-catcher” using scintillator
strips readout by silicon photomultipliers (SiPM). Our group works primarily with the SiD collaboration,
but some of us also collaborate with the CALICE and ILD collaborations. The SiD muon system is
designed to identify muons from the interaction point with high efficiency and to reject almost all hadrons
(primarily pions and kaons). The muon detectors will be installed in the gaps between steel layers of the
solenoid flux return. The muon system will start outside of the highly segmented electromagnetic and
hadronic calorimeters and the 5T solenoid cryostat at a radius of 3.40 m. The muon detectors will be
inserted in the 4 cm gaps between steel plates. In the barrel, a detector layer is also inserted between the
solenoid and the first steel plate. The total detector area needed in the barrel is 2050 m2 and each endcap
has a total detector area of 1220 m2.
Muon systems characteristically cover large areas and are difficult to access or replace. Reliability and low
cost are major requirements. Over 2.2 meters of steel thickness will be required for the solenoid flux return,
providing 13.2 hadron interaction lengths to filter hadrons emerging from the hadron calorimeter and
solenoid. Since the central tracker will measure the muon candidate momentum with high precision, the
muon system only needs sufficient position resolution to unambiguously match calorimeter tracks with
muon tracks. Present studies indicate that a resolution of 1-2 cm is adequate.
In 2000 it was noted that the ILC muon system requirements could be met with a MINOS type scintillator
detector design [1] that would give both muon identification and be used to measure the tails of late
developing or highly energetic hadron showers. This seems rather appropriate since the depth of the ILC
calorimeters is limited because they are inside a superconducting solenoid. As an example, neutral hadrons
that represent ~11% of the final-state energy in Higgs and W-W production, primarily neutrons and Klongs, prove to be difficult to identify and measure [2]. The physics case for tail catching of showers is
based on improvement of jet energy resolution when the energy downstream of the SC solenoid is included
in the definition of jet energy [3, 4].
The MINOS experiment has proven that a strip-scintillator detector works well for identifying muons and
measuring hadronic energy in neutrino interactions. The ILC muon scintillator detector R&D effort [5-10]
is directed at
•
•
•

understanding how to deploy such detectors in the ILC environment,
making possible improvements that could lead to reduced complexity and /or cost, with photon
detection based on SiPMS, and
establishing the potential performance of an hadronic tail-catcher based on analysis of TCMT test
beam data.

To accomplish these goals, we propose to characterize the performance of various SiPMs from different
manufacturers and to assemble prototype planes of scintillator strips with imbedded wavelength shifting
fibers readout by SiPMs. This involves developing an effective optical coupling to the SiPM and a frontend electronics board for the SiPM that will provide enough amplification to transmit the SiPM signal to a
data acquisition module, while maintaining low noise. We will consider the required accuracy for
maintaining the temperature and bias voltage of the SiPMs to insure stable operation of a multi-channel
detector system. Liquid nitrogen temperature operation of the SiPMs will be investigated as a possible
trigger option. We will use radioactive sources, cosmic rays and a particle beam at the Fermilab Meson
Test Beam Facility to establish the operational performance of the prototypes.
We plan continued analysis and operation of the CALICE-TCMT prototype calorimeter and hadronic tail
catcher. (CALICE stands for CAlorimeter for a LInear Collider with Electrons and TCMT stands for tailcatcher/muon-tracker.) The data will be used to quantify the improvement in jet energy resolution that can
be expected and to demonstrate operational performance of a large channel count (~300) scintillator strip
system read out by SiPMs.
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All of these efforts are towards establishing the performance and cost of a full-scale system for SiD and
other potential ILC detectors.
[1] Para, A. ``Solid Scintillator-based Muon Detector for Linear Collider Experiments'' Physics and
Experiments with Future Linear e+e- Colliders, ed. A. Para and H. E. Fisk (2001) pg. 865-869, American
Institute of Physics, Melville, New York (Vol. 578).
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Nov. 17,2008.
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Scientific Publishing Company.
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Status Report
Earlier strip-scintillator R&D [5] using 4.1 cm wide by 1 cm thick extruded MINOS style scintillator that
was readout with multi-anode photomultiplier tubes (MAPMTs) demonstrated that > 9 photo-electrons
were achieved with 1.8m long strips in which the wave-length shifted scintillation light was carried to
MAPMTs through a thermally fused clear optical fiber to the MAPMT a few meters away [6]. The light
transmission was required to be > 80% for each splice.
We have recently procured silicon based photon detectors (SiPMs) for tests with our scintillator. Sixty
multi-pixel photon counters (MPPCs) have been purchased from Hamamatsu: 20 each of 100, 400 and
1600 pixels in a 1 mm square array. In addition INFN Udine-based collaborators have obtained about 100
IRST SIPMS that have approximately 688 pixels inside a 1.2mm dia. circular matrix for muon/tailcatcher
R&D.
Recently strips with MPPCs and IRST devices have been assembled and tests with beam have begun. A
real advantage of the SIPMS is the ability to see the summed output of several pixels and observe a number
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of photo-electron peaks. A disadvantage is that they put out spontaneous pulses with no defined input
(noise). This disadvantage can be parlayed into an advantage in terms of calibration. On a good
oscilloscope, as shown in Figure 1, we can see bands of 1, 2 and sometimes 3 photo-electrons that give a
reasonable calibration. This calibration aspect needs study and engineering, which is part of our proposed
R&D program. Figure 2 shows SiPMs mounted in transistor-style cases, a specially developed front-end
board on which the SiPM is mounted, and the charge response of the SiPM to light pulses from an LED.
The individual peaks for n photons are clearly visible.

Figure 1. Oscilloscope display of pulses from SiPMs showing bands for 1, 2 and 3 photons.

Figure 2. (a) Hamamatsu MPPC devices in transistor-style packages; (b) front-end electronics board with
SiPM mounted on the top edge; (c) charge distribution from LED pulsing.
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In November of 2008, we tested a MINOS 1.8 m long scintillator bar with embedded WLS fiber readout
with Hamamatsu and IRST SiPMs as part of Fermilab test experiment T956. The front-end board shown in
Figure 2 was mounted close to the end of the scintillator bar so that the WLS fiber could abut the SiPM.
The response of the IRST SiPM to a 120 GeV pion beam through the scintillator is shown in Figure 3. The
gain is calibrated using the single photon “tail” of the pedestal. The signal for through-going protons is
very clear and corresponds to approximately 25 detected photons.

Figure 3. Charge distributions in response to 120 GeV proton beam through MINOS scintillator
bar with WLS fiber readout with an IRST SiPM. top: “loose” trigger allowing large pedestal
contribution; middle: “tight” trigger using other counters to select a good track; bottom: “loose”
trigger with region of small ADC counts showing pedestal “tail” from single photons.
For a SiPM system deployed in full-scale ILC detector, variations in noise rate and gain among channels
and as a function of time will have to be kept to acceptable levels. The temperature dependence for a 100micron pixel-size Hamamatsu SiPM is shown Figure 4. Such measurements are needed for a good sample
of devices and are proposed for our future R&D program.

