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Supplemental 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. 
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Supplemental Proposal for University-based Detector R&D  
for the International Linear Collider: Project Description 

 
 
Introduction 
 
This is a collaborative supplemental proposal by 16 university groups and affiliated 
laboratories to carry out detector R&D for the ILC. Its 9 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 9 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 22 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 
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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. This 
year, with the development of a joint process for the review and funding of ILC R&D at 
universities, UCLC and LCRD have effectively merged, and they now comprise groups 
from 49 U.S. universities, 7 national and industrial research laboratories and 23 foreign 
institutions. 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 
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first glimpses of these phenomena. Starting later in the decade, CERN’s LHC, with seven 
times the energy, will almost certainly observe the Higgs boson, and has a very good 
chance of discovering something else. Most high-energy physicists believe, however, that 
the LHC will not unravel the mysteries of symmetry breaking on its own. 
Experimentation at a linear e+e− collider provides information that cannot be obtained by 
other means. Let us just cite two examples. First, a series of cross section and branching 
ratio measurements will trace out a detailed profile of the Higgs boson, in a model-
independent way, and incisively test whether its couplings are proportional to mass. 
Second, if SUSY is at play, the ILC can determine the lightest superpartners’ masses with 
exquisite precision. The ILC measurements would be key to determining, for example, 
whether supersymmetric particles are the “dark matter” in the universe. In both these 
cases, the ILC adds critical information to what will be learned at the LHC. The ILC is 
the right next step for experimental high energy physics, and now is the time to take it in 
order to maximize the interplay of its results with those of the LHC. 
 
The full scientific case for the ILC can be found in the Resource Book[7] prepared for 
Snowmass 2001 or the physics chapter of the TESLA Technical Design Report[8]. We 
believe the essential elements of the physics case have been made persuasively, and we 
are responding by banding together to meet the technical challenges that remain, so that 
the instrument can be built in a timely and cost-effective fashion. 
 
 
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. 
 
The time-scale for this R&D is already tight. If ILC construction is to begin in 2010, as is 
needed to optimize the interplay between the LHC and ILC programs, the detector 
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technologies must be selected and the conceptual designs developed in the next few 
years. As a first step, by spring 2006 each candidate detector concept is to prepare a 
written outline that includes an introduction to the detector concept, a description of the 
detector, its expected performance, subsystem technology selections or options, status of 
ongoing studies and a list of needed R&D. More formal Conceptual Design Reports will 
accompany the accelerator’s Technical Design Report shortly thereafter. 
 
 
4.  Broader Impact of the Work described in this Proposal 
 
The proposed research will advance our technical capabilities in particle detection and 
electronics. It complements the detector research done for the LHC in that it focuses on 
precision measurement in a low radiation environment. This research will have 
applications for other experiments in high energy physics, and in other fields. 
 
The proposal will also have impact in education and outreach. Numerous ongoing 
activities at the participating universities are aimed at K-12 students. For example, in the 
last two years, Notre Dame has involved 24 high school students in research. NIU 
sponsors a science camp for kids. Boston University sponsors a ”Saturday Morning 
Physics” program and Cornell has initiated a monthly “Visiting Scientist Series”. Boston 
and Cornell sponsor a one-day outreach programs for girls, and Michigan sponsors an 
annual Physics Olympiad. Cornell has co-hosted a session for local home-school students 
grades 4-9 and their parents, has coordinated a three-day workshop exposing secondary 
students to careers in accelerator physics and X-ray experimentation, and has designed 
and posted interactive web pages describing high-energy physics and accelerator research 
aimed at secondary school audiences and instructors. An estimated 1,400 people tour the 
Cornell research facility each year, and of these, approximately 500 are students. Those 
who can’t visit the lab in person can watch the lab’s video, or take an interactive tour of 
CESR and CLEO on the web. Boston and Wayne State have provided access to 
sophisticated research equipment to local high school classes. 
 
One of the most effective ways to reach students is to reach their teachers. The groups at 
Berkeley Boston, UC Davis, UC San Diego, UC Santa Cruz, Chicago, Hawaii, Indiana, 
Iowa, Iowa State, Kansas, Kansas State, Notre Dame, Oklahoma, Oregon, Purdue, Rice, 
UT Arlington, Texas Tech, Washington and the national laboratories host Quarknet 
programs, while Cornell, Notre Dame and Wayne State host Research Experience for 
Teachers programs. In collaboration with multiple research centers on campus, Cornell 
has exposed over 250 high school physics teachers to resources on the Standard Model 
and provided educational materials, supplies and laboratory investigations for their 
students. 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. 
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New education and outreach efforts are centering on the ILC. Each year, at least 10 
undergraduates will contribute to the projects in this proposal, either independently or 
through Research Experience for Undergraduates (REU) programs. Wherever possible, 
the ILC will be introduced into outreach activities aimed at K-12 students and the general 
public. These activities have already begun at the workshops of the American Linear 
Collider Physics Group. The 2003 ALCPG workshop in Arlington included exhibits for 
the public, and Rick van Kooten gave a lecture ”What is the Linear Collider?” for high 
school science teachers and undergraduates at the 2003 workshop at Cornell and (with 
Helen Quinn) for 450 science high school students at the 2002 workshop at Santa Cruz. 
At the 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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Energy Spectrometers for
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Overview

Precision measurements will be a cornerstone of the ILC physics program. This proposal
seeks to accelerate the beam tests necessary for demonstrating that the currently-pursued
technologies for direct beam energy measurement can reach the resolution and accuracy de-
manded by the ILC physics program. It has been shown in previous studies that precision
particle mass measurements, such as Higgs and top to δM ∼ 50 MeV, require a beam energy
(Eb) measurement of precision δEbeam/Ebeam ∼ (1 − 2) × 10−4. This can only be provided
by beam-based spectrometers integrated into the accelerator. We are pursuing two different
technologies to provide the necessary precision on the beam energies. In the current plan-
ning, both a BPM-based energy spectrometer, which sits in the Beam Delivery System, and
a Synchrotron-stripe energy spectrometer, which sits in the extraction line, must be designed
into the accelerator lattice. If the test beam performance of current designs is not adequate,
modifications will need to be made to the layout of key optics sections of the accelerator,
potentially even lengthening the overall machine, to regain the necessary resolution for the
energy measurements. In the worst case, these technologies will have to be abandoned in lieu
of as-yet-unidentified alternatives. Clearly, achieving stable, performant designs as early as
possible would minimize future disruptions to the global design and costing effort. A modest
investment to accelerate the End Station A (ESA) test program at SLAC[1] for the energy
spectrometers would allow closure on many issues on a time scale consistent with the global
design timetable. The ESA is the only operating high energy, high current electron test facil-
ity. As such it holds a unique place in the world ILC R&D effort on spectrometers, and the
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existing collaboration includes essentially all interested parties world-wide. With the SLAC
linac being turned over to the Linac Coherent Light Source (LCLS), however, the operation
of the ESA facility beyond 2008 is currently uncertain. Additional funding for personnel and
equipment to allow earlier testing of the spectrometer systems will dramatically increase the
likelihood of a successful technology demonstration.

Introduction

Much of the physics of the future e+e− Linear Collider will depend on a precise measure-
ment 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[2] and the
Higgs mass[3] 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 WW pair
production threshold[4] 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 pro-
vide these energy measurements. Moving accelerator components well after construction in
order to provide additional space for energy measurement instrumentation is likely to be
both extremely disruptive and extremely expensive. We are in a situation, however, where no
direct energy measurement technique except resonant depolarization (RDP)[5] has provided
an energy determination of sufficient precision. Since RDP will not work in a single-pass
collider, spectrometer techniques must be developed which meet the specifications demanded
by physics measurements.

Previous experimental requirements on precision energy measurements have led to the devel-
opment of several techniques. At the SLC, the WISRD (Wire Imaging Synchrotron Radia-
tion Detector, shown in Fig. 1)[6] was used to measure the distance between two synchrotron
stripes created by vertical bend magnets which surrounded a precisely-measured dipole that
provided a horizontal bend proportional to the beam energy. This device reached a precision
of δEbeam/Ebeam ∼ 2× 10−4, where the limiting systematic errors were due to relative compo-
nent alignment and magnetic field mapping. At LEP2, a BPM-based magnetic spectrometer
was incorporated into the LEP ring[7]. This spectrometer has provided an energy determi-
nation 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 reso-
lution in various locations within the accelerator. Constrained by limited manipulation of the
beam, the BPM-spectrometer is able to provide a “non-invasive” measurement of the mean
beam energy upstream of the interaction point. The synchrotron spectrometer will be placed
downstream of the interaction point and will additionally be able to examine the outgoing
beam energy spectrum to study effects of disruption and provide additional information on
dL/dE. These techniques were chosen for their complementarity and the direct evolution
from existing devices which have been successfully operated in a production accelerator en-
vironment.

Each of these techniques, however, requires significant development to approach the neces-
sary 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
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Figure 1: The WISRD beam energy spectrometer, operated at SLC. The downstream
synchrotron-stripe spectrometer is an evolution of this design.

spectrometer requires improvements to the photon detectors to make them more robust to
backgrounds, as well as a different magnet and detector geometry. 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 designed to pro-
vide operational experience in what is effectively an ILC beam in terms of bunch charge and
beam size. This facility currently comprises test beam programs for four separate ILC-related
experiments, with more to be added. This is a significant resource for the ILC community,
provided entirely by SLAC; it provides substantial support for the success of this proposal.

The need for tests of this nature is becoming critical as the Global Design Effort progresses,
since it directly impacts the design of the ILC Beam Delivery System and Final Focus. For
the BPM-based spectrometer, the constraints provided by the available space and the limits
on emittance growth drive the stability and resolution requirements of the spectrometer com-
ponents. However, if the End Station A tests show that these tolerances are not feasible, the
accelerator insertion will need to be redesigned. Different constraints with the same outcome
apply to the synchrotron-light spectrometer, since it must deal with the difficult conditions
in the extraction line downstream of the Interaction Region. The optics juggling required to
have energy and polarization measurements in the extraction line is quite complicated. Any
change in the achievable parameters for the energy spectrometer will require a re-design of
this difficult region in order to achieve the necessary resolution. An important ingredient in
the spectrometer tests is a cross-check of the two technologies against one another, since the
End Station A infrastructure does not allow an absolute energy measurement. This requires
that both systems be working at the highest resolution as early as possible so that systematic
effects can be studied and understood.

This supplemental proposal seeks funding for additional personnel and hardware to accelerate
the End Station A test program, culminating in a full cross-check of energy measurements
with the two different spectrometer techniques. At the current funding levels, provided by
the university LC R&D funds, the individual spectrometer efforts do not have the resources
to complete prototypes that can demonstrate the necessary resolution before late FY08 at
the earliest. With modest supplemental funding, these tests could be advanced nearly a year,
allowing the accelerator design and costing to procede on much more solid footing.

In particular, a shared “Energy Spectrometer” postdoc resident at SLAC would have a huge
impact on the speed, complexity, and depth of the tests we have planned for the spectrometer
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Figure 2: An example of an ILC Energy Spectrometer chicane with a central dispersion of
5mm and a bend angle of 233 µrad. The yellow rectangles denote possible BPM locations.
The length of this chicane is approximately 55 meters. This version, with longer initial and
final dipoles, has been integrated into the ILC lattice.

systems. Extra, early investment in hardware would allow us to insure the the spectrometer
systems were fully installed early enough to complete testing before a potential shutdown of
the End Station A program due to LCLS constraints in 2008.

BPM Spectrometer Overview

As summarized in Figure 2, a BPM-based magnetic spectrometer at the ILC will consist of
a chicane of dipoles which deflect the beam for an energy measurement. 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 2. 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 by measuring the total deflection of
the beam at the central point. 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, since in this case the total displacement is simply half
of the total distance travelled by the central BPM (modulo issues of magnetic field stability).
Comparisons between the straight-line and “dithered” measurements will also be necessary to
determine some systematic errors, such as residual scale uncertainties in the BPM positions,
position bias due to betatron position and angle jitter, etc. To avoid hysteresis effects during
operation, it is most likely that these dipoles will 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.

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
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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[8], 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

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 move repeatedly and accurately over
length scales of order 1cm with a precision of tens of nanometers. This proposal seeks to
demonstrate the feasibility of each of these conditions in the context of deriving an overall
design for a BPM-based spectrometer that is consistent with the ILC Beam Delivery lattice.

Prototyping the (mechanical) stability of a BPM-based Energy Spectrometer breaks down
into several projects:

• development of “local” monitoring capability that can survey the electrical and mechan-
ical 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

• 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

Position Stability Monitoring

The first of the items mentioned above is now complete. In July 2006, a three-head Zygo
interferometer system was installed in the End Station A beamline to monitor the mechanical

1The 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 End Station
A spectrometer tests but are funded by a separate proposal led by Yury Kolomensky. Only mechanical, magnetic
field, and integration issues are discussed here.
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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.

BPMs

Interferometers

Figure 3: Photograph of the 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.

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.

Long term tests show slow but large (> 2µm) relative motion of the BPMs and interferometer
table that are directly correlated with the ambient temperature. These slow variations will
easily be removed by the relative calibration procedure under which the spectrometer will
operate, but observing their magnitude gives a preview of the types of motion that will need
to be addressed in the final design.