Figure 4. Hamamatsu 100 micron SiPM – effect of temperature on (left) background rate; (right) gain.
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NIU’s effort has been in two areas. The first is continued studies of silicon photomultipliers from a number
of m anufacturers in cluding some stu dies of t heir m atching t o scin tillator elem ents. Th ese i ncluded th e
constitution, shape , size, and surf ace treat ment of scintillating ele ments, light collection and routing of
wave-length s hifting fi ber, r esponse uniformity, effi ciency, cross -talk, ageing, a nd radiation hardness.
Detailed measurement of the characteristics of t he photon detectors included operating bias voltage, dark
rate, linearity of response, temperature dependence, stability, radiation hardness and immunity to magnetic
fields were made [7]. Recentl y NIU has bee n doing additional studies (with A. Pa ra) on the temperature
dependence of characte ristics suc h as bre akdown v oltage, gain, dar k rat es, IV curves, carrier den sity,
crosstalk, and after-pulsing of the latest detector generation [8]. Devices studied include Hamamatsu 025u,
050u, 1 00u M PPCs and IR ST Si PMs. Ad ditional st udies (wi th P. R ubinov) ha ve b egun t o l ook a t t he
performance of a number of devices (IRST SiPM and CPTA MRS) at liquid nitrogen temperatures. For the
IRST, a r eduction of ab out 100 in dark curr ent and a l owering of t he breakdown vo ltage were ob served
during the initial study.
As m embers o f t he CAlori meter fo r a LInear Collider with Electron s (C ALICE) co llaboration, NIU
designed and built, u sing extrud ed sci ntillator strips read o ut with MPPCs, the tail-catch er/muon-tracker
(TCMT) sect ion (Fi g. 5 ) of a ful l-depth prototype cal orimeter, w hich ha s been u ndergoing beam t ests at
CERN an d Ferm ilab sin ce 2006. A silico n-tungsten elect romagnetic calo rimeter an d a steel-scin tillator
hadron shower imager were exposed to test beams in the H6B area at CERN fo r a month each in 2006 and
2007 an d th e MTBF at Fermilab in 200 8. Th e h adron shower im ager physically consists o f two parts: a
hadron calorimeter (HCAL) and the TCMT. Both devices use SiPMs to read out scintillator elements with
embedded WLS fi bers. T he active l ayers o f t he TC MT consist of 1m lon g, 5 cm wi de and 5 m m thi ck
extruded scintillator strips. The strips were manufactured using the NIU/NICADD extruder at Fermilab’s
Scintillator Detecto r Dev elopment Lab oratory (SDDL) . A 1 .2 mm o uter d iameter Ku raray WLS fi ber is
inserted into the co-extruded holes t hat run along the le ngth of the strips. The strips and their associated
SiPMs in each layer are enclosed in a light tight sheath or cassette which also provides the skeletal rigidity.
The 16 cassettes (in t otal 320 chann els) are in serted, a lternately in th e X an d Y orientation, in a steel
absorber stack which has a fine and c oarse section. The upstream fine section consists of eight 2 cm thick
steel plates while the coa rse section is comprised of 10 cm thick steel absorber for a total of approximately
six interaction lengths. The fine section sitting directly behind the hadron calorimeter and having the same
longitudinal seg mentation as th e HCAL prov ides detailed m easurements o f th e tail-en d of a h adronic
shower while the following coarse section serves as a prototype muon system. Both the HCAL and TCMT
use common electronics and DAQ boards developed by CALICE.
A large sample of el ectron, pion, proton and muon events along with pedestals and LED calibration
data were co llected. Analysis of th e CER N data, which in cludes st udies of th e calibratio n, attenu ation,
cross-talk, e fficiency, and noise, clearly indicates that
the TCMT pe rformed t o sp ecifications. T he
rightmost panels in Fig. 6 demonstrate that hadrons punching through the HCAL section of the CALICE
module de posit si gnificant e nergy i n t he T CMT. E nergy res olution ca n be i mproved by c orrelating t he
shower shape in the HCAL with the leakage estimated with the TCMT. Results from these a nalyses have
been shown at various conferences including LCWS08 [9].
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Figure 5. The 1m cube, 5 ton TCMT.

Figure 6. Response of CALICE calorimeter with
and without the TCMT.

Recent analysis of TCMT data measures how the energy uncertainty for hadronic showers decreases with
calorimeter depth for pions in the energy range 10 to 80 GeV, as shown in Figure 7. These measurements
illustrate the importance prototype systems for accurate design of large scale detectors.

Effect of Beam Momentum on Resolution
10GeV pi20GeV pi40GeV pi+
80GeV pi+
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28
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8.20

Selected Calorimeter Depth for Comparison

Figure 7. Analysis of data from Tail-Catcher/Muon Tracker operation showing how energy
resolution improves with absorber thickness. The TCMT is the first large scale system using
scintillator bars with SiPM readout.
Facilities, Equipment and Other Resources
The key resou rces at Ferm ilab are th e Meson Test Beam Facilit y, SciDet an d the CALICE-TCMT
apparatus. The u niversities seek ing fu nding under th is p roposal h ave electro nics in strumentation fo r
making SiPM measurements (all) and mechanical facilities for scin tillator and fiber preparation (NIU and
ND).
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FY2009 Project Activities and Deliverables
We plan to fabricate and test a modest number (of order 10) of scintillator strips readout with various SiPM
devices, including ones from Hamamatsu, IRST and possibly SensL and Zapotec. We will employ a
general purpose readout with 12 bit precision and 4 ns sampling. Radioactive sources, cosmic rays and
particle test beams at Fermilab will be employed.
An extensive bench test program is planned to characterize the SiPMs with measurements of I-V
characteristics, gain, and noise rate, their dependence on temperature, and the distribution of parameters for
a sample of several tens of devices of a single type. The data will be used to design a control system to
minimize the gain and noise rate variations to acceptable levels for a large system.
We plan to continue analysis of the existing Tail Catcher Muon Tracker (TCMT) data and continue
operation of CALICE-TCMT in the Fermilab test beam.
For the universities requesting funding here, the proposed activites are as follows:
•
•
•
•

Northern Illinois University – procurement of new SiPM devices, comparison of LN2 and room
temperature operation of SiPMs, CALICE-TCMT operation and analysis
University of Notre Dame – gain and noise of SiPMs versus temperature at room temperatures,
comparison of commercial and specialized front-end amplifiers, strip and fiber mechanical R&D
Indiana University – design of bias voltage and temperature control system, test-beam support
Wayne State University – comparison of SiPMs from different manufacturers, test beam support