The Straightness Monitor

Measuring and monitoring the relative horizontal positions of the BPMs themselves is obvi-
ously a crucial element of the spectrometer design and operation. Horizontal motions can
mimick energy shifts and can add an additional element of uncertainty in the determination of
BPM calibration constants.Figure 5 shows a preliminary design that has been developed dur-
ing FY06 for the so-called “straightness monitor”. Since the design goal is merely to measure
the relative lateral shifts between the BPM stations, absolute “straightness” is less important
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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.

than achieving adequate position resolution in the plane transverse to the beam direction.
This configuration was designed using the SimulGeo[9] metrology simulation package devel-
oped for the CMS experiment. The basic unit of the spectrometer metrology system is two
interferometer heads coupled to a stable “girder” such that their relative positions are known
very precisely. This can be fabricated from some low-expansion-coefficient material such as
Invar. A separation of 50 cm yields transverse resolutions below 100 nm if the accuracy on
the relative changes in the arm length is kept at the 10 nm level, even for arms more than 20
m long. Installation of this system requires a vacuum system to protect the individual arms
from ambient fluctuations and the addition of at least 4 more interferometers for an initial
test on a single BPM station. A significant amount of mechanical design work will also be
necessary.

Optics Design

The exact details of the accelerator optics around the spectrometer have yet to be determined,
and, as discussed above, will ultimately depend on the achievable stability and resolution.
The preliminary design we have developed has been subject to a proper optical analysis and
has been incorporated by Mark Woodley at SLAC into the ILC Beam Delivery lattice, as
shown in Figure 6. Features of this design are lengthened bends at the high dispersion point
in order to minimize the emittance growth due to the emission of synchrotron radiation and
an increase in the overall length of the chicane to achieve more position deviation at the
central point. This design relaxes some of the constraints on the position measurement at the
center of the chicane while minimizing the emittance growth due to synchrotron radiation
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Figure 5: A schematic drawing of a prototype “straightness monitor” used to measure the
relative lateral shifts of two BPM stations, where the interal monitoring of the BPMs will
take place. Each unit of this installation would be two interferometer heads mounted such
that their relative position would be known to great precision. The shifts in relative path
lengths is used to determine the lateral shift in the position of the BPM station. Three pairs
of interferometers would be used to monitor two BPM stations.

at high-dispersion points in the lattice. It is an example of the delicate interplay between
achievable spectrometer resolution, space in the accelerator, and the requirements for limited
manipulation of the beam. The spectrometer parameters will need to be finalized before this
section of the accelerator can be completely designed.

Syncrotron-Stripe Spectrometer Overview

The extraction-line energy spectrometer at the ILC is designed to use a three-dipole chicane
plus transverse “wiggler-style” magnets at points of high dispersion to produce two bands of
synchrotron radiation which can be used to measure the beam energy profile. The separation
between these stripes (produced on either side of a precise spectrometer analyzing dipole) gives
the absolute beam energy scale, while the differential distribution of synchrotron radiation
within each stripe measures the beam energy spectrum. The layout of this device is shown
in Fig. 7. In either the large (20 mRad) or small (2 mRad) crossing-angle extraction line,
the distance from the spectrometer chicane to the synchrotron radiation detectors is around
75 meters, while the analyzing magnet bends the on-energy primary beam by 4 mRad. This
produces a 30 cm separation of the synchrotron stripes downstream at the detector plane,
which must be measured to an accuracy of 30 microns to achieve an absolute energy resolution
of 10−4.

The two main challenges in designing the downstream spectrometer are the detection scheme,
which must be passive, reliable, and radiation hard to operate in the extraction line environ-
ment, and the magnet system which must provide relatively strong homogenous fields in a
large-bore magnet. The detection mechanism proposed for the ILC is to measure the spatial
distribution of synchrotron radiation in a linear array of 100 micron quartz fibers placed at
a secondary focus in the extraction line near the downstream Compton polarimeter. The
synchrotron radiation is detected by observing the Cherenkov radiation of secondary Comp-
ton electrons passing through the fibers. These fibers are very radiation hard, provide some
low-energy noise rejection due to the Cherenkov threshold, and are cost effective to read
out in large numbers using multi-anode PMTs. With careful design and manufacturing, the
absolute spacing of the fibers on the relatively compact detector plane should be known to
better than 10 microns with straightforward optical survey techniques.

One primary goal of this proposal is to demonstrate the operation of a quartz fiber syn-
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Figure 6: An overview of the twiss parameters for a 2005 version of the ILC Beam Delivery
System. The collimation system lies at the center of the left figure and the IP at the right;
the Energy Spectrometer is around the 900 meter mark, where the 5mm dispersion at the
center of the spectrometer chicane can be seen as a small bump in ηx. The total length of
the spectrometer insert here is approximately 54 meters, a distance specified to correspond
to our zero-th order design. Our specifications for magnet lengths and bend strengths have
also been included. The baseline design now includes energy spectrometers of this type in all
incoming beam lines to the IPs.

chrotron radiation detector in the ESA with the characteristics necessary for the extraction
line spectrometer. A secondary goal is to complete the conceptual design of the necessary
magnet system, in conjunction with magnet experts at SLAC and elsewhere, and install a
prototype wiggler magnet to assess directly the performance of the design.

Figure 8 shows a prototype 16 channel device built using LC R&D funds installed in the ESA
transfer line where synchrotron radiation from the A-line bends is produced. This prototype
was built with a mixture of 100 micron and 600 micron fibers on a 1 mm pitch read out
with a Hamamatsu R6568 multi-anode PMT housed in a protective lead cave about 1 meter
from the detector head. This device has demonstrated the detection of synchrotron radiation

Analyzing
Dipole

2 mRad
Vertical Bend

2 mRad
Vertical Bend

Horizontal Wigglers

To Dump

Quartz Fiber
Detectors

Figure 7: Layout (not to scale) of the extraction-line energy spectrometer. Synchrotron
radiation produced by the horizontal wigglers is detected 70 meters downstream by quartz
fiber detectors.
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Figure 8: The prototype Quartz fiber detector installed at SLAC. Synchrotron radiation from
the ESA bend magnets exits from the port shown at the right. The PMT box is installed
below the beam line in a shielded box.

in quartz fibers, although considerably more background has been seen than was initially
anticipated. Access to this area is restricted during normal PEP-II operations, and access to
the detector is often forbidden for months at a time. This has greatly complicated efforts to
understand the signal in this device and track down the specific source of these backgrounds.

This proposal will accelerate the construction of a proper detector installation downstream
of a four-magnet chicane in the ESA hall where access is much more readily available. Initial
measurements using the radiation produced directly by the chicane dipole magnets will be
used to quantitatively validate the Cherenkov detection mechanism in small-diameter fibers
for synchrotron light. With the future installation of a refurbished wiggler in the ESA chicane,
a second round of measurements will be made to demonstrate the ability to measure a beam
energy profile with this technique and establish the expected energy resolution achievable
with 100 micron fibers.

This proposal will also speed up the construction and installation of a second, 64 channel
prototype detector which will be used in conjunction with the BPM-based device to ultimately
demonstrate the stability, accuracy, and performance of the spectrometer designs for the ILC.
Early completion of the second prototype detector will enable the spectrometer program to
begin complete system tests as soon as the chicane and wiggler magnets are installed in FY07.

SLAC End Station A Test Beam Facility

As mentioned above, an extensive test beam program has begun at SLAC’s End Station A[1],
currently comprising four experiments. Several more are expected to join in the coming year.
Two of these experiments, designated T-474 and T-475, are 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 is a global effort, with essentially all inter-
ested parties world-wide involved in various aspects of the design, construction, and analysis.
This is the only dedicated energy spectrometer installation, and, as such, provides a unique
opportunity to debug and commission these devices. It also represents a substantial effort
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and investment by SLAC in this program. SLAC has provided infrastructure, mechanical
design, and logistical support for all of the experiments. For the spectrometer effort, SLAC
is currently refurbishing four SPEAR dipoles that will be 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 9.

Magnetic Measurements

As discussed above, a primary goal of the End Station A program is to demonstrate the full
performance of the spectrometer techniques. In Fall 2006, a four-dipole chicane and wiggler
will be installed in order to allow the interoperability of the two spectrometer tests in the
context of an actual energy measurement. Ideally, these dipoles would be mapped before
installation to provide precise information on the total spectrometer bending field in the ESA
chicane at the level of 10−4. SLAC does not currently have the resources to mount such a
mapping campaign, and the university groups certainly do not either. Alternately, a series of
magnetic instrumentation (NMR probes, fluxgate magnetometers, and Hall probes) are being
acquired which can accurately monitor changes in the magnetic field, even if the overall field
magnitude is not precisely known. The postdoc provided by this proposal would take a leading
role along with SLAC staff in designing, installing, and commissioning this instrumentation.

ESA Scheduling

There is considerable time pressure on the ESA program. SLAC has committed to the
construction and operation of the LCLS project, and as soon as BaBar shuts off in 2008 there
is no longer a necessity to run high energy beams in the main linac to the switchyard. The
LCLS will fill the last third of the linac tunnel with undulators, and the cost of providing a
bypass line to allow electron beams into ESA in the LCLS era is large. Currently it is not clear
whether the lab will pursue this option, and it is entirely possible that the ESA facility will be
closed permanently after 2008. For this reason, SLAC is doing everything it can with limited
resources to provide the test facilities needed for ILC now. This includes an accelerated
installation of the four-magnet chicane by the end of 2006 and efforts to get the wiggler in
place in early 2007. Currently, the experimental program does not have the resources in place
to fully exploit this schedule, and this proposal seeks to remedy this situation.
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Figure 9: Drawing of the FY07 installation of a four dipole chicane and the wiggler for the
combined spectrometer test. Installation will be finished Fall 2006.
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FY2007 Project Activities and Deliverables

In July 2006 we installed an interferometer system to provide position readback on a single
BPM station (see preliminary test results, above). The aim of the End Station A tests in
FY2006 will be to demonstrate electric and mechanical stability in the beam at the 10−4

level for single stations. As stated above, the mechanical support structure for the BPMs is
susceptible to vibration induced along the beam pipe and will need to be redesigned to provide
a full test of the system. However, the complete spectrometer system also requires a means of
monitoring the relative positions of multiple BPM stations. A prototype design for this system
has been developed during FY06, but due to a restricted FY07 budget, significant additional
hardware and design work will be needed for a full test of the “straightness monitor”. At the
beginning of FY07, the four-dipole chicane will be installed in ESA. With this proposal, we
hope to install a complete pair of spectrometer prototypes and begin integration tests of both
systems during FY07. For the synchrotron spectrometer, the beginning of FY07 will see the
existing quartz fiber detector moved to the completed chicane for further testing, along with
the construction of a second 64 channel device. This proposal will allow the design of a better
detector installation complete with movers and improved shielding, as well as the installation
of a second expanded prototype with 64 channels in time for the full system tests in FY07.

FY2008 Project Activities and Deliverables

With additional funding, FY08 should allow a performance test of both spectrometer systems,
culminating in a cross check between the two techniques at the 10−4 level. Stable operating
configurations developed during the FY07 running will be exploited to enable an extensive
series of systematic tests, exploring the performance parameters of the two systems, while
using simultaneous measurement to constrain the size of the systematic errors. Extensive
data analysis will be necessary in order to understand the performance of both spectrometer
system, as well as the potential comparison to the End Station A diagnostic energy measure-
ments. During this time, protocols for calibrating and operating the spectrometers during
actual ILC running will also be developed, allowing more stable running and giving a better
idea of the potential “luminosity cost” associated with the energy measurement.

Conclusions

One of the great strengths of the ILC physics program is the ability to use the knowledge of
the initial collision parameters to make precise measurements of particle masses. In order to
achieve this precision, however, the ILC will need absolute beam energy measurements at a
relative precision and accuracy of 10−4. This level of precision has never been achieved at a
high energy accelerator without the use of resonant depolarization, and represents a major
instrumentation challenge for the ILC.

The BPM-based and synchrotron-stripe based spectrometer designs are both strong candi-
dates to achieve this level of precision with complimentary designs and systematic uncer-
tainties. To demonstrate the performance of these designs, an international collaboration
of university and lab groups has come together to build prototypes at SLAC which can be
tested in conditions very similar to those foreseen at the ILC. To ensure success, however,
an increased level of funding over that provided by the LC R&D funds is necessary. Addi-
tional support for personnel to design, install, operate, and analyze the ESA spectrometer
prototypes, as well as equipment money to ensure the timely completion of all critical compo-
nents is necessary to ensure that the ILC instrumentation design is validated on a time scale
consistent with the ILC machine design.
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Two-year budget, in then-year K$

Institution: University of Notre Dame

Item FY2007 FY2008 Total

Postdoc 50.0 52.5 102.5

Total Salaries and Wages 50.0 52.5 102.5
Fringe Benefits (20%) 10.0 10.5 20.5

Total Salaries, Wages and Fringe Benefits 60.0 63.0 123.0
Equipment 24.4 20.6 45.0

Travel 0 0 0
Materials and Supplies 0 0 0

Total direct costs 84.4 83.6 168.0
Indirect costs (26%) 15.6 16.4 32.0

Total direct and indirect costs 100.0 100.0 200.0

Budget justification: The energy spectrometer test beam program is hampered by two
unfilled needs. A full-time physicist concentrating on the design, installation, and analysis of
the test-beam data is needed to ensure timely completion of the spectrometer prototypes while
the ESA facility is still available. Funding to purchase needed hardware for the interferometer
system, much of which is currently on loan from SLAC and is overdue to be returned, is
necessary to even continue with the existing level of instrumentation. Additional funding
will allow the completion of a module of the straightness monitor in time for the later FY07
running and its completion in early FY08, allowing an initial test of the BPM spectrometer
system before the end of FY08.