Following are detailed goals for each university and laboratory group, including related activities of
collaborators not funded under this proposal.
Northern Illinois University
NIU, in collaboration with Fermilab, has coordinated procurement of SiPM devices from Hamamatsu and
SensL u sing prev ious ILC fun ding. New v endors are em erging, in cluding Zapo tec. NIU will co ntinue to
coordinate procurement.
NIU will continue characterization of silicon photodetectors at room and liquid nitrogen temperatures and
development o f t heir asso ciated electron ics in cluding calib ration and DAQ. Th is will be d one in
collaboration with Fermilab using test setups at Fermilab and NIU.
Analysis of existin g CALICE-TCMT test b eam data is ongoing plus NIU will p articipate in future runs at
the Fermilab test beam . Among t he questi ons which can be a ddressed are the im pacts of th e co il, retu rn
yoke, an d support st ructures o n hadronic energy re solutions f or di fferent c onfigurations of t he fine
calorimeter and tail catcher.
.
University of Notre Dame
Item 1. Test of SiPM devices as a function of temperature, gain and other parameters. We have put together
a test bench that will allow us to vary from room temperature down to about -30 C. We will also compare
our own amplifiers vs. the Hamamatsu amp.
Item 2 - Strip and Fiber Mechanical R&D. Mike McKenna has already done some nice work here. We will
continue to work on coupling fibers to the SiPM, mirroring, and fiber polishing in-situ.
Indiana University
The Indiana (IU) group will perform continued measurements of temperature variations of noise, bias
voltage, and gain as a function of temperature for SiPMs from different vendors as supplied by Fermilab.
They will work with the WSU group on the temperature measurement, temperature control, and bias
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voltage requirements suitable for a selected SiPM, leading to the design and fabrication of a prototype
monitoring, LED flasher, and control system. This system will be implemented in the testing of prototype
muon detectors run in a testbeam or in a cosmic ray setup.
The IU elecrical engineer Paul Smith (supported by the Department) will also work with Fermilab as
needed, contributing to the modification/interfacing of Fermilab data aquisition electronics reading out all
channels of the prototype muon detectors.
Wayne State University
The WSU group will measure the variances of SiPM gains and noise rates for sufficiently large quantities
of devices from the same vendor. This will determine the requirements on the detector control system for
the precision of bias voltage control and monitoring of temperature and bias voltage. WSU will coordinate
the design of the detector control system with Indiana University. WSU will assist in procurement of
SiPMs, and operation of prototype detector systems with cosmic rays and/or a particle beam.
COLLABORATING INSTITUTIONS:
Fermilab
The Fermilab group continues to work on the issues that confront calibration of scintillator-derived signals
using SiPMs. We measure a mean of ~25 photo-electrons (1m long strips) when all aspects of the muon
prototype system are working properly. To adopt the strip-scintillator/SiPM our calibration and monitoring
scheme must be proven. A simple and particularly convenient calibration would be to make use of noise
pulses that result in one, two and three photo-electrons. We note that typically the bias-voltage for each
SiPM is slightly different. We further note that both the SiPM noise rates and SiPM gain depend on the
temperature of the SiPM. A possible solution to the latter problem may be to provide an appropriate
vernier voltage to add to the nominal ground to equalize gains among different SiPMs as does T2K.
The Fermilab group will continue to develop its DAQ system for LC hardware tests with cosmic rays and
test beam based on its experiences with a prototype amplifier system that we have used to take data with a
high frequency digital oscilloscope. A higher performance DAQ prototype board has been designed that
for the most part uses pieces from other Fermilab experiments that the experiment support electronics
group has previously developed and used in MICE, Minerva and MIPP (Troiseme DAQ module). The 8”
X 4.5” 4 channel PCB module will report 12-bit digitizations at 4 ns intervals using four high-speed
digitizers. It will include a high band-width differential amplifier and an FPGA (XC3S1200E) for data
storage that can also be used for digital filtering, triggering, and zero-suppression. The board will also
feature a USB interface and an on-board bias-voltage generation with individual channel adjustment, bias
current measurement and support for measurement of SiPM temperature via a thermocouple.
This board is not a readout system for the ILC muon system or any other LC system. It is an R&D
development tool that is not very expensive, but it can be added to via daughter cards to provide data
storage and/or other functionality. The parts cost per board is about $650. The board has 12 layers and the
layout follows good practices as requested by the parts manufacturers. The FPGA allows a programmable
approach to prototyping future hardware development or data handling algorithms such as filtering, signal
shaping, signal integration, etc. We consider this to be a very handy test station or test beam DAQ module
for ILC development.
Colorado State University
Tests of A-Peak devices, coordination with T2K experiment.
INFN, Laboratori Nazionali di Frascati
Coordination with simulation and RPC R&D
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INFN (Section of Trieste) and University of Udine
Our research interests/expertise include scintillator-based calorimetry and large-area scintillator based
muon counters. In this context, we are interested in the development of light sensors and collaborate with
FBK IRST (Trento) in the development and testing of SiPMs (Project FACTOR financed by INFN) We
are also interested in the development of scintillator extrusion techniques.
Resources and infrastructure: INFN Trieste has extensive experience in detector development, including, in
particular silicon detectors for both accelerator (e.g. ALICE) and space-based experiments (e.g. PAMELA)
and extensive infrastructures (electronics shop, equipment and clean rooms for handling silicon and
mechanical shop). Udine has particular experience in muon detectors and scintillator - based calorimetry
(CDF) and has collaborated in the construction of the ATLAS silicon vertex detector.
Past activity in SiD muon R&D: We began collaborating on test beam experiment T956 with the
introduction IRST SiPMs prototypes in 2006. These tests are continuing. IRST has furnished 100
customized 1.2 mm diameter SiPMs for the purpose. Recent (Nov. 2008) tests at MT show much improved
collection efficiency compared to the prototype SiPMs. About 25 photoelectrons / mip were observed with
T956 extruded strips in a 120 GeV beam.
Future Plans: We intend to continue collaborating on the development of muon counter/tail catcher for SiD.
In addition to developing SiPMs for the project, we are also interested in collaborating on FE electronics
and scintillator extrusion.
University of Rochester
Simulation, coordination with MINERVA and T2K
University of Wisconsin
Coordination with SiD, RPC R&D
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Budget and Budget Justification
Northern Illinois University
Funds for a month for Alexandre Dyshkant are requested to support improvements to the SiPM test setup at
NIU and for ad ditional testing at liqu id nitrogen temperatures. Funds to support a gradu ate student during
the summ er are also re quested with t his st udent w orking on further ch aracterization of Si PMs a nd their
associated electronics. The equipment funds will be used to purchase additional silicon photo-detectors for
use by all collaborating institutions. Funds to support future TCMT activities including Fermilab test beam
operations are in a separate proposal.
Northern Illinois University Budget FY2009
ITEM

Amount

Other Professional (research scientist), 1 month

$5,600

Graduate Student (3 months)

$5,400

Total Salaries and Wages

$11,000

Fringe Benefits (43% scientist)

$2,400

Graduate Student Tuition
Total Salaries, Wages and Benefits

$13,400

Equipment

$10,000

Total Travel

$1,200

Materials and Supplies

$1,300

Other Direct Costs
Total Direct Costs

$25,900

Indirect Costs (26% of MTDC)

$4,100

Total Direct and Indirect Costs

$30,000
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Indiana University
Travel is for Electrical Engineer Paul Smith (supported by the Department) and student (TBD) to travel to
Fermilab and Wayne State for design and installation work.
Indiana University Budget FY2009
ITEM

Amount

Student (TBD), 3 months

$8,100

Electrical Engineer (Paul Smith), 6 weeks

$0

Total Salaries and Wages

$8,100

Fringe Benefits, Health insurance

$1,224

Student Fee remission

$1,449

Total Salaries, Wages and Benefits

$10,773

Equipment

$1,000

Total Travel

$1,131

Materials and Supplies

$3,000

Other Direct Costs
Total Direct Costs
Indirect Costs
(Off-campus, 26% of ...

$15,904

(On-campus, 51.5% of

$4,802

$294

salaries, fringe, travel, supplies and other)
Total Direct and Indirect Costs

$21,000
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University of Notre Dame
Salary support is requested for an undergraduate student for 10 hours/week over 15 weeks, three months for
technician Mike McKenna, and ½ month for engineer Barry Baumbaugh.
Materials are for work on coupling fibers to SiPM readout, and to develop in situ methods for fiber
polishing and end treatment.

University of Notre Dame Budget 2009
ITEM

Amount

Other Professional (research engineer), 0.5 month

$3,500

Other Professional (technician), 3 months

$9,900

Undergraduate Student, 15 weeks

$1,200

Total Salaries and Wages

$14,600

Fringe Benefits (30.4% eng., 15.2% tech.)
Total Salaries, Wages and Benefits
Materials and Supplies

$2,565
$17,165
$1,000

Total Direct Costs

$18,165

Indirect Costs (26% of MTDC)

$4,723

Total Direct and Indirect Costs

$22,888
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Wayne State University
Travel is for Research Engineer Alfredo Gutierrez and graduate student Kranti Gunthoti to come to
Fermilab for planning, installation and operation activities. Materials are for SiPM testing at WSU.
Wayne State University Budget 2009
ITEM

Amount

A. Gutierrez (research engineer), 1 month

$4,829

K. Gunthoti, graduate student (2 months - summer)

$4,723

Total Salaries and Wages

$9,552

Fringe Benefits (25.8% eng., 8.7% grad.)

$1,657

Graduate Student Tuition

$1,217

Total Salaries, Wages and Benefits

$12,426

Equipment
Total Travel

$2,355

Materials and Supplies

$1,343

Other Direct Costs
Total Direct Costs

$16,124

Indirect Costs (26% of MTDC)

$3,876

Total Direct and Indirect Costs

$20,000

Total Project Budget
Total Project Budget 2009
ITEM

Amount

Other Professionals

$23,829

Students

$19,423

Total Salaries and Wages

$43,252

Fringe Benefits (various)

$7,846

Graduate Student Tuition

$2,666

Total Salaries, Wages and Benefits

$53,764

Equipment

$11,000

Total Travel

$4,686

Materials and Supplies

$6,643

Other Direct Costs
Total Direct Costs

$76,093

Indirect Costs (26% of MTDC)

$17,795

Total Direct and Indirect Costs

$93,888
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Project Activities and Deliverables Beyond FY2009
While in FY2009 we will use a general purpose data acquisition system, beyond that we want to develop an
ASIC and/or characterize an existing ASIC that is compatible with an SiPM and fits into a specific global
architecture, such as SiD. For example the SiD KPIX chip may be modifiable for use with SiPMs.
Providing that a scintillator-based muon system remains a strong candidate for SiD or another detector
design, we envisage construction of a larger-scale prototype – beyond that established in FY2009.
We would like to begin simulation studies of overall detector performance for muons, with a reasonably
detailed model of the muon system, based on properties measured from real prototypes.
Broader Impact
The activities of the institutions on this proposal have had a number of broader impacts on education, both
in physics and in related fields, and on the general public through outreach activities. Student involvement
in research is a critical aspect of the program. Tasks included testing MPPCs and other silicon
photodetectors, assembling and testing prototype counters, construction of the TCMT, and test beam efforts
at CERN and Fermilab including data analysis. During the 2004-2008 period, 20 students from Indiana,
NIU, Notre Dame and Wayne State worked on ILC muon detector R&D. This includes ten undergraduates
and high school students, some supported by REU and QuarkNet funds. Some of these students end up as
researchers in HEP and others are able to apply what they learn in diverse fields such as the oil industry,
oceanography, and materials science. Two M.S. degrees were completed and it is anticipated that two
additional M.S. degrees and a Ph.D. will be completed in 2009.
Members of this proposal are also involved in curricular innovations meant to expand the teaching of the
concepts and technologies of particle physics to a broader audience. NIU has been working with
mechanical engineering faculty and students who are designing and constructing apparatus as part of their
required design class which we will be used in our detector R&D effort. In 2008 they designed and built a
large temperature-controlled box which will be used for future MPPC studies. Outreach to the community
and to K-12 schools is an important priority for our group. Notre Dame administers the Quarknet program
and NIU, Notre Dame, and Wayne State held Quarknet summer institutions during the previous four year
period, with students participating in scintillator-based detector R&D.
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University Linear Collider Detector R&D
FY2009
RPC/KPiX Studies for Use in Linear Collider Detectors
Personnel and Institution(s) requesting funding