To address the first issue, we request funding for a shared “Energy Spectrometer” postdoc to
be resident at SLAC and to participate in all aspects of the test beam program that relate
to energy spectrometry. Time will be shared between the BPM-based and SR-based efforts.
Responsibilities of this person will include integration of the new detectors into the DAQ
system, oversight and coordination of mechanical design and installation, data collection and
analysis, and planning of future experiments. The presence of a full-time physicist at SLAC
will make a huge difference to the rate of progress for these projects. Currently, neither
institute on this proposal has more than a part-time student working on these projects, and
much of the real work is currently being shouldered by faculty directly. Given the potential
difficulty of finding a young postdoc for this position, we will also consider a part-time more
senior person, potentially on a cost-sharing basis with SLAC or another institution. This
postdoc will nominally be employed by Notre Dame, which has a 20% fringe benefits rate.

To address the second shortfall, for the BPM spectrometer we need to purchase the equipment
necessary to install a full interferometer-based position monitoring system, including local
stations at two BPMs and a metrology grid to link them together. In FY07, we need to replace
the equipment on loan from SLAC, which is scheduled to be at KEK or Oxford benchmarking
a different position monitoring system. This equipment includes one Zygo four-channel VME
board ($14k), 1 Zygo interferometer head ($2.5k), and a Zygo interferometer laser ($8k), and
can be covered by the existing BPM Spectrometer LCRD funding. However, this allows for
no expansion of the metrology effort in FY07. Supplemental funding provided here will allow
the purchase of another VME board and several more interferometer heads, making possible
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the construction of a first module of the metrology grid. In FY08, we foresee to purchase
a second laser and the complement of interferometer heads necessary to complete the grid
shown in Figure 5 as early as possible.

Additional equipment funds will also be necessary in the future, either from future expanded
LCR&D grants or additional supplemental proposals, most notably for vacuum chambers for
the long distance laser transport that need to be fabricated and installed ($20k). Additional
optical infrastructure and extensive mechanical design and fabrication will also be necessary.
The synchrotron-stripe spectrometer prototype needs better actuators and linear stages for
the final chicane installation ($10k), while additional multianode PMTs and readout elec-
tronics would allow different detector geometries to be constructed and tested ($6k each).
Travel funds to more fully allow participation of faculty and students in the test beam runs
at SLAC is highly desirable for both institutes, given that the total LCRD budgets will be
tightly stretched by hardware purchases. In the current proposal, all equipment money will
go to Notre Dame for purchasing interferometer hardware. If additional funds happened to
be made available for this supplemental proposal, those funds would go to Oregon for the
synchrotron-stripe detector equipment described above.

It is possible that over the next few years, sufficient additional funds would have been avail-
able from the LC R&D university funding to allow us to eventually complete the spectrometer
systems. More likely than not, however, this would be stretched out over several years. Sup-
plemental funding through this proposal will allow more hardware to be bought up front,
allowing more beam time to be spent on systematically understanding the spectrometer sys-
tems. This is obviously preferable to the the currently foreseen, heavily “staged” approach
where the full system doesn’t come together until 2008, potentially after LCLS no longer
allows beam to the End Station.
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The colliding electron and positron bunches at the ILC experience intense electro-
magnetic fields as they pass each other. These fields generate large Lorentz forces, which 

cause radiation of gammas called beam-strahlung.  We propose a beam-strahlung 
gamma detector (GamCal), which provides necessary information on the ILC luminosity, 

energy, and polarization . We request $80K/yr for FY07 and 08. 
 

1. Introduction 
 

      A crucial aspect of precision measurements at the ILC goes by the acronym LEP: 
luminosity, energy, and polarization. We are proposing R&D towards a conceptual 
design for a detector which will measure the beam-strahlung gammas, and which 
provides robust, complementary information on all three aspects of LEP.  The beam-
strahlung energy is typically 200 MTeV per beam crossing, which presents unique 
detector design challenges. Furthermore, this detector must be integrated into the ILC exit 
beam-line, so there are integration issues which need to be studied. The present status of 
this project is that as of June, 2006 Bill Morse (BNL) and Wolfgang Lohmann and 
Martin Ohlerich (DESY Zeuthen) have done analytical and simulation calculations where 
we have convinced ourselves of the need for this detector in order to achieve the ILC 
LEP goals in a robust and reliable manner. We now have a draft ILC Note on this subject, 
which is included as an Appendix. This work has led to a delightful collaborative effort 
with FCAL [1]. Last month the Yale group also became interested in this physics, and 
has now started thinking about the detector issues. 
 
      The ILC uses a flat (σy = 5nm), wide (σx = 500nm) beam in order to minimize the 
deleterious beam-strahlung, which gives detector backgrounds from the pairs, beam 
energy losses of several percent, and high electro-magnetic fields which precess the spin. 
Achieving the ILC luminosity goals while minimizing the beam-strahlung is a challenge, 
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to say the least. The electron bunch properties can be described by the parameters N, 
<x>, <y>, σx, σy, σz, θx, θy, etc., and similarly for the positron bunch. These parameters 
change during the collision due to the very large Lorentz forces. The instantaneous 
luminosity is given by: 
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where the superscript o denotes that these parameters pertain to the overlap region of the 
two bunches. 
 
       The SLC used feed-back from pickup electrodes to match the <x> and <y> of the 
electron and positron beams. The ILC pick-up electrodes are being designed by the Beam 
Delivery System Team and they are presently studying EMI noise, backgrounds from 
charged particle spray, etc [2]. The ILC Feedback Team requests from the Forward 
Detector Team a signal, either analog or digital, proportional to luminosity at the ±10% 
accuracy level at ≈3MHz, determined by the bunch separation time, and more detailed 
information in some to be specified data base on the bunch characteristics at ≈5 Hz, 
determined by the bunch train separation time. The latency of the former signal should be 
<1μs. The scope of this proposal is specification of the real time 3MHz signal 
proportional to luminosity. 
 
      A small fraction of the beam-strahlung gammas convert into pairs, mainly by the 
Bethe-Heitler process. The number of Bethe-Heitler pairs is then given by: 
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Dividing both sides by Nγ  gives: 
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where No is the positron (electron) number for the left (right) detector (since the ee 
energy equals the gamma energy, and the Bethe-Heitler cross-section is almost 
independent of energy well above threshold, equ. 3 also holds for Eee/Eγ ). Thus the sets 
of detectors provide the information content required for equ. 1. 
 
      The  beam-strahlung process was studied with the Guinea Pig simulation program. 
The Guinea Pig simulation program includes all pair production processes, ie. Bethe-
Heitler (γe→eee), Landau-Lifshitz (ee→eeee), and Breit-Wheeler (γγ→ee). The number 
of pairs per beam crossing from the above processes vs. the pair energy is shown in Fig. 
1.  
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Fig. 1. From C. Rimbault et al., Phys. Rev. STAB 9, 034402 (2006) showing dNee/d 
log10(E) where E is in GeV for the Bethe-Heitler, Landau-Lifshitz, and Breit-Wheeler 
processes. We plan for 10 cm of low Z material in front of the BeamCal to minimize 
back-scattered electrons and positrons from following the solenoidal field lines back to 
the vertex detector. This low Z material will absorb up to 0.02 GeV in the above plot. 
 
     FCAL has a conceptual design of a BeamCal detector [1], which intercepts a fraction 
of the beam-strahlung pairs and measures their energy each beam crossing. Fig. 2 is from 
our draft ILC Note and shows the pair and gamma energy per beam crossing vs. vertical 
beam offset misalignment. Fig. 3 shows the luminosity and the ratio of the pair to the 
gamma energy. Indeed, the ratio tracks luminosity remarkably well, as predicted from 
equ. 3. We have also studied other bunch parameter deviations (see Appendix). We need 
the beam-strahlung pair to gamma ratio available at the 3MHz rate, and detailed 
information on the radial distributions, etc. [1,2] at the 5Hz rate. It may be that measuring 
the number of gammas, instead of their energy, will give more robust information. We 
plan such a study, including the exit beam-line integration issues.  
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Fig. 2. Energy of the gammas (MTeV, left scale) and the pairs hitting the BeamCal (TeV, 
right scale) per beam crossing vs. vertical offset. 
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Fig. 3. Luminosity (1033 cm-2 /s, left scale) and the ratio of the pair to gamma energy 
times 10-6 (right scale) vs. vertical offset. 
 
     The beam energy and polarization are also important quantities at the ILC, and must 
be known precisely in order to accomplish our physics goals. A detector which measures 
the gamma energy directly gives the average energy radiated per incident particle when 
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combined with the number of particles from the pickup electrode. This is valuable 
complementary information to the other energy measurements. We want to minimize the 
energy radiated, while achieving our luminosity goal. Happily, the minimum in radiated 
energy corresponds to the maximum luminosity in Figs. 2-3. The spin precession through 
the IP electro-magnetic fields is a more complicated issue, which is discussed in our draft 
LC Note (see Appendix), but clearly the energy radiated gives complementary 
information on the electro-magnetic fields experienced at the IP.  
 
      Next we discuss for completeness other detectors which have been discussed in the 
literature. Ref. 3 discusses a radiative Bhabha (aka Bremsstrahlung) Calorimeter after the 
quadrupole for the TESLA design. The number of radiative Bhabha events is directly 
proportional to luminosity. The detector is sensitive to radiative Bhabha electrons or 
positrons in the energy range 15-55 GeV. The background from beam-strahlung pairs is 
small. They expect 410 radiative Bhabha electrons per BX at full luminosity, so this will 
be statistically marginal when the beam is first turned on at low luminosity. Furthermore, 
they conclude that “Because of its sensitivity to the beam-beam effect, the radiative 
Bhabha signal within a fixed kinematical acceptance is no longer an absolute 
measurement of the luminosity”. Also, there are many space issues with the present ILC 
cold quadrupole design [4]. 
 
      Ref. 5 discusses a very clever idea: measuring the polarization vector of large angle 
visible beam-strahlung. They derive the optimal angle: 
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They are presently testing this detector at CESR (σz ≈ 14mm). However, the ILC will 
have much shorter σz ≈ 0.3mm and there are background issues that still must be studied. 
If the background issues can be solved, this detector could give information on the bunch 
characteristics at the 5Hz rate. 
 
2. Beam-strahlung Characteristics 
 
       The SLC had a beam-strahlung gamma detector, which made the first experimental 
observation of beam-strahlung [6]. The ILC beam-strahlung gamma characteristic 
parameters for the nominal √s = 500 GeV ILC luminosity are shown in Table 1. 
 
Table 1. Beam-strahlung gamma characteristic parameters. 
 ILC SLC 
Beam-strahlung power ≈ 0.5 MW ≈10-5 MW 
Energy/BX ≈ 200 MTeV  
Nγ per BX ≈ 4 × 1010  
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      For the case of perfect head-on collisions, ie. identical <x>, <y>, σo = σ, the analytic 
results for the total number and energy of beam-strahlung gammas and Bethe-Heitler 
pairs are: 
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Thus for the 3MHz signal proportional to luminosity, we can use either the ratio of the 
pair to gamma number or energy. We plan to study which is more robust. For the 5Hz 
data base, in principle, it would be useful to have both, as they individually carry 
different information. 
 
3. GamCal and Beam-line Interface Issues 
 
      The exit beam-line is described in ref. 4. To measure the beam-strahlung gamma 
energy we could instrument the beam dump. The 2mrad crossing exit beam-line has a 
separate gamma dump from the electron dump, while the 14 and 20mrad crossing have a 
joint gamma/electron beam dump. The beam dump is ten bar pressurized water. One 
possibility is to collect the Cerenkov light. We would get ≈1012 photo-electrons per beam 
crossing if we collected all the beam-strahlung gamma shower visible Cerenkov light. 
Here, of course, we need a separate beam-strahlung gamma dump from the electron beam 
dump, which is compatible with the 2mrad crossing angle, but not the 14 or 20mrad 
crossing angle. For the 14 or 20mrad crossing angles, we are studying measuring the 
beam-strahlung energy with a thin radiator (≈10-6 X0, maybe a gas jet) in the gamma 
beam-strahlung beam followed by a weak spectrometer magnet (≈0.05Tm) to sweep the 
positrons (electrons) away from the electron (positron) beam direction onto several 
calorimeters outside the vacuum pipe. The exit beam-line interface issues will be 
addressed in our study. 
 