Henry Band
University of Wisconsin
Collaborators
KPiX, M. Breidenbach, D. Freytag, G. Haller, and R. Herbst of the SLAC National
Accelerator Center.
Test IHEP RPCs, Yifang Wang and Qingmin Zhang of IHEP China.
RPC aging studies, Changguo Lu, Princeton University.
Project Leader
H. R. Band
hrb@slac.stanford.edu
510-926-2655
Project Overview
Resistive Plate Chambers (RPCs) are the present SiD baseline detector choices for both
the muon system and hadron calorimeter. Front-end and digitization electronics will have
to be closely integrated with the RPCs to minimize cabling and costs. It is imperative that
low cost, reliable readout schemes for the RPCs be developed since the expected channel
counts for the SiD detector are so high, ~.6 106 for the muon system and ~10 106 for the
hadron calorimeter. We propose to adapt the KPiX chip, presently being developed for
use in the SiD electromagnetic calorimeter, for use with RPCs. This study will extend
the work started by LCDRD grant #7.8 (FY07) in which a prototype KPiX chip(version
7) was used to observe cosmic ray signals in a small test RPC. Further characterization
and optimization of the interface board between the RPC and KPiX chip is needed to
understand the larger than expected noise and strip multiplicities that were observed.
Several types of RPC construction have been used in high energy experiments. RPCs
with Bakelite cathodes and anodes were pioneered by Santonico et al and used in BaBar,
CMS, ATLAS and a variety of cosmic ray and neutrino experiments. The early failure of
many BaBar RPCs stimulated detailed study of RPC aging and lead to many significant
improvements in construction practices and operation. The linseed oil used to coat the
inner HV surfaces has often been a source of concern. The IHEP group and Chinese
industry have developed a Bakelite /melamine cathode for use in the BES III and Daya
Bay detectors that does not require linseed oil treatment to achieve acceptable noise rates.
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These RPCs are operated in streamer mode in their present applications. Since RPC aging
effects are believed to be proportional to the total integrated charge produced by the
detector, SiD proposes to operate its RPCs in avalanche mode. Tests of IHEP RPCs in
avalanche mode will be used to determine the efficiency, current and noise rate as a
function of HV and gas composition. Longer term tests will be needed to investigate the
aging properties of the IHEP RPCs.
For the RPC and KPiX tests we will build and maintain a cosmic ray test-stand utilizing
spare BaBar RPCs and electronics with test RPCs provided by our IHEP China
collaborators. In the first project year we will fully characterize the IHEP RPCs and
continue tests with the KPiX chip. We hope to understand the KPiX response as a
function of the interface board components and operating modes. With control of the
electronic noise it should be possible to readout multiple RPCs by using all 64 channels
of the present KPiX chip (v. 7). From this data we could then reconstruct cosmic rays
tracks through our apparatus and study the position resolution and efficiency of the IHEP
RPCs. Reconstructed tracks will also allow us to study RPC geometries of interest to the
hadron calorimeter (arrays of 1 cm square pads). Study of the KPiX chip and the IHEP
RPCs over several years will also demonstrate the robustness and stability of the IHEP
RPC and KPiX readout option, validating them as the preferred SiD detector and DAQ
choice.
Broader Impact
The cosmic ray test-stand developed and maintained for this proposal should prove useful
in tests of other SiD detector elements readout by the KPiX chip and provide valuable
experience in the operation of the KPiX device. We hope to extend our tests to the glass
RPCs and GEM detectors proposed for use in the SiD hadron calorimeter. The test-stand
is also an ideal detector to give graduate students experience in detector hardware and
analysis.
Results of Prior Research
The proposed work continues and extends studies of the KPiX chip and IHEP RPCs
started under the FY07 LCDRD grant 7.8 “RPC and Muon System Studies”(20k$). The
RPC aging studies build upon studies of the BaBar RPCs which were supported by the
Wisconsin base grant. Although the nominal LCRD grant time period was from Sep.
2007 to Aug. 2008, funds were only available in Wisconsin after early 2008. The time
period has been extended by a year. The milestones for this grant were:
FY2007/8 Milestones:
1. Rebuild Cosmic ray test-stand
2. Interface KPiX chips to test-stand DAQ
3. Test KPiX chips with a Bakelite RPC operating in avalanche mode
4. Procure and test BESIII RPCs
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The cosmic ray test stand shown in Fig. 1 was constructed from BaBar spare RPCs and
spare front end electronics. The trigger chambers were ~ 1.1 by 1.3-1.6 m in size and
were supplied with the standard BaBar streamer gas mix of 34.9% Freon 134a, 60.6%
argon and 4.5% isobutane. Initially 4 IHEP RPCs (0.5m by 0.5m) and 2 Italian Bakelite
RPCs (0.5m by 0.5m) were available for tests. A three-fold coincidence of signals from
Test 1, Test3, and IHEP2 were used to generate cosmic ray triggers at a rate of ~10Hz,
enabling crude efficiency measurements of RPCs mounted beneath IHEP2.

Figure 1. Cosmic ray test stand constructed from spare BaBar RPCs and electronics.

Figure 2. Efficiency vs. voltage for 3 test RPCs, approximately 0.5m by 0.5 m in size, operating with a
streamer gas mix.
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The original 4 IHEP RPCs were damaged during shipping and required re-gluing of 1 or
more edges. Subsequent studies showed that several of the internal spacers were also
broken. These IHEP RPCs required external weights to keep the gas gap near the nominal
2mm. With these weights the chambers behaved normally. The efficiency versus voltage
responses of 2 of the IHEP chambers and an Italian Bakelite test RPC (labeled BaBar) are
shown in Fig.2. The efficiency measurements have a systematic error of about 5% due to
errors in the relative alignment of the trigger RPCs and the test RPC. The IHEP RPC
efficiency curves are shifted to higher voltages, indicating that the gap size is larger than
the BaBar RPC. Seven more IHEP RPCs were received undamaged in the fall of 2008
and are currently being studied.
An RPC/KPiX interface board, shown in Fig. 3, was designed and built to provide ribbon
cable connections to a 64 channel KPiX chip (v7). The RPC strip signal is AC coupled to
the KPiX input through a 5 nF blocking capacitor and a 2 stage diode protection network.
Each strip is also tied to signal ground via a resistor external to the interface board.
Signals induced on the RPC strip have a very fast rise time (< 10 nsec) and a fall time
determined by the RC time constant of the strip capacitance (~300 pF) and R, if R is less
than the effective resistance of the Bakelite cathode/anodes(~ 108 Ω). Previous
experiments such a BaBar and BELLE used small values of R (50-100Ω ) to make short
fast signals (< 100 nsec) suitable for fast timing applications. However, the present KPiX
chip samples the signal after > 400 nsec, requiring longer signal widths. Understanding
the response of the KPiX device to different values of R and the blocking capacitor is of
prime importance to adapting the KPiX chip to gas detectors. It is not unlikely that
optimizing the performance of the RPC/KPiX will require modification of the KPiX
shaping and integration times. The next KPiX version (v.8) is planned to have more
timing options.

Figure 3. RPC/KPiX interface card developed for connecting the 64 channel KPiX chip to the RPC
strips. The diode protection network is visible between the ribbon cable connectors and the KPiX
chip located inside the square at the bottom of the card.

The BaBar test RPC was connected to the interface board by a .5 m twist&flat cable.
The chamber was operated at 9300 V in avalanche mode using a premix gas with
composition of 75.5% Freon 134a, 19.4% argon, 4.5% isobutane, and 0.5% SF6. The
chamber efficiency had been previously measured to be > 90% using BaBar electronics.
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The KPiX chip was controlled and readout with UNIX based software developed by
SLAC’s R. Herbst and 2 intermediate timing and control cards. Since the chip is designed
for a pulsed power mode appropriate to the ILC beam time structure it cannot be run
continuously. The KPiX modules were powered on at ~60 Hz for ~ 1.1 msec. If an
external cosmic ray trigger was received within that msec window, the KPiX data was
recorded in coincidence with the cosmic ray (synchronous mode). Triggers could also
arbitrarily asserted during this window independent of activity in the RPC to measure
pedestal (asynchronous mode). The effective live time of the RPC + KPiX was thus about
7%, resulting in a useable event rate of ~1 Hz.
Data were taken overnight in this configuration, recorded to disk, and analyzed in ROOT.
The sum of the 13 RPC strips on the HV ground side (positive signal) is shown in Fig. 4.
The sharp spike near zero is due to cosmic ray tracks that either missed the test RPC or to
RPC inefficiency. The width of this spike was ~29 fC, compared with the expected noise
performance of the KPiX chip of 10 fC, indicating that there may be electronic pickup.
The data peak is centered at 3.8 pC with a width of 2.2 pC. The data signal is consistent
with, but larger than, avalanche RPC signals measured by other groups (-1 pC) which
used avalanche gases with no argon component. The BaBar avalanche gas contains 20%
argon and should have a higher gas gain.

Figure 4. Pedestal subtracted charge sum of the 13 RPC strips digitized by KPiX. The pedestal peak
on the left has a width of ~29 fC. Over 92% of the cosmic ray triggers have a total pulse height above
300 fC.
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The size and distribution of charge in the RPC pickup strips was studied. The charge of
the strip with the maximum charge for each trigger is plotted in Fig 5. Less than half of
the total charge in the event is contained by the central strip. A strip multiplicity was
calculated as a function of the discrimination threshold. With a threshold of 300 fC, about
92% of the cosmic triggers have 1 or more strips hit. The multiplicity is plotted for this
cut in Fig. 6. The average strip multiplicity of 3.1 is more than twice that observed in
BaBar. High strip multiplicities are undesirable since they degrade the position resolution
and the ability to separate two tracks near each other. The cause of the higher
multiplicity is not yet understood.

fC ->
Figure 5. Pedestal subtracted charge of the RPC strip with the largest signal. Less than half of the
total RPC signal is contained in the central strip.

Cut > 300 fC

# Strips ->
Figure 6. Number of RPC strips with > 300 fC. Approximately 9% of cosmic ray triggers have no
strip above threshold. The average strip multiplicity is above 3.
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When more than one plane of RPC strips were connected to the interface board a
significant fraction of the events had large negative signals. Similar behavior had been
observed when trying to take data in the DC reset mode of the KPiX chip. It is believed
that the negative signals occur shortly after the KPiX chip is powered up. These problems
will need further study to disentangle the RPC and KPiX effects.
Some or all of the recent data described above have been presented at SiD collaboration
meetings in 2008 and at LCWS08 (H. Band “RPC/KPiX Studies”) and IEEE08 (D.
Freytag “KPiX, An Array of Self-Triggered Charge Sensitive Cells Generating Digital
Time and Amplitude Information”, SLAC-Pub-13462).
Facilities_ Equipment and Other Resources
The test-stand is presently located in the BaBar lab area at SLAC and utilizes spare
BaBar RPCs, computers, and electronics as well as the BABAR IFR gas delivery system.
Since BaBar is being dismantled and de-commissioned, the test-stand has to move.
Agreements are being negotiated for use of the present BaBar gas shack. Wisconsin and
our SLAC collaborators will take over responsibility for the gas shack and gas mixing
system maintenance and operation. We hope to operate the mixing system for at least
one more year to provide streamer gas for the trigger chambers. The smaller test
chambers are supplied by bottles of pre-mixed avalanche gas. Retention of these areas is
crucial to minimizing safety concerns about the use of flammable gases such as isobutane
in the gas mix. The close proximity of the SLAC KPiX experts has already proven
beneficial in debugging the KPiX DAQ stream.
FY2009 Project Activities and Deliverables
During 2009 studies of the IHEP RPCs and KPiX readout will continue after the teststand has been relocated. Panels of pickup strips, HV, and gas connections will be added
to the IHEP chambers. The efficiency and noise rates of the new IHEP chambers will be
measured with both avalanche and streamer gas mixtures. The IHEP chambers will then
be connected to KPiX (existing version 7) for further tests of the entire readout chain.
Our present understanding of the overall system noise and stability must be improved.
We plan to study the pedestal and signal size as a function of the trigger time to help
discriminate between KPiX timing effects and RPC noise. The different KPiX reset
options will be studied as we vary the size of the blocking capacitor and strip termination
resistor. We intend to reproduce the results of last summer with the IHEP RPCs and then
slowly increase the number of channels and RPCs read by KPiX as we study the noise.
We will test the negative input mode of KPiX by connecting strips from the HV side of
the RPC. Data will be then be taken with several different avalanche gas mixes. If a new
KPiX version becomes available, some of these studies will be repeated.
Preliminary measurements of HCAL glass RPC prototypes may be made using the
interface board developed for the GEM chambers. When all the optimization studies are
completed and we can read all the KPiX devices supported by the present hardware (3),
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we should be able to digitize x-y strips from 3 or 4 RPCs and reconstruct cosmic ray
tracks through our test-stand.
FY2009 Milestones:
1. Relocate test-stand
2. Make current, rate, and efficiency measurements of IHEP test RPCs operating in
avalanche mode.
3. Readout multiple RPCs with 1 KPiX(v. 7) chip
4. Readout negative RPC signals with KPiX(v. 7)
5. Test KPiX (v. 7 & v. 8) trigger and reset operating modes.
6. Optimize RPC/KPiX interface board design to maximize efficiency and minimize
strip multiplicity.
Project Activities and Deliverables Beyond FY2009
In the following years we intend to complete optimization of the RPC/KPiX
interface board and make full use of the two-dimensional position information from
the trigger and test chambers to reconstruct cosmic ray tracks event by event. This
will allow detailed studies of the RPC efficiency versus position and of the position
resolution. Better knowledge of the cosmic position will enable more sensitive tests
of HCAL prototypes. Once the present AC coupled KPiX readout is established,
studies of other detector architectures (for example reading pads forming the ground
plane) can be studied. Production and absorption of HF by the IHEP RPCs operating
in avalanche mode will also be studied.
FY2010 & FY2011 Milestones:
1. Readout multiple KPiX chips
2. Use position and charge information from multiple RPC/KPiX devices to make
fitted cosmic ray tracks
3. Study position resolution of RPC/KPiX tracks,
4. Test HCAL prototypes in teststand
5. Study response on IHEP RPCs to HF.
6. Begin IHEP RPC aging studies
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Total Project Budget
FY2009
1,015
14,991
0
16,006
3,624

Item
Scientists
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel (4.5K Domestic/2.5K Foreign)
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs MTDC @ 26% Off Campus

19,630
5,000
7,000
5,400
0
37,030
8,328

Total direct and indirect costs

45,358

Budget justification:
Progress to date on the cosmic rays tests has been manpower limited. This budget
supports the summer salaries of two graduate students to modify and operate the test
stand and analyze data. To oversee the efforts we request fraction of 1% of the PI salary
be charged to this grant. The fringe rate for academic personnel is 39.5% and for graduate
students it is 21.5%.
Included in the travel budget are trips from Madison to SLAC for the summer students
and trips to SiD collaboration meetings and LC workshops to discuss and present results.
A small amount of supplies are needed to assemble fully functional RPCs from the bare
HV modules provided by our IHEP collaborators. The remaining supply budget is for
bottles of premixed RPC gas. Equipment upgrades will be used to combine the KPiX
DAQ and information from the BaBar trigger chambers into a common data stream.
Indirect cost rates for all Federal grants and contracts are computed on the basis of actual
costs incurred and regulations from the U.S. Office of Management and Budget that
define the cost categories that are eligible for reimbursement. Indirect cost reimbursement
rates are periodically negotiated with our cognizant Federal audit agency, the Department
of Health and Human Services (DHHS). The most current signed agreement, dated
March 31, 2008, allows for a 26.0% off-campus research F&A rate.
The Indirect Costs rate(s) and base(s) have been approved by a Federal agency and are
applicable to the time period covered by the proposed award.
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Proposal to the University Linear Collider Detector R&D Program

January 25, 2009
Project Name
Continued Development of the Tail-catcher/Muon Tracker System for a Linear Collider Detector
Personnel and Institution(s) requesting funding
D. Chakraborty, A. Dyshkant, K. Francis, D. Hedin, J. Hill, P. Salcido, V. Zutshi.
Northern Illinois Center for Accelerator and Detector Development/ Northern Illinois University.