     The principle behind measuring the number of beam-strahlung photons employs an 
“Optical Transition Radiation Camera”. The device is situated in the forward direction 
about 100m from the interaction point, beyond the magnets that direct the unspent 
electron beam away from the forward direction to the energy spectrometer.  The beam-
strahlung photons are emitted in a small cone in the forward direction. A thin foil (≤10-4 

                                             33



radiation lengths) converts a few of these into single e+ e-  pairs which proceed at a very 
small angle into another thin foil in the beam-strahlung beam line at 45 degrees to the 
beam. Upon crossing the vacuum-foil boundary transition radiation (TR) is emitted at 90 
degrees to the beam in the optical frequency,  and is detected by an optical detector. The 
detector possibly might be a CCD allowing study of the beam-strahlung transverse shape. 
Of course the e+ and e- do not have a wide opening angle when pair produced (θ ≈10-5 rad 
after multiple scattering in the foil), so TR may be inhibited.  Placing the camera some 
meters away from the pair production foil may be in order. We calculate that the energy 
deposited in the pair production foil or the transition radiation foil, assuming each is 10-4 
X0, is a few hundred mW.  Thus heating and mechanical stability of these foils will have 
to be determined, and cooling and mechanical support is an issue that will be addressed 
through this proposal, as well as the exit beam-line interface issues. 
 
     The synchrotron radiation due to upstream magnets could cause a problem.  However, 
the energy of the photons from this synchrotron radiation is in the ten's of MeV range, 
while the beam-strahlung photons detected in our device peak in the several GeV region.  
The intensity will also be much, much smaller. A short run with only one beam can allow 
us to measure, study, and subtract the synchrotron radiation from upstream magnets. 
 
     The method of 90 degree Optical TR (OTR) has been used routinely by accelerator 
physicist’s electron beam diagnostics where the electron beam goes directly into the 45 
degree foil, see ref. 8-9, and the references therein. The method has even been proposed 
for various aspects of ILC diagnostics.  However the experience is at comparably low 
energies, and as far as we can determine, the technique has not been used to study beam-
strahlung.  Therefore simulation and R&D is required to determine the feasibility of such 
a detector at the  ILC. 
 
     We have performed an analytic calculation for the probability of beam-strahlung 
photon production as a function of photon energy using a published paper [10], and 
obtain about 3 photons per electron.  This number depends critically on the beam 
parameters, and is consistent with Chen's result and that of Daniel Schroeder in his thesis 
[11]. The spectrum is also consistent with that of Chen.  Folding this result with the pair 
production spectrum and theoretical calculations of the number of transition radiation 
photons with wavelengths between 400nm and 500nm, we obtain about 5×104 transition 
radiation photons per 2×1010 primary electrons (one bunch crossing) for a 10-4 X0 pair 
production foil. This will give adequate statistical accuracy, even when the luminosity is 
initially low when the ILC is being tuned.  
 

4. Proposed Program 
 
4.1 Yale Group P.I. Michael Zeller 
 
     We are in the act of bringing the program Guinea Pig on-line on our computers. This 
is a program that simulates the photons from beam-strahlung from colliding e+ e-  beams.  
Once this program is available we will study, with Geant, the influence of beam 
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parameters on our proposed devices. If building such devices appears fruitful, where 
practicable we start building a prototype. 
 
4.2 BNL Group P.I. William M. Morse 
 
      Understanding the interface between the detector issues and the fast feed-back beam 
delivery system and exit beam-line issues. Work with a mechanical engineer to produce 
drawings showing the detector foot-print in the ILC exit beam-line. 
 
4.3 DESY - Zeuthen Group P.I. Wolfgang Lohmann 
 
      Continue the beam-strahlung pair BeamCal studies with the GamCal studies started in 
the draft ILC Note (see Appendix) to determine the optimal fast signal which is 
proportional to luminosity, studying both the gamma and pair number and energy as the 
bunch parameters are varied. In collaboration with BNL, the integration of the GamCal 
signal in the fast intra-bunch feedback system FLUM [13] will be investigated.  
  
5. Budget 
 
      Table 2 shows the R&D request to bring the GamCal up to the present level of 
understanding of the other forward detectors, such as the BeamCal [1]. This forward 
instrumentation is critical for obtaining the LEP (luminosity, energy, polarization) goals 
of the ILC in a robust and reliable manner. We look forward to this exciting challenge. 
 
 
Table 2. R&D request. 
 FY07 (K$) FY08 (K$) 
Yale Physics Support & Travel   40   40 
BNL ME Support   40     0 
BNL Tech Support     0   20 
Prototype     0   20 
Total   80   80 
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The colliding electron and positron bunches at the ILC experience intense electro-
magnetic fields as they pass each other. These fields generate large Lorentz forces, which 

cause radiation of gammas called beam-strahlung. A small fraction of the beam-
strahlung gammas convert into pairs. Some studies have been done on how 

measurements of the pairs give information on the bunch characteristics, and much 
experience was gained at the SLC on beam deflections caused by the Lorentz forces.  We 

show in this note that measurements of the gammas give important complementary 
information on the bunch parameters. 

 
 
      The SLC used feedback from pickup electrodes to bring the beams into collision: 
when there is deflection of the electron and positron bunches in opposite directions, the 
beams are getting close to each other [1]. The ILC plans a similar system [2]. However, 
when the beams are brought into direct collision, there is no information on the bunch 
characteristics such as the bunch width, height, and length from the pickup electrodes, as 
by symmetry there is no deflection. One could gain some information by scanning the 
bunch parameters, but with the very small ILC beams, a concern is the bunch stability 
during the scan. Furthermore there are systematic errors: pickup electrode noise, pickup 
electrode motion, etc. Refs. 3-4 discussed using the pair measurements from the BeamCal 
to deduce the parameters of the bunches. The BeamCal measurements, as opposed to the 
pickup electrode measurements, are very sensitive to the bunch width, height, and length 
during head-on collisions; however, in order to measure three parameters, you need three 
effectively independent equations, which are not available with the BeamCal 
measurements only. Furthermore, what we are really interested in optimizing is the 
luminosity, but unfortunately the BeamCal measurements do not give a quantity which is 
proportional to the luminosity. Clearly for the challenging ILC luminosity requirements, 
we need as much robust information as possible. We propose in this note a detector to 
measure the beam-strahlung gammas.  
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     We begin in an analytical pedagogical manner in order to gain insight into the beam-
strahlung process. The beam-strahlung expert may want to skip section 1. 
 
1. Beam-strahlung 
 
      For simple cases, we can use Ampere’s law and Gauss’ law to calculate the electric 
and magnetic fields associated with each bunch: 
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with solution for a uniform, circular, long charge distribution with radius R, and R << l: 
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where ρ is the charge density Ne/(πR 2l). The electric field is radial and the magnetic field 
is azimuthal. 
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The space charge Lorentz force is then: 
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The electric field is de-focusing, while the magnetic field is focusing, and this space 
charge Lorentz force goes to zero as β →1. This is a well known result, especially to 
proton accelerator physicists, since β is not that close to 1.  What happens when the e+ 
and e- bunches collide? The electric fields cancel (obviously, since the total charge is 
zero), while the magnetic fields add. Clearly we want to limit the magnetic field, and this 
is done by having a flat beam. For a uniform flat beam of half-height a, half-width b, full-
length l,  l >> b >> a, and charge density ρ = Ne/(4abl): 
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when y < a. When the bunches overlap: 
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The Lorentz force on a test particle when the bunches overlap is: 
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The power radiated is [5]: 
 

220

3
2

yF
mc
r

P γ=      (8) 

 
where r0 is the classical electron radius. The energy radiated into the beam-strahlung 
gammas is then: 
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2. Pair Production 
 
      The luminosity is proportional to the number of particles in bunch 1 times the number 
of particles in bunch 2 divided by the effective cross-sectional area: 
 

ab
NL

2

∝     (10) 

 
The pairs are produced through a two-step process: first beam-strahlung of the gammas, 
and then a gamma interaction with an electron /positron from the oncoming bunch, and 
the gamma converts into a Bethe-Heitler pair. This is the dominant process at the ILC, 
but the Landau-Lifshitz (ee→ eeee) process also contributes. The Breit-Wheeler (γγ→ ee) 
cross-section is much smaller. The coherent pair production is negligible at the ILC [6]. 
The effective incoherent pair cross-section at the ILC is ≈38mb for the Bethe-Heitler 
process, ≈19mb for Landau-Lifshitz, and ≈1mb for Breit-Wheeler. However, the average 
energy is about 1 GeV for the Bethe-Heitler process and much smaller, about 0.15 GeV, 
for Landau-Lifshitz, so the Bethe-Heitler process dominates the energy weighted sum [7]. 
The rate of pair production is given by the cross-section times the effective luminosity, 
which is proportional to NγN /ab for the dominant Bethe-Heitler process and N2 /ab for 
the Landau-Lifshitz process. The ratio of the energy in the pairs to the energy in the 
gammas should be largely proportional to N /ab, which is almost luminosity, and 
indicates that the gamma energy measurement gives orthogonal information to the pair 
measurements. 
 
3. Simulations of Head-on Collisions 
 
      The analytical discussion given in sections 1 and 2 was for simple cases in order to 
gain insight into the beam-strahlung processes. We have performed beam-strahlung 
simulations in order to obtain more realistic results for the ILC conditions. We use the 
well known GUINEA PIG simulation program [7] varying the ILC bunch parameters in 
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order to determine the dependence of the pair and the gamma energy on the bunch 
characteristics. First the bunch length was varied. From Equ. 9 and 10, the energy in the 
pairs and gammas should decrease as the bunch length is decreased, but the luminosity 
should not vary. Fig. 1 shows the energy which the pairs deposit in the BeamCal and the 
energy in the gammas vs. bunch length. Fig. 2 shows the luminosity and the ratio of the 
pair to the gamma energy times 10-6 vs. bunch length. Indeed, the ratio tracks luminosity 
much better than the energy in the pairs. The luminosity decreases slightly as the bunch 
length is increased because the Lorentz force is focusing, and decreases as the bunch 
length is increased (see equ. 7). 
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Fig. 1. Energy of the gammas (MTeV, left scale) and the pairs hitting the BeamCal (TeV, 
right scale) per beam crossing vs. bunch length (µm). 
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Fig. 2. Luminosity (1033 cm-2 /s, left scale) and ratio of the pair to gamma energy (10-6, 
right scale) vs. bunch length (µm). 
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     Next the bunch height was varied.  From equ. 9, the gamma energy does not depend 
on the bunch height, only on the ratio of  y/a, and indeed, the gamma energy has almost 
no variation (see Fig. 3). The pair energy should have the same dependence on bunch 
height as the luminosity. Fig. 4 shows the luminosity and the ratio of the pair to the 
gamma energy times 10-6 vs. the bunch length. Indeed, the ratio tracks luminosity 
remarkably well. 
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Fig. 3. Energy of the gammas (MTeV, left scale) and the pairs hitting the BeamCal (TeV, 
right scale) per beam crossing vs. bunch height (nm). 
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Fig. 4. Luminosity (1033 cm-2 /s, left scale) and ratio of the pair to gamma energy (10-6, 
right scale) vs. bunch height (nm). 
 
     From equ. 9, the energy in the gammas has a steep dependence on the bunch width, 
and the pairs have an even steeper dependence. This is in agreement with the results 
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shown in Fig. 5. The ratio tracks the luminosity remarkably well, considering that the pair 
energy varies by a factor of 7 over the range the bunch width was varied, while the ratio 
tracks luminosity ±0.2. 
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Fig. 5. Energy of the gammas (MTeV, left scale) and the pairs hitting the BeamCal (TeV, 
right scale) per beam crossing vs. bunch width (nm). 
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Fig. 6. Luminosity (1033 cm-2 /s, left scale) and ratio of the pair to gamma energy (10-6, 
right scale) vs. bunch width (nm). 
 
4. When the Bunches Miss Vertically 
 
      The above discussion is for when the bunches overlap exactly. Next we discuss what 
happens in the simple analytical model when they miss each other vertically by a distance 
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δ, which is small compared to b. Now the electric and magnetic fields on a test particle 
are: 
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where y = 0 is the center of the bunch that the test particle is in. The Lorentz force on the 
test particle due to both the electric and magnetic fields is: 
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Now the Lorentz force due to the electric and magnetic fields is constant, independent of 
the y position of the test particle, whereas it had been proportional to y/a (see Equ. 7). 
The bunches miss each other, but the Lorentz force is effectively constant until the miss 
distance δ  becomes comparable to b. Note, however, that when the bunches miss each 
other, there are basically no pairs produced, since we are dominated by the incoherent 
production of the pairs at the ILC. However, in fact, the maximum impulse [7] given to 
an electron or positron due to the Lorentz force is about 0.1 GeV/c. This pulls the beams 
together by about (0.5mm) (0.1 GeV/c)/250 GeV/c ≈ 0.2μm, so the ends of the bunches 
will find each other, even if the miss distance is ≈0.2μm. 
 