Collaborators
M. Demarteau et. al.
Fermi National Accelerator Laboratory, Batavia
F. Sefkow et. al.
Deutsches Elektronen-Synchrotron, Hamburg
The CALICE Collaboration

Project Leader
V. Zutshi
zutshi@nicadd.niu.edu
(815)753-3080
Project Overview
There is a widespread consensus that Particle Flow Algorithms (PFAs) [1] offer one of the most
promising path to date of realizing the full physics program of an International Linear Collider
Detector (ILCD). It is in this context that the design of the calorimeter and muon systems
for the Linear Collider will have to be optimized. This in turn implies that, any detector
that sits behind the hadron calorimeter will have to address the following in a comprehensive
manner:
Muon ID and Reconstruction: Many key physics channels expected to appear at the Linear
Collider have muons in their final states. Given the smallness of the expected cross sections,
high efficiency in tracking and identification of the muons will be paramount. Since the precise
measurement of the muon momentum will be done with the central tracker, a high granularity
muon system which can efficiently match hits in it with those in the tracker and calorimeter
will be needed.
1
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Energy Leakage: Hermeticity and resolution constraints require that the calorimeters be
placed inside the superconducting coil to avoid serious degradation of calorimeter performance. On the other hand cost considerations associated with the size of the coil imply that
the total calorimetric system will be relatively thin (4.5-5.5 λ). Thus, additional calorimetric
sampling may be required behind the coil to estimate and correct for hadronic leakage and
punch-through.
Shower Validation: Current hadronic shower models differ significantly from each other. This
puts conclusions on detector performances drawn from PFAs on rather shaky ground. Thus
one of the most important goals of the LC test beam program is the validation of hadronic
simulation packages. A tail-catcher/muon tracker (TCMT) which can provide a reasonably
detailed picture of the very tail-end of showers will be very helpful in this task.
The CALICE TCMT prototype, designed with these considerations in mind, 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, provides 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 serves as a prototype muon system
for any design of a Linear Collider Detector and facilitates studies of muon tracking and
identification within the particle flow reconstruction framework. Furthermore, the TCMT is
providing valuable insights into hadronic leakage and punch-through from thin calorimeters
and the impact of the coil in correcting for this leakage.
Status Report
GEANT4 based simulation studies [2] of muon reconstruction, background rejection and
hadronic energy leakage were used to support the geometry and segmentation choices for the
TCMT.
(a) 16 layers, each of active area 1m x 1m,
(b) Extruded scintillator strips 5cm wide and 5mm thick,
(c) Steel absorber with thickness 2cm (8 layers) and 10cm (8 layers),
(d) X or Y orientation of strips in alternate layers,
(e) Silicon Photomultiplier (SiPM) photodetection.
The extruded scintillator strips were produced at the Scintillator Detector Development Lab
(SDDL) extruder facility operated jointly by Fermilab and NICADD [3]. 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 were 1m long, 10cm wide, 5mm thick and had two co-extruded holes running along
the full length of the strip. A 1.2mm outer diameter Kuraray wavelength shifting fiber was
inserted in each of the holes. Detailed studies of the strip-fiber system were carried out to
converge on this solution [4]. Not only was the performance of this novel fiber-coextrudedhole 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
was involved. Due to the size of the die available at time of production the strips rolling off
the extruder were ten centimeters wide. To have the required five centimeter wide readout
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Figure 1: Strip processing stages.

segmentation each of the strips has a 0.9 mm wide epoxy filled separation groove in the middle
(see Fig. 1).
SiPMs [5] serve as the photodetectors for the TCMT. SiPMs are room temperature photodiodes operating in the limited Geiger-mode with performances very similar or better to
conventional photo-multiplier tubes i.e. they have high gain (≈ 106 ) and reasonable detection
efficiencies (quantum x geometric efficiency ≈ 15-40%). Not only is the signal obtained for
minimum ionizing particles with these devices large (> 10 photo-electrons for our 5mm thick
extruded scintillator strips), their small size (1mm x 1mm) and low bias voltage (≈ 50 V)
implies that they can be mounted in or very close to the scintillator strips. Consequently little
light is lost since it does not travel large distances in the fiber to the photodetector, the need
for interfacing to a clear fiber (connectors, splicing etc.) is obliterated and the quantity of fiber
required is significantly reduced. Even more importantly, the generation of electrical signals,
inside the detector, at or close to the scintillator surface eliminates the problems associated
with handling and routing of a large number of fragile fibers. Our detailed investigations [6][7]
into the characteristics of these photodetectors confirms their suitability for a dual purpose
muon detector.
The scintillator strips and their associated photodetectors in each layer were enclosed in a
light tight sheath which we refer to here as a cassette (see Fig. 2). The top and bottom skins
of the cassette were 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.
The TCMT cassettes sit in an absorber stack (see Fig. 3) composed of steel absorber plates
welded to a frame which also doubles as a lifting fixture. This structure is placed on top of
a table capable of forward-backward and left-right motion with the help of Hillman rollers.
The design of the absorber stack and table was developed in collaboration with Fermilab
mechanical engineering. The stack has the capability of being rotated by 90o for taking
normally incident cosmics during beam downtime. The electronics crates are attached to the
stack to keep the cable lengths to a minimum. For the purposes of the stack, flame cut and
welded steel absorber plates from the Fermilab scrapyard were used. The TCMT absorber
stack weighing approximately 10 tons is about six nuclear interaction lengths thick.
One of the practical advantages of using the SiPMs was that we could use a significant fraction
of the electronics developed for the scintillator-based hadron calorimeter, another project with
which we are actively involved. Thus front-end and DAQ boards already developed for the
3
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Figure 2: A TCMT cassette: ready for optical assembly (left) and with strips interfaced to SiPMs
(right).

Figure 3: The TCMT absorber stack.

4

332

last modified: February 9, 2009

Figure 4: Electronics architecture for the TCMT.

HCAL by the CALICE Collaboration were used. However the different structure and channel
count of the device necessarily leads to a different architecture of the electronics. This required
the development of an adaptor board which connects to the HCal baseboard. The baseboard
in turn carries the preamplifier cards and communicates with the data acquisition system.
The design and fabrication of these boards was carried out in collaboration with DESY
and Fermilab electrical engineering departments. The photodetectors inside the cassette are
connected to the adaptor board with 50 ohm multi-coax cables with connectors at both the
detector and board ends. A schematic of the full readout chain can be seen in Fig. 4.
The TCMT was completed on time and has been taking beam as part of the CALICE testbeam
during the 2006-2008 period at CERN and Fermilab. Over six run periods each approximately
3-4 week long millions of electron, positron, pion and proton events in the 2-180 GeV/c
range were collected. Also written to disk were a large sample of muons of determined and
undetermined momenta. Additionally, for calibration and monitoring purposes pedestal and
LED events were taken at regular intervals. The extended operation of the TCMT has clearly
demonstrated its excellent reliability and performance. Ongoing analysis of the data reveals
that in all aspects, from muon reconstruction to correcting for the energy leakage (see Figs.
5-7) the TCMT has performed to specifications indicating the optimality of the scintillatorstrip-SiPM detector for a muon/tail-catcher system for a Linear Collider Detector. Details
of the detector characterization studies (calibration, pedestal and response stability, crosstalk measurements, strip efficiency and longitudinal response attenuation etc.), Monte Carlo
comparisons and energy leakage, response, resolution and linearity analysis can be found in
Refs. [8] and [9].
Facilities, Equipment and Other Resources
The funds requested in this proposal will be augmented by the following support, from other
sources:
(a) NICADD personnel,
(b) Fermi/NICADD scintillator extruder line,
(b) NIU electrical and machine shops,
(d) DESY and Fermilab electrical and mechanical engineering,
5
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Figure 5: For a typical TCMT strip:(a) pedestal distribution (b) pedestal subtracted MIP signal
from muons (c) MIP calibrated signal (d) efficiency (blue) and noise rejection (red) as a function
of the energy threshold.

Figure 6: Response to 20 GeV pions, clockwise from top-left: correlation between energy deposits
in ECAL+HCAL vs TCMT; response using only the ECAL and HCAL energies; energy deposited
in the TCMT; response using ECAL+HCAL+TCMT. The bump below 200 in the bottom right
plot represents the muon content of the pion beam.
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Figure 7: Resolution improvement for 20 GeV pions by including energy beyond the coil using
CALICE testbeam data. The red points correspond to the resolution obtained for a given thickness
of the calorimeter system while the black points supplement the energy in the calorimeter system
with that from beyond the coil. The change in length of the calorimeter system, the material
contained in the coil and energy beyond the coil are simulated by rejecting or accepting layers in
the TCMT.

FY2009 Project Activities and Deliverables
(a) Continued operation of the TCMT as part of the CALICE testbeam
Testbeam operation is expected to resume in 2009 at Fermilab. Initially, the TCMT will
be operated with the Sci-SiPM ECAL and HCAL. Additional running could materialize
with alternate HCAL technologies such as RPCs and/or GEMs. NIU has been a very
active participant in the operation of the CALICE testbeam given it’s primary responsibility for the TCMT and the proximity to the Fermilab testbeam site. For instance, in
2008, three personnel (Francis, Hill and Salcido) took shifts regularly while Zutshi served
as one of the run-coordinators. Similar level of engagement is expected to continue.
(b) Continued analysis of the CALICE testbeam data
The TCMT data can answer fundamental questions related to the configuration of an
ILC muon/tail-catcher system. The elucidation of these needs and expectations from
a muon system given specific constraints of the calorimeter system and the support
structure are essential to design an ILC muon system and will also have a significant
impact on the technology choice. The design optimization of the calorimeter-coil-TCMT
system with regard to energy response and resolution will be the focus of the continued
analysis of the testbeam data.
(c) Cooling studies
The intrinsic noise of the SiPMs decreases dramatically with decreasing temperature.
While channel count density and space restrictions make cooling the photodetectors
unviable for the HCAL, it may not be the case for the muon system. Furthermore
having a quieter device is going to have a bigger impact on the performance of the muon
system due to larger coverage of the muon strips. Studies into the possibility of cooling
7

335

last modified: February 9, 2009

the photodetectors to LN2 temperature in a cost effective manner will be undertaken.
(d) Interfacing to the mechanical aspects of the full detector
The ILC muon system is to be interleaved in the plates of the flux return. This implies that its design and installation are tied with the structural aspects of the overall
detector. Working with engineers to develop an optimized design of the muon system
consistent with the structural constraints imposed by the overall detector will thus be
a key task. This will necessarily involve studying and quantifying muon/tail-catcher
system performance for specific mecahnical and structural choices.
Budget
Item
Other Professionals
Graduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe
Equipment
Materials and Supplies
Travel
Total Direct Costs
Indirect Costs(26% of non-equipment)
Total Direct and Indirect Costs

FY2009(K$)
50.0
9.9
59.9
28.0
87.9
0.0
1.0
5.0
93.9
24.4
118.3

Budget Justification
The R&D activities listed in the previous sections will be carried out by NICADD staff
members, a post-doctoral research associate (support for 1.0 FTE requested) and a graduate
(support for 0.5 FTE requested) student. Note that without the support for a post-doctoral
researcher effective detector design optimization and liasioning to mechanical engineering
aspects will not be possible. The six months of the graduate student support will be used for
a Ph.D. student (Salcido). The remaining part of his support will come from a University
program for minority students. The M&S costs relate primarily to test-bench setup costs for
photodetector cooling studies.
The travel funds will used by group members for attending conferences/meetings for the
purposes of this project only.
The budget takes into account the NIU mandated fringe: 56% and off-site indirect cost: 26%
rates.
Broader Impact
The activities of the proposed research program have had a number of broader impacts on
education, both in physics and in related fields, and on the general public through outreach
activities. Student involvement in research is a critical aspect of our detector R&D program.
Students made significant contributions in a number of areas. They assembled the TCMT
cassettes at NIU and aided in the installation and operation at the CERN and Fermilab test
8
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beams. A significant portion of the data analysis has been performed by graduate and undergraduate students. NIU’s location has allowed us to make effective use of undergraduate
students and Masters students in addition to Ph.D. students. These students typically do
not end up as researchers in HEP but are able to apply what they learn in diverse fields.
During the 2004-2008 period, five students supported by NSF REU funds worked on aspects
of detector R&D. Three have graduated with one subsequently completing his M.S. degree
at NIU and is now working in the oil industry while the other two are currently in graduate programs in oceanography and physics. We have also had four students complete their
terminal Masters degrees in the same time period, with two current students (Hill and Lee)
expected to complete their M.S. degrees in 2009. Of the two current Ph.D. students, Francis
will complete his degree in 2009 while Salcido will continue. Of the twelve students, three
are in underrepresented groups (1 each female, Hispanic-American, Asian-American). Both
graduate and undergraduate students are encouraged to present their results and have given
talks or presented posters at IEEE and LCWS conferences, and at the 2008 Fermilab Users
and SPS meetings.
The scintillator R&D involved collaboration work with mechanical engineers. Faculty and
students from NIU’s mechanical engineering department have been involved in extruder die
design and operation and in considering alternate technologies such as injection molding.
Mechanical engineering students designed and constructed a light-tight box with a controlled
temperature as part of their required design class which we will use in our next round of cell
studies.
Outreach to the community and to K-12 schools is an important priority for our group. NIU
joined QuarkNet and hosted its first institute in the summer of 2008. Five high-school physics
teachers and twelve students participated in a very successful week-long program consisting
of introductory lectures by physicists from NIU and ANL, assembly of cosmic ray counters
from kits, and a guided tour of Fermilab.
NIU also runs a vigorous science outreach program which was initiated by NICADD in 2001.
It 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. About 10,000
students per year attend both on-campus and off-campus outreach events each year.
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Appendix: Participation Data

Number of projects in this document
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon system total
Total

N
5
5
4
11
3
28

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

N
28
4
17
49
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