    The pair and gamma energy vs. the initial vertical offset of the two bunches is shown 
in Fig. 7 from our Guinea Pig simulations. The gamma energy is at a local minimum 
when there is zero vertical offset, because the average Lorentz force from equ. 7 is less 
than that from equ. 13. Fig. 8 shows the ratio of the pair to the gamma energy and the 
luminosity vs. vertical offset, which track each other quite well. The pairs are a source of 
detector background, so we want to achieve our luminosity goal while keeping the pairs 
to a minimum. 
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Fig. 7. Energy of the gammas (MTeV, left scale) and the pairs hitting the BeamCal (TeV, 
right scale) per beam crossing vs. vertical offset. 
 

0

5

10

15

20

-200 -150 -100 -50 0 50 100 150 200

offset/2 (nm)

Lu
m

in
os

ity
 (1

0^
33

 c
m

^-
2/

s)

0

0.05

0.1

Lum
R

 
Fig. 8. Luminosity (1033 cm-2 /s, left scale) and ratio of the pair to gamma energy (10-6, 
right scale) vs. vertical offset. 
 
5. Beam Energy and Polarization 
 
     The beam energy and polarization are important quantities at the ILC, and must be 
known precisely in order to accomplish our physics goals. A detector which measures the 
gamma energy directly gives the average energy radiated when combined with the 
number of particles from the pickup electrode. This is valuable complementary 
information to the other energy measurements. We want to minimize the energy radiated, 
while achieving our luminosity goal. Happily, the minimum in radiated energy 
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corresponds to the maximum luminosity in Figs. 7-8. The spin precession through the IP 
electro-magnetic fields is a more complicated issue, which is discussed in Appendix I, 
but clearly the energy radiated gives complementary information on the electro-magnetic 
fields experienced at the IP.  
 
6. Discussion 
 
      The gamma and pair measurements provide complementary and unique information, 
as can be seen in Table 1 where we show the sign of the slope dE/d (bunch characteristic) 
for the pair energy, the gamma energy, and the ratio. Note that all four lines are different. 
 
Table. 1. The sign of the slope dE/d (bunch characteristic). NC means effectively no 
change. Note that all four lines are different. 
Bunch Parameter Pairs Gammas Ratio 

Bunch Length - - NC 
Bunch Height +/- NC +/- 
Bunch Width - - - 
Vertical Offset 0 (max) 0 (min) 0 (max) 
 
      The beam-strahlung gammas are produced with rms angle with respect to the electron 
direction [8] of ≈me/Ee ≈ 2μrad. Effectively, all the beam-strahlung gammas go down the 
beam-pipe to the gamma beam dump. The dump should be far enough from the detector 
to limit back-splash to an acceptable level. One way to monitor the gamma intensity is to 
have a water beam dump, as at the SLC, and collect the Cerenkov light, for example. The 
Cerenkov light will be brought via mirrors to a detector at a shielded location. 
 
     Ref. 9 discusses the outgoing electron/positron angular distributions. When the beam 
is perfectly tuned, the vertical (horizontal) angles are centered on zero with rms deviation 
±23 (±246) μrad. However, when the bunches miss each other vertically by an amount 
comparable to the horizontal width, the outgoing electron vertical angle will be centered 
at the impulse divided by the momentum ≈ 0.1 GeV/250 GeV = 0.4 mrad. The beam-
strahlung gammas will then be in a vertical swath from zero to 0.4mrad. The gamma 
height at 50m from the IP, for example, will then be ≈2cm. A similar effect exists for the 
horizontal.  
 
      Ref. 10 discusses detecting large angle (≈1mrad) beam-strahlung gammas. This signal 
has the issue that the gamma spectrum is falling very steeply with angle, and the angle 
changes for the outgoing bunches when they do not collide perfectly can be large, ie. up 
to 0.4 mrad. Thus this signal is not proportional to luminosity, but gives complimentary 
information to what we are proposing. Ref. 10 also discusses a radiative Bhabha detector 
located just after the quadrupole magnet. 1K particles are detected per beam crossing at 
design luminosity. This is marginal when the luminosity is significantly below the design 
value, ie. during machine start-up and commissioning. Again “Because of its sensitivity 
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to the beam-beam effect, the radiative Bhabha signal within a fixed kinematical 
acceptance is no longer proportional to the luminosity”. Thus this is a complementary 
signal to what we are proposing, which is largely proportional to luminosity. 
 
      In conclusion, we have shown from several simple studies that monitoring both the 
beam-strahlung pairs and gammas will provide robust information on the ILC bunch 
characteristics and have discussed ideas for a beam-strahlung gamma detector. We 
suggest the name GamCal. The next step is a conceptual design of this detector.  
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Appendix I 
 

Spin Precession in ILC Detector Magnetic Fields 
 

 
     At the ILC, we are primarily interested in longitudinal polarization for the beams 
[A1].  The precession of the longitudinal component of the spin in an electro-magnetic 
field is given by : 
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where ST is the component of S perpendicular to the velocity [A2]. If we come in 
longitudinally polarized at an angle θ with respect to a solenoidal magnetic field, then 
both the momentum and the spin precess about the magnetic field vector, but at  different 
rates. The worst that can happen is that the momentum ends up on one side, and the spin 
on the other side, because after that they just come back together again. Therefore, the 
longitudinal polarization goes from 1 to cos(2θ), and back to 1. As an example, the 
20mrad large crossing angle with no DiD field, ie. just the solenoidal field, gives θ = 
0.01. This gives longitudinal polarization greater than cos(.02) = 0.9998, ie. 1, for all 
intents and purposes, as we expect only about 106 interesting events at 500 GeV per year, 
which has a fractional error of 10-3. Furthermore, the spin precession is calculable. 
 
      A potentially more serious problem is the electro-magnetic fields when the beams 
cross, because the fields are then transverse to the momentum, not largely parallel as with 
the solenoid field, very large, and non-uniform. The maximum magnetic field is ≈1KT at 
the ILC from equ. 6 above or using the maximum impulse from ref. 7. Using equ. 1A to 
get the maximum spin-momentum precession angle gives: 
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When the beams overlap exactly, the electron and positrons undergo betatron oscillations; 
therefore they see both positive and negative magnetic fields (see equ. 6) and the net 
precession is only the fractional part of the betatron oscillation, and so is much smaller 
than that given in equ. 2A. However, when the beams are initially separated vertically by 
more than the beam height, the Lorentz force is in only one direction until the beams 
overlap. Note that when β → 1, what enters into equ. 1A is just proportional to the 
Lorentz force, and equ. 13 gives a Lorentz force equivalent magnetic field of 1KT for all 
the particles until the bunches start to overlap, whereupon they undergo betatron 
oscillations, which then do not appreciably further add to the precession angle. Therefore, 
the net precession angle at the interaction point due to these electro-magnetic fields varies 
between 0 and 0.2rad, and depends on where in the bunch the interaction occurred, the 
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initial bunch separation, etc. The above analytical discussion just shows the possible 
magnitude of this issue; obviously, detailed simulations are still needed. 
 
 

Appendix References 
 

A1. See, for example,  S. Dawson and M. Oreglia, Physics Opportunities with a TeV 
Linear Collider, Annu. Rev. Nucl. Part. Sci. 54, 269 (2004). 
 
A2. See, for example, J.D. Jackson, Classical Electrodynamics, John Wiley and Sons Inc. 
Note that Jackson uses cgs units, whereas we used mks units in the main section of this 
report. 
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Over the past two years of this R&D project, in collaboration with SARNOFF, Inc., we have developed a conceptual 
design for a Monolithic CMOS Pixel detector that we believe will satisfy the requirements of the Vertex Detector for 
the ILC, and that SARNOFF believes they can build.  This design has been described in detail in our recent proposals 
as well as reports at recent conferences (D. Strom at Snowmass 2005, J. Brau at Bangalore 2006, and C. Baltay at 
SLAC Conference, April 2006). A detailed description of this design titled “HEP Vertex Detector Macropixel Design” 
by Sarnoff Corporation, dated February 28, 2006 is appended to this proposal. 
 
The currently approved FY 2006 funding for this project will allow SARNOFF to carry out the detailed design of the 
first prototype devices, resulting in a “tape out” from which the prototypes can be fabricated.  The current estimate is 
that this will be completed by October of 2006. 
 
In this document we request supplemental funding for the actual fabrication and testing of the first prototypes of this 
device.  The work plan for this next phase of the project, developed in consultation with SARNOFF, is as follows: 
 

1. Introduction 
Studies carried out in the U.S., Europe, and Asia, have demonstrated the power of a pixel vertex detector in 
physics investigations at a future high energy linear collider. At one time, silicon CCD’s (Charged Coupled 
Devices)1 seemed like the detector elements of choice for vertex detectors for future Linear e+ e- Colliders.  
However, with the decision for a cold TESLA-like superconducting technology for the future International Linear 
Collider (ILC), the usefulness of CCD’s for vertex detection has become problematical.  The time structure of this 
cold technology is such that it necessitates an extremely fast readout of the vertex detector elements and thus 
CCD’s as we know them will not be useful.  New CCD architectures are under development2 but have yet to 
achieve the required performance.  For these reasons there is an increased importance on the development of 
Monolithic CMOS pixel detectors that allow extremely fast non sequential readout of only those pixels that have 
hits in them.  This feature significantly decreases the readout time required.  Last year, recognizing the potential 
of a Monolithic CMOS detector, we initiated an R&D effort to develop such devices3.  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. Straw Man Vertex Detector Design 
The overall vertex detector design we are working towards is shown in Figure 1, and the numbers and sizes of the 
120 detector elements (chips) are summarized in Table 1. 
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     Figure 1 

 
     Table 1 
 
 

The detailed time structure of the ILC is still to be settled on in the future.  For the purposes of our present design 
we are using the time structure of the TESLA design, shown in Figure 2.  We assume that the ILC design will 
have the same basic features.  This design has 2820 bunches in a bunch train, with 5 bunch trains per second.  The 
separation between bunches in 337 nanosec, which makes each bunch train about 1 millisec long, with about 200 
millisec between  bunch trains. 
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Time Structure for the TESLA Design 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
 
 

Extensive background calculations4 indicate that the maximum total hit rate in the innermost layer of the vertex 
detector will be 0.03 hits/mm2/bunch crossing. 
 
Will use 12.5 cm x 2.0 cm as a typical chip size as an example, and for hit rates we will use the estimates for the 
innermost layer.  Clearly the chips further out and the smaller chips in the forward disk layers will represent an 
easier problem. 

 
3. Progress on Monolithic CMOS Pixel Detector Design 
 

During the past two years, in collaboration with SARNOFF (RCA’s silicon fabrication house) with whom we had 
an R&D contract, we developed a conceptual design for a monolithic CMOS device (chip) that we believe will 
work well for the ILC vertex detector application and that SARNOFF believes they can make.  The final report 
for Sarnoff of February, 2006 is attached below. 

 
3.1 General Description of the Design 

 
The current 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 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 background.  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 2820 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.   
 
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 
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the event of interest and the occupancy drops to below 10-5 per Small pixel (SLD worked well with an 
occupancy of ~ 10-3 per pixel in the Vertex Detector).  
 

3.2 Detailed Design 
 

SARNOFF has carried out a design of the electronics under each pixel of this chronopixel array.  A 
schematic is shown in Figure 3 and a block diagram is shown in Figure 4.  The functionality of this design 
has been verified by an hspice simulation. 
 

 
 Chronopixelel Array 

Architecture
 

  
 

 
 
 
    Figure 3 
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Chronopixel Block Diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 

   
 
 
 
 
 
 
 
 

 
 

 
 
 
__________________ 
1K. Abe, et al., “Design and Performance of the SLD Vertex Detector, a 307 Mpixel Tracking 
 System,” Nucl. Instrum. Meth. A400, 287 (1997) 
2C. S. J. Damerell, LCWS 2004, Paris, April, 2004, http://hepww.rl.ac.uk/lcfi/public/lcws-damerell.ppt; Y. 
Sugimoto, 7th ACFA Linear Collider Workshop, Taipei, Nov. 10, 2004, 
http://hep1.phys.ntu.edu.tw/ACFA7/slides/B-4 Sugimoto.ppt 

Figure 4 

3J. Brau, et al., 2005 ALCPG & ILC Workshop, Snowmass, Colorado 
4Takashi Maruyama, “Backgrounds,” 2005 ALCPG and ILC Workshop, ALCPG 0909 

 
 
The power consumption of this circuitry has been estimated.  The analog parts of the circuit (the boxes 
labeled “Detector” and “Comparator” on Figure 3) 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 
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analog parts during the 200 millisec digital readout.  This would reduce the average power consumption to 
the vicinity of 0.5 watts per chip or to the order of 100 watts for the vertex detector, which seems acceptable. 
 
 

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 Other Issues 
 

3.4.1 Charge Spreading 
 

In order to be able to use digital readout the charge spreading has to be kept well below the pixel 
size.  This can be accomplished by fully depleting the charge sensitive expitaxial layer. 

 
       3.4.2 Charge Statistics and Read Noise 
 

A Monte Carlo calculation indicates that a 15 micron thick charge sensitive expitaxial layer will 
yield 800 electrons for a minimum ionizing particle crossing.  With the read noise expected to be 
in the vicinity of 25 electrons the signal to noise is comfortable to yield high efficiency particle 
detection with low backgrounds. 
 
4. Presently funded work. 

 
Under the present contact, using the recently awarded ILC R&D funds for FY 2006, SARNOFF is 
proceeding with the detailed design of the Chronopixel Monolithic CMOS devices, as described in 
the February 28, 2006 report from SARNOFF appended to this proposal. The detailed statement of 
work is as follows: 
 

1. Layout Environment Setup  
Before a layout work starts, it is required to set up the CAD environment according to a 
given process technology. This work includes installing the design kit and various technical 
files provided from the foundry. 

 
2. Chronopixel Layout  

Based on the Chronopixel schematic design, each component of the pixel needs to be 
translated into layout. Then, they are assembled together to form a Chronopixel layout.  

 
3. Chronopixel array schematic design (Schematic, Simulation) 

Chronopixel array detector will consist of pixel array and readout circuits.  Readout circuits 
consist of row decoder, row driver, column decoder, signal multiplex circuit, bias reference 
circuit, global bunch counter, timing controller, i/o interface. For each of the components, 
spice simulation will verify their functions and electrical performances including the noise 
performance with the size of signals expected. When all of the components are completed 
and assembled together, top simulation that integrates entire CMOS circuits will be 
implemented to verify the overall operation of the chip. 
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4. Floor-plan Design (Layout) 

Based on the schematic design, each of the component’s physical size and will be estimated. In addition, 
physical position of each circuit block will be investigated for the optimum utilization of the available silicon 
space. This careful floor planning will expedite the physical layout design. 

 
 

5. Pixel-array Layout Design 
Physical layouts for each circuit components need to be created based on the schematic design. Once layouts 
of each component are completed, they are assembled together to form the entire array chip. 

 
 

6. Design Verification 
When the layout is completed, careful and through verification such as DRC and LVS will 
follow. DRC stands for design rule verification and LVS represents layout versus 
schematic. 
 

7. Tape-out 
This work is needed, for example, to ask process related questions, to place an order, to follow up tape-out 
procedure, to get feedback from foundry, to fix any problems in submitting the design, etc. 

 
 

8. Meeting and Documentation 
Technical meeting at Sarnoff, Teleconference, Presentation, Report. 
 

Deliverable: Final Report, Tape-out to the Foundry, selected by the customer 
 
This effort is expected to be complete by the end of 2006. At that time we will be ready to build and test the first set of 
prototypes. 
 
5. Future work for which supplemental funding is requested. 
 

As described above by 2007 we (i.e. SARNOFF) will be ready to start the fabrication of the first set of prototype 
devices. It will be important not to lose momentum and proceed with this next stage of the project as soon after 
the completion of the present phase as possible. We are thus in this proposal requesting the supplemental funding 
required to fabricate and start testing the first set of prototypes. We foresee the following effort and budgets.  We 
assume the following available funding: 
 
 FY07 Supplement  $125,000 
 FY07 Annual base LCDRD $113,000 
 FY08 Supplement   $125,000 
  TOTAL   $363,000 
 
We organize the R&D into two years,  funded at $180,000, and $183,000, with the $113,000 of FY07 annual 
funding split between the two years and added to the supplement funding. 
 

 
5.1 First Year (FY 2007) 
 

a) Starting with the “tape out” from the present stage of the project, SARNOFF will supervise the fabrication of 
the first set of prototypes.  This first set will consist of 40 devices 5 mm x 5mm each, using a 0.18 µ 
technology, with 50 µ x 50 µ pixels.  The ultimate devices we are aiming for, to be fabbed ~ 5 years (?) from 
now, call for chips 125 mm x 20 mm each with 10 µ x 10 µ pixels using a 0.045 µ technology (which is not 
available now but is projected to be available and a mature technology 5 years from now).  However, the 
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smaller prototype devices with larger pixels will have all of the functionality of the final devices and are thus 
a very important test of the concept and the design. 

 
b) Packaging of the prototype devices 

 
c) Basic functional design testing at SARNOFF, including testing board design and fabbing 

 
d) Detailed specific design testing and radiation testing to be carried out at Yale and the University of Oregon. 

 
 

5.2 Second Year (FY 2008) 
 

We expect that after testing the first prototype we will move on to the second set of prototypes.  The details of this 
second set are not clear at this time since the details will depend on the performance of the first set of prototypes.  
However, we expect that the cost of the second set of prototypes will be similar to the first set with two 
exceptions: 
 

i. There will be some costs associated with doing whatever redesign is needed for the second set of 
prototypes to be an improvement over the first set. 

 
ii. The costs at SARNOFF for testing will be reduced since they will not have to redesign and refabricate a 

large fraction of their testing equipment. 
 
 
 

Detailed Spending Plan 
 
 
 
Cost Item

  FY07 
  Suppl

  FY07 
  Base

FY08 
Suppl 
 

1st Set of Prototypes 
 

Fabrication 
Packaging 
SARNOFF Project Management and Test Gear 
SARNOFF Testing 
Testing at 

Oregon 
Yale 

 

 
 
    70 
      5 
    50 

 
 
 
 
 
    20 
 
    17.5 
    17.5 

 

2nd Set of Prototypes 
 

Redesign 
Start Fabrication 
Complete Fabrication 
Packaging 
SARNOFF Project Supervision & Testing 
Testing at 

Oregon 
Yale 

Totals 

 
 
 
 
 
 
 
 
 
 
  125 
 

 
 
    35 
    23 
 
 
 
 
 
 
    113    

 
 
 
 
    57 
     5 
    40 
 
    11.5 
    11.5 
  125 
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1. Introduction 

 

1.1 Background 

The CMOS Pixel Imaging Array, whose conceptual design was developed under a prior 

contract between Yale and SARNOFF, is intended for use in the Vertex Detectors at the 

proposed International Linear Collider. Sarnoff’s proposed architecture of Vertex 

detector was based on hybrid and hierarchical pixel approach that combines the macro-

pixels and micro-pixels. The macropixel has 50 um x 50 um size and digital pixel 

architecture that functions as storing the time information of the particle hits, and micro-

pixel is as small as 5um x 5um and is supposed to store the analog signal information 

and to provide gray-level resolution. The idea of storing the time stamp in local storage 

area and reading out this information after the bunch train has passed is considered to 

be an innovative approach to solve the speed bottle-neck problem in the existing 

detector system. According to Yale’s preliminary analysis, the ability of these devices to 

operate successfully under the expected high-flux radiation backgrounds is estimated to 

be improved as the Macropixel size gets smaller. It was discussed that eventually it is 

desirable to make mono-layer Vertex detector that consists of small size macropixel 

array only to circumvent the ambiguity problem when the average occupancy is high. 

As the first step to implement this idea, Sarnoff has worked on the schematic design of 

the macropixel in this program.  

 

1.2 Objectives 

 

Our first goal of this work, design of the macropixel schematic, is to demonstrate 

functional operation of a novel macropixel architecture that Sarnoff has proposed. Once 

macropixel schematic design is completed, we are able to obtain the total number of 

transistors and their size information. In addition, simulation of macropixel schematic 

will provide us the power dissipation value. Base on these data, next goal is to identify 

the limiting factors such as the minimum feature size to integrate large number of 

transistors in the reduced pixel area, minimum and maximum voltage requirement, and 

the power consumption, etc.  
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2. Review of Pixel Architectures for the Vertex Detector 

 

In the past, charge coupled device (CCD) has been a primary imaging device choice due 

to its superior characteristics such as low noise, high QE, uniform sensitivity, mature 

fabrication technology of large area array, etc. However, by its nature, sequential 

reading out makes it difficult to increase the frame readout rate. To circumvent this 

limitation, a column parallel CCD (CPCCD) architecture has been developed. This 

CPCCD is known to be orders of magnitude faster than conventional CCDs. However, 

CPCCD needs multiple drive electronics and ADCs, its complexity also increases by 

orders of magnitude and system integration becomes a formidable task. 

 

Recently, CMOS active pixel sensor (APS) has evolved as a major competitor in high 

quality imaging device. As shown in the Table, CMOS pixel consists of a diode detector, 

a reset transistor, a source follower amplifier. Compared to CCD, CMOS sensor offers 

number of advantages in terms of integration of multiple functions on chip, small pixel, 

high-speed random access readout, low cost, etc. As a Vertex detector application, 

CMOS also poses several cons such as weakness in EMI environment, cross talk, fixed 

pattern noise, high bandwidth for large area array readout.   

 

To overcome shortcomings of CMOS APS, CMOS digital pixel sensor (DPS) has been 

developed. Its pixel architecture consists of an ADC, a memory array in addition to the 

APS components. Since the DPS handles the signal in digital domain at the front end of 

the system, fixed pattern noise, cross talk, and reset noise are eliminated. Compared to 

APS, DPS output is in digital format, it is resistive to EMI during the readout phase and 

simplifies the system interface. However, its has shortcomings such as large pixel size, 

and high power dissipation.  

 

Sarnoff proposed a hierarchical hybrid CMOS pixel architecture combining a macropixel 

and an embedded micropixel array.  Macropixel stores the time information when a 

particle hits instead of storing the signal itself. It has digital memory array to store 

several time stamps so that it can record several particle events. Micropixel embedded 

in the macropixel is based on CMOS APS architecture. Since its size is small, it is 

capable of yielding high resolution. By combining multiple timestamp capturing capability 

and high resolution imaging capability, hybrid pixel is able to translate the particle events 
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into 3-D information, i.e., (x, y) coordinate plus time scale. Moreover, hierarchical 

architecture handles the information in a smart way by decimating unnecessary data at 

the front end instead of carrying the garbage information along during the readout 

process. This relieves the tremendous bandwidth burden of the system, thereby relaxing 

the readout speed. This relaxed speed also is beneficial for reducing the power 

consumption and for improving EMI robustness. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.    Comparison of pixel architectures for Vertex detector

CCD

Pros Cons

CMOS
APS

- Simple
- Low Noise

- Slow Speed
- Sequential Access
- Expensive

Row Select

Reset

VDD
- Low Cost
- Small Pixel
- High Speed
- Random Access

- FPN
- EMI
- High Bandwidth

Digital 
Pixel

- Large Pixel
- Low Resolution
- High Bandwidth
- High Power

- In-pixel Digital 
Processing

- Local Storage
- Random Access
- Less EMI

Hierarchical
Hybrid
CMOS

- High Resolution
- Low Bandwidth
-Pixel-Level 
Processing
- Local Storage
- Random Access

Architecture Remark

CPCCD
For high speed

RESET

VDD

ADC Memory

RESET

VDD

F/F Array
Comp

Counter

F/F Array

F/F Array
F/F Array

Similar to 
Sarnoff’s 
Foveation
Sensor

Stanford
University
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CMOS
APS

- Simple
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Row Select

Reset

VDD
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- Large Pixel
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- In-pixel Digital 
Processing
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- Less EMI
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- High Resolution
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University
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F/F Array
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3. Review of Modern CMOS Process Technology  

 

We have reviewed various advanced fabrication processes available with the CMOS 

foundry such as 0.18 um logic process, 0.18 um mixed signal/RF process, 0.18 um logic 

process, 0.13 um mixed signal/RF process, 90nm mixed signal process. To realize the 

proposed Vertex detector architecture, following technical requirements must be met 

with the available process; deep n-well layer, good isolation of the p-wells in the deep n-

well buckets, minimum 10 um epi thickness, deep sub-micron design rules.  

 

Table 2 compares the several differences between the logic process and mixed signal 

process. As a key criterion, mixed signal process only offers the deep n-well structure. 

And an option for epi-substrate is available only in the mixed signal process.  

 

Upon reviewing these differences, we have decided to employ the TSMC 0.18 um mixed 

signal/RF process as the baseline technology to work on the macropixel schematic 

design that can be easily scalable to next generation process technology in the future.  

 
 

Process 
Requirements 

0.18um 
Logic 

0.18um 
Mixed 

0.13um 
logic 

0.13um 
Mixed 

Epi Yes Yes Yes Yes 
Non-epi  Yes  Yes 
Deep n-well No Yes No Yes 
NTN Yes Yes Yes Yes 

 

Table 2.  Available process options comparison 

 

3-1. Deep N-Well Layer  

 

Figure 3.1 shows the vertical cross section view of typical deep n-well structure. The 

purpose of having deep n-well is two fold. First, it functions as a large detector diode 

layer to effectively collect signal charges that are generated by the impinging energy 

particles.  Secondly, it serves the isolation of p-well where other are sitting, thereby 

electrically providing the shielding effect. 
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Figure 3.1  Vertical cross section view of the deep n-well structure 
 

 

3-2. Epi-Layer and Charge Spreading  

Mixed signal process offers an epi-option as a starting material. Since p-epi layer is lowly 

doped, it gets easily depleted under reveres bias condition between n-well and p-

substrate, while highly doped p-substrate region is remained undepleted. When a 

particle hits, electrons generated in the p-substrate region migrate in diffusion motion, 

soon they disappear by recombining with holes that are abundant in p-substrate region. 

However, electrons generated in epi-layer drift toward n-well by strong electric field 

before they spread toward neighboring pixels. Therefore, charge spreading is negligible 

in the epi-layer. Since thickness of epi-layer constitutes the volume where the signal 

electron are generated, epi-layer needs to be thick enough as long as it is depleted at a 

given bias voltage.  
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   Figure 3.2  Charge generation and motion in epi-structure 
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 4. Macropixel Technical Details 

4.1 Overall Macropixel Architecture 

 

To accomplish the unique goal of the Vertex detector, Sarnoff proposed a smart CMOS 

pixel that is able to process the particle events, record the time stamps of the events in 

the digital memory, and communicate with external system. Unlike conventional CMOS 

pixel architectures, Sarnoff’s pixel is not of simple architecture, rather it integrates many 

function blocks in a small area and operates like a system. The name of macropixel 

accounts for this.  

 

As shown in Figure 4.1, a macropixel consists of a detector, a comparator, a 2-bit binary 

counter, a row decoder, 14x4 memory array, an input/output interface, and a timing logic 

circuit. For the simplicity, these function blocks can be divided into two groups. It 

consists of analog components and digital components. Detector and comparator are 

the analog components, rest of the blocks are digital components. 
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  Figure 4.1 Macropixel block diagram 
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4.2 Overall Macropixel Operation 

 

When an energy particle impinges on the silicon lattice in a pixel, hole-electron pairs are 

created as a result of energy transfer. A p-n diode detector collects electrons or holes as  

signal charge depending on the substrate impurity type. In case of Sarnoff’s design 

based on the TSMC CMOS process technology, the signal charges are electrons that 

are the minority carriers in the n-substrate detector. If the signal charge integrated in the 

detector diode reaches a threshold level, the comparator output switches to ‘Low’ from 

‘High’ level. Then this low transit in the comparator output makes a clock pulse to 

increment a 4-bit counter output. Then counter’s binary output is decoded to select one 

of the four rows of 14-bit SRAM memory array. Once a row of SRAM is selected, it loads 

the bunch count data that are available on the input/output bus after each bunch 

crossing event.  This global bunch count numbers are supplied via the14-bit i/o bus from 

the system. For the noise immunity reason, gray code system is used for the bunch 

count number. Once the bunch count is loaded into SRAM array, then detector gets the 

reset to restore the detector potential back to the original value and detector output 

restores the comparator output back to ‘High’. Then, Write mode of the SRAM array 

becomes off state loaded time stamp data is preserved. 

 

When next particle hits the same pixel again, binary counter gets another increment and 

decoder output selects next row of the SRAM array. Then, another bunch count value 

corresponding to the particle event will be loaded into the row of the SRAM array. This 

process can continue until the fourth row of the SRAM is selected. Once the counter 

reaches the number 4, it stops increment and the next time-stamp for the fifth particle 

event is either neglected or overwritten on the fourth row of the SRAM array. The 

decision for the detailed operation in this case is open to discussion in the future. 

 

Once a bunch train that consists of roughly 3,000 bunches has passed, reading out time 

stamp data operates as follows: First,  the system interrogates whether the binary 

counter is empty or incremented by testing a output signal line called ‘Empty’ from the 

macropixel. If this signal is on, then the Vertex detector system moves on to the next 
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pixel because it indicates that there was no particle event in the pixel during the previous 

bunch train. Instead of spending time to test SRAM array one row by another for each 

macropixel, the detector system is able to decide at a fast speed whether it needs to skip 

or stay on the pixel to get the time-stamps simply by testing the Empty flag. This 

operation approach reduces the overall interrogation time significantly from the system 

point of view. 

 

When the empty flag is off, the Vertex detector system first reads out the 2-bits of 

counter output. This counter output indicates how many particle hits have occurred in the 

previous bunch train. Next, the system issues the counter reset signal to clear the binary 

counter then issues a clock pulse called ‘RDCLK’ to increment the binary count so that 

the decoder can select the first row of SRAM array. Then, the system reads out time-

stamp data from the SRAM array and moves on to the next to row by issuing the RDCLK 

to increment the counter and the decoder selects the next row of SRAM array. This will 

continue until the counter output reaches the original number before the readout began.  
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5. Design Details 

 

5.1 Detector 

As a front-end component of the Vertex detector system, detector serves as a energy 

conversion device that translates the incident energy into an observable parameter such 

as a voltage or a current change. As depicted in Figure 5.1, the detector block consists 

of a diode and three transistors. Since this design is based on the modern CMOS 

process employing n-epi substrate, the detector diode is formed to have a p-n junction 

between large volume of depleted p-epi and n-well. The electric field formed in the epi-

layer forces the signal carriers to drift quickly toward the n-well region, minimizing the 

lateral migration. The n-well of the diode serves as a charge collection node, and its 

potential modulation as a function of collected charge is buffered and amplified by the 

source follow (SF) transistor M2. M1 is the reset transistor and M3 transistor serves as 

an active load for SF transistor. These two transistors are of NMOS type and need to be 

isolated from the p-epi layer using the deep n-well layer.  

 

Reset

Bias

SF Out

VDD

M1

M2

M3

D1

 

   Figure 5.1 Detector configuration 
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The size of the M2 and M3 transistors is carefully chosen to optimize the low noise 

characteristics, the small pixel dimension and the low power dissipation. It is generally 

understood that the larger transistor size is beneficial for low thermal noise and 1/f noise. 

However, larger SF transistor yields large power dissipation and needs large pixel size. 

In our design, a higher emphasis is placed on the smaller pixel size and lower power 

consumption. 

 

5.2 Comparator 

As an analog component, a comparator accepts two analog signals and produces a 

binary signal at the output, and determines which input voltage is higher. The output 

signal of the comparator remains constant as the differential input voltage changes 

further. This operation resembles a 1-bit analog-to-digital (AD) converter. 

 

In the macropixel, comparator compares the SF output with the reference voltage Vref to 

determine whether the detector diode senses enough signal that indicates an 

occurrence of any particle event. If SF output signal reaches the threshold level of Vref, 

then comparator output switches from ‘High’ to ‘Low’ low. Reference voltage Vref can be 

variable because it is supplied from external pin.  

 

Comparator

Vref

Input

OUT

VBN1 VBN2

 

 

Figure 5.2  A comparator with input/output pins 
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In our comparator design, an emphasis was placed on having a simple architecture with 

small transistor size to meet the requirements of small pixel size and low power 

dissipation. Since the comparator consumes highest power among the entire macropixel 

components, it is necessary to activate the comparator’s operation only during the bunch 

crossing and to deactivate the rest of the time for the power dissipation reduction. The 

control of this activation and deactivation can be accomplished by on and off switching of 

the bias voltage ‘BIAS’. 
 

5.3 Counter 

According to Yale’s preliminary analysis, it was estimated that maximum four particle hits 

are probable in the 50umx50um pixel dimension. Based upon this analysis, 2-bit binary 

counter is designed with an extra empty flag output.  As shown in figure 5.3, this counter 

is equipped with clear input and non-overlapping two-phase clock inputs of PH1 and 

PH2. The clear input is used to reset both Empty flag output and 2-bit binary output. 

Row_Sel is used to enable the counter outputs that were stayed in high impedance state 

when a macropixel of interest is not activated. The 2-bit output is used for the decoder to 

sequentially scan the rows of SRAM array. Table 2 shows the counter output versus 

number of particle hits. 
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PH2

Clear
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Y1

Y2

Empty

Binary
Counter

 

 

Figure 5.2  A comparator with input/output pins  
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Table 1. Counter output versus number of particle events 

 

5.4 Decoder 

As an address decoder, this digital component operates to translate 2-bit binary number 

into four individual outputs that are used to enable each row of 14-bit SRAM array 

sequentially. In figure 5,5, WL(1) to W(4) denotes the Word Line(1) to Word Line(4). 

Each word in this case consists of 14 bits.  

 

Y2

Y1

Empty

WL(1)
Decoder WL(2)

WL(3)

WL(4)

 

 

Figure 5.4 Decoder and input/output pins 
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5.5 Memory Array 

There are several choices to use as a data storage device that can be fabricated using 

modern CMOS process. Flip-flop, dynamic random access memory (DRAM), and static 

random access memory (SRAM) are compared in Table 2 in terms of pros and cons. 

With this comparison study and consideration of the system viewpoint, we have decided 

to use SRAM architecture for our macropixel design. We also took into account of the 

scalability to the next generation process technology. SRAM would be most 

advantageous because it consumes very low power and consists of six transistors per 

cell, which is advantageous for implementing small pixel. Most importantly, it is known to 

be reliable and highly resistive to electro-magnetic interference (EMI).  

 

In our design, totally 336 transistors are used to form 14x4 array. Since it consists of 

cross-coupled CMOS inverters in a memory cell, power dissipation is negligibly small. 

Read and write operations are simple and fast, and suitable for implementing fast Vertex 

detector. 

 

Device Pros Cons 

 

Flip Flop 

-Static 

-Resistive to EMI 

-Fast Speed 

-Requires many 

transistors and Large 

area 

 

 

DRAM 

-Simple and needs 

smallest area 

-Volatile without refresh 

-Vulnerable to leakage    

 and EMI condition 

-Needs complex circuits  

 and timing to interface  

 

 

SRAM 

-Static 

-Resistive to EMI 

-Fast Speed 

-Needs small area 

-Low power 

 

 

 Table 2. Comparison of different memory device for the Vertex detector  
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VDD
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Q QN

 

Figure 5.5. SRAM cell configuration 

 

 

5.6 Input/Output (I/O) Interface 

 

This digital component functions as a communication interface between the macropixel 

and the detector system. As shown in Figure 5.6,  the data bus and the status bus are 

connected to each of the macropixels. From the system point of view, since these buses 

are common for the entire macropixel array, it is necessary to make them disconnected 

from the macropixel or have them in a high impedance state and when they are not 

used.  The data bus has 14-bit depth. Among them, 12-bits are used to resolve the 

bunch count number up to 3,000. Additional 2-bits are reserved for the use of error 

checking and correction.  

 

During the bunch train,  the data bus is loaded with the bunch count data by the global 

bunch counter. This means that the macropixel receives the 14-bit data via input/output 

interface. As the bunch train has passed, the macropixel outputs the contents of SRAM 

array. If the macropixel of interest in not selected, the input/output interface must 

disconnect the data bus, i.e., making them in a high impedance state. 
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Another important role of this i/o interface is to convert the single-ended signal to 

differential signals during the input mode and to convert from the differential signals to 

the single ended signal in the output mode. This is because the data bus is based on the 

single-ended signal, while the SRAM architecture consists of differential signals. 
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DIO(13:0)
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1414

14

 

 

 

 

 

         Figure 5.6. I/O Interface with input/output pins 

 

5.7 Timing Logic 

 

Timing logic functions as a clock generator to drive the binary counter and generates a 

read out strobe for the i/o interface. Clock output is selected either from comparator 

output signal or the RDCLK depending on the mode of macropixel operation. If a pixel is 

in the detector mode, comparator output is selected as a clock input. During the readout 

period, RDCLK is selected to drive the binary counter. Row_Sel is used as a control 

signal to enable the clock output. If Row_Sel is off state, counter is disabled, disabling 

also i/o interface by turning off ‘Read’ strobe. This implies that Row_Sel is used for 

sequentially scanning the macropixel array to interrogate if a macropixel has Empty flag 

and then to read out time-stamp data via data bus. Since data bus is shared by entire 

pixels in the same column and only one row of pixel enabled by ROW_Sel is allowed to 

operate to avoid any conflicts. PH1 and PH2 are non-overlapping two phase clock 

outputs to drive the counter.  
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  Figure 5.7 Timing logic with input/output pins 

 

6.  I/O pin Description 

 

Pin Name Description I/O Type/Voltage 

Reset Detector reset signal I Pulse (2.5V) 

BIAS Source follower bias supply I DC  

VBN1 Comparator bias1 I DC  

VBN2 Comparator bias2 I DC 

Vref Reference input voltage for 
Comparator 

I DC 

Row_sel Row select signal I Pulse (2.5V) 

RDCLK Clock pulse for readout I Pulse (2.5V) 

Clear Counter clear I Pulse (1.8V) 

Write Strobe to load data into SRAM  I Pulse (2.5V) 

Empty Flag to indicate empty counter O Pulse (1.8V) 

Y1 LSB of 2-bit binary counter 
output 

O Pulse (1.8V) 

Y2 MSB of 2-bit binary counter 
output 

O Pulse (1.8V) 

DIO(13:0) 14-bit data bus for input/output I/O Pulse (1.8V) 

  

Table 2.  Summary of I/O pins used in a macropixel 
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7. Simulated Operations 

7.1 Detector, Comaprator, Timing Logic, Decoder 

With given 0.18 um spice parameters, the designed macrorpixel schematic has been 

simulated using hspice simulator to verify its functionality. As shown in Figure 7.1, the 

detector output, the comparator output, the timing logic output, thedecoder output is 

demonstrated respectively. The first row in this figure shows the SF output of the 

detector. With a current source connected at the input representing the energy particle 

hit, the SF output decreases as the sense node integrates charge. When the SF output 

reaches Vref, a reference voltage for comparator input, comparator output CO shown in 

the 3rd row switches from ‘High’ to ‘Low’. Timing logic uses this CO clock input to issue 

non-overlapped PH1 and PH2 for the binary counter. Then, the decoder generates 

sequential word line pulsed from WL(1) to WL(4) shown in the last four rows in the 

bottom figure. Also, note that Reset pulse restores both SF output and comparator 

output, and Clear resets the decoder so that it can start from WL(1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1  Simulated waveforms showing comparator output, timing logic output, 

decoder output 
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7.2  Counter, Decoder 

 

In Figure 7.2, simulated waveforms of 2-bit binary counter outputs are demonstrated with 

additional Empty flag which is low active. When the low Clear is issued, Y1/Y2 and 

Empty counter output are reset to low value. With subsequent clock inputs, Empty flag 

goes ‘High’ as binary counter outputs Y1/Y2 increase in binary form. Decoder outputs, 

WL(1) through WL(4) are sequentially issued synchronized with these counter outputs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2  Simulated waveforms showing binary counter outputs, Empty, Y1, Y2. 
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7.3  Data Bus, Memory Array 

To demonstrate loading (writing) and reading out operation associated with the memory 

array, a test bench has been setup such that loading occurs four times to write data into 

four rows of memory array and reading out takes place four times from first row to fourth 

row. Then, it repeats with inverted data bus in the second phase. Four waveforms in the 

bottom most in Figure 7.3 represents, SRAM cell(1), SRAM cell(2), SRAM cell(3), SRAM 

cell(4), respectively, where the number in each bracket denotes the row number. All of 

the memory cells are initialized to have ‘Low’ at the beginning. With Write strobe, 

memory cell transits its state to ‘High’ when the corresponding WL is issued. When 

loading into 4th row is completed, reading procedure starts with Read strobe. Note that 

reading procedure needs Row_Sel enable pulse and data bus remains ‘High’ since 

memory cell outputs ‘High’ state that was loaded at the previous phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3  Simulated waveforms showing read/write pulse, data bus, and memory cell 

data transitions 
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In the second phase, the data bus state is inverted intentionally to make the memory 

state reversed. It is noted that the memory cells shown in the bottom rows in the figure 

sequentially transit to the inverted state and reading out the same state with subsequent 

Read strobes. 

 

8. Power Dissipation Analysis 
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 Table 3.  Summary of power dissipation of each component in  

    a macropixel 
 

From a component by component analysis, it has been found that the analog 

components including a detector and a comparator consume most of the power, while 

the power consumption of the digital components is negligible. Optimization to reduce 

the power dissipation in these analog components by decreasing the appropriate 

transistor sizes resulted in 21% reduction in power. To reduce the power dissipation 

further by a factor of 100, Sarnoff proposes to activate the detector and the comparator 
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only during the bunch train including enough margin before the bunch train starts as 

shown in Figure 8.1. It is estimated that activating these components 1 ms ahead of the 

bunch train will be enough for the analog circuits to fully settle down for the stable 

operation. During the 200 ms of the blank time between the bunch trains, the power 

consumption is determined by operations of the digital components. Since a maximum of 

four readout operations per macropixel takes place, it seems that the average power 

dissipation of the macropixel will be similar to the sum of digital component power shown 

in the previous table.  

 

In the past, the power dissipation was scaled down by 1/α2, where α is the scale down 

factor.  The power per unit chip area is not scaled since the number of pixels per unit 

area increases by α2.  However, when the deep submicron process technology is used, 

this formula is not valid due to several technical issues. One issue is due to the sub 

threshold leakage current that increases by orders of magnitude as the transistor gate 

length is scaled down by half. Therefore, the power density is not constant any more, 

rather it tends to increase further as the process moves forward toward nanometer 

technology unless a novel approach is developed to suppress the leakage current.  The 

second issue is the fact that the analog components can not be scaled down easily since 

they need to maintain certain current for the low noise operation. Otherwise, signal to 

noise will be severely degraded. Since our macropixel consists of both analog and digital 

components, scaling down of the power dissipation per pixel is estimated to be much 

slower than that of general digital circuits. 

 

 

200ms 0.95ms

Enable

Bunch
Train

2~3ms

 

 

 

 

 

    Figure 8.1 Timing diagram for the power dissipation reduction 
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9. Conclusions and Future Plan 

 

Sarnoff has successfully completed the macropixel schematic design. As an outcome, it 

is found that the macropixel consists of 645 transistors. Detailed operations including the 

loading and readout have been verified by using spice simulation. Power dissipation has 

also been estimated from the simulation. With the given process, i.e., TSMC 0.18 um 

process, and 656 transistors, it is estimated that 40 um ~ 50 um pixel size is required to 

implement the macropixel layout.  

 

Further reduction in the pixel size needs to use the next generation process such as the 

45 nm process. However, the trend of scaling down the feature size does not necessarily 

mean the pixel size reduction in the same ratio, because the analog components such 

as the detector and the comparator need device size larger than the minimum feature 

size to keep the stable performance, while the digital components are scaled down 

proportionally.  This means that we have to wait for the process beyond 45 nm process 

for realizing 10 um pixel. Figure 9.1 shows the roadmap of pixel size versus process 

technology trend. 

 

As another approach to realize 10 um pixel employing less advanced process 

technologies, we propose to reduce the memory array size from 4 rows to 2 rows when 

the pixel size shrinks. This is because the occupancy decreases as the pixel size 

decreases.  

 

For the future plan, Sarnoff is looking forward to continuing the macropixel array chip 

design and fabrication of the test chip based upon the current work. 
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Figure 9.1  Technology road map: Macropixel estimation vs. mixed signal CMOS    
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ABSTRACT: Pixel-level Sampling CMOS Vertex Detector for the ILC

Principal Investigator: Gary Varner

High Energy Physics Group
Department of Physics & Astronomy

University of Hawaii at Manoa

Precision vertex reconstruction at the ILC requires a detector capable of exquisite spatial reso-
lution while withstanding significant low momentum charged particle fluxes and modest radiation
damage. Lessons can be learned from the development of an ultra-thin CMOS pixel detector device
for the high-occupancy environment of the Super B-Factory. The Continuous Acquisition Pixel
(CAP) detector is based upon a Monolithic Active Pixel Sensor (MAPS) architecture fabricated
in a commercially available CMOS process. What distinguishes the CAP is pipelining within each
pixel cell that allows for great robustness against high hit rates, while maintaining excellent spatial
resolution. These characteristics, in addition to options to expand the pixel-level signal processing,
make it an ideal technology for a future International Linear Collider (ILC) vertex detector.

We propose to evolve the CAP architecture and verify the suitability of this MAPS technology
for the ILC through a series to two prototype devices.
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I. BACKGROUND

Already the world’s highest luminosity collider,
the KEKB accelerator [1] can now produce in ex-
cess 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 gen-
eration quark and lepton decays. Precise interroga-
tion of SM predictions will be possible, if a clean
operating environment can be maintained. Extrap-
olation of current occupancies and radiation dam-
age to this higher luminosity mandates the switch
to a more robust vertexing technology than double-
sided silicon strips. Initial prototype device devel-
opment indicates that the Continuous Acquisition
Pixel (CAP) [2–4] is capable of meeting these re-
quirements.

A. Continuous Acquisition Pixel [CAP]

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

We describe below this progress and results from
testing to date.
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A Continuous Acquisition Pixel [CAP] 2

2.8k bunches, ~1ms long

50
0n

s

Orbit
10us

Pixel Reset

Pre−sample N

Post−sample NCDS pair

Pre−sample N+1
Super KEKB

ILC
200ms

Readout

Not to scale!

Sampling

train train

Abort Gaps

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

B. Choice of Technology

Until recently, the state-of-the-art in precision ver-
texing with pixels has been defined by the success
of the CCD-based SLD detector [8] and the hy-
brid (sensor and ASIC readout electronics – bump-
bonded together) devices developed for the AT-
LAS [9] and CMS [10, 11] detectors. However, de-
spite the utility of these two types of pixel detectors
for their particle physics experiments, they are not
well matched to an ILC detector. Such LHC-type
hybrid pixel detectors are too thick and have poor
transverse resolution in each plane, which degrades
the vertexing performance below Super-B [7, 12] and
ILC requirements. While CCDs have impressive per-
formance, as of yet their radiation hardness is insuf-
ficient [13] and their readout times are too long, or
equivalently occupancy too high.

In the last few years groups in Strasbourg [14],
LBNL [15], Hawaii [3] and others [16] have reported
promising initial results with prototypes of so-called
Monolithic Active Pixel Sensors (MAPS), which are
thin, radiation-hard monolithic pixel detectors based
on CMOS technology. A comparison between the
standard Double-Sided Strip Detectors employed in
Belle and a MAPS detector is shown in Fig. 2.

In MAPS the silicon epitaxial layer upon which
the readout electronics are fabricated is used as the
detection medium. This has the distinct advan-
tage 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 op-
erated a MAPS-based detector in a running exper-

Current DSSD

Because of large
Capacitance, need

Thick DSSDs
-- MAPS can be VERY

Thin

300 m

MAPS

10 m

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

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

iment. Indeed, before doing so, the following key
issues need to be addressed:

1. Radiation Hardness

2. Readout Speed

3. Full-sized Detector

4. Thin (50µm thick) Detector Construction

To address these fundamental issues, a systematic
development program has been established by the
proposer.
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C. The CAP Architecture

The operating principle of the Continuous Ac-
quisition Pixel (CAP) architecture is illustrated in
Fig. 3. The fundamental unit is a 22.5µm square
pixel cell with a 3-transistor readout circuit (shown
at the upper left part of the figure). Ionization elec-
trons 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 indi-
vidual pixel addressing through transistor M3. Tran-
sistor M1 resets the electrode potential at the end of
each readout cycle.

ADC

& storage

Pixel Array: Column select – ganged row read

High-speed

analog

Low power – only significant 
draw at readout edge

Pixel
Array of pixels

time

Vreset

Vtyp Ileak

Vsig Qsignal

Integration time

tfr2tfr1

reset

GND

M1

M2

M3

et

Column

Collection
Electrode

M1

M2

M3

Bus
Output

Reset

Collection 
Electrode

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

The inset diagram in the upper right shows a sam-
pling cycle. Immediately after reset, a sample is
taken. During the integration time, leakage current
is collected, leading to an expected difference com-
pared with a sample taken at the end of integration.
The detection of a charge particle passage is made
by observing a larger than expected shift, as seen as
the dotted line. In its simplest form, this CAP cycle
is repeated indefinitely at high rate.

In KEKB, the beam circulation time is 10 µs. Col-
lisions 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 back-
ground. Extrapolating current backgrounds, an oc-
cupancy of well below 1% is expected [18]. A 1%

occupancy corresponds to(
1

9µs

)(
2k

pix

mm2

)(
0.01

hits

pix

)
� 2M

hits

mm2 · s (1)

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

II. RESULTS OF PRIOR SUPPORT

The results shown below have largely been sup-
ported by the US-Japan Foundation, with funds co-
ordinated through KEK and Fermi National Accel-
erator Laboratory. Additional salary support for
participation by members of the University of Hawaii
High Energy Physics Group is provided through
DOE Contract FE-...

A. CAP Version 1

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

Column Ctrl Logic

1.8
mm

132col*48row ~6 Kpixels

TSMC 0.35 m CMOS

Control/
Readout

FIG. 4: Die photograph of the CAP1 detector. The active
area is approximately 1 x 3 mm, which for a pixel size
of 22.5µm square, represents an array of 6,336 pixels
arranged in 132 columns by 48 rows. Sample data from
this device are shown in Figs. 5, 12 and 17.

Fabricated in the TSMC 0.35µm CMOS pro-
cess [17], it consists of an array of 132 by 48 pixels,
each 22.5µm × 22.5µm.

A critical feature is the use of Correlated Double
Sampling (CDS) to remove the intrinsic channel dis-
persion, as well as noise/quantum uncertainty due
to reset. This process is illustrated in Fig. 5, which
shows data taken with a radioactive source and an
8 ms sampling time. First differences are formed
between samples from just after and just before a
beam cycle that has produced a trigger of interest.
A channel-by-channel leakage current correction is
then applied.
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(                                 - )

Frame 1  - Frame 2 =

8ms integration

- Leakage current
Correction

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

Hit candidate!

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

Here when the difference is taken between succes-
sive 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 sec-
ond step, when the channel-by-channel leakage cur-
rent subtraction is made. After this, the hit candi-
date is clearly visible. The 8ms integration time for
the test arrangement shown in the figure is almost
1,000 times longer than we plan to use at KEKB,
there the leakage current will be negligible.

Figure 6 is an example of an event where a high
energy particle traverses a stack of four CAP pixel
detectors.

Charged Particle Track

FIG. 6: Detected event where a high energy particle tra-
verses four CAP pixels. Note that the detectors are
slightly misaligned.
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CAP1 Readout and Radiation Hardness. A
crucial feature of deep sub-micron CMOS is its re-
sistance to radiation damage. This was the key to
earlier work by Varner [19] with others that resulted
in an improvement of the radiation hardness of the
Belle silicon vertex detector readout electronics. In
order to evaluate radiation hardness and readout
speed, the CAP1 was mounted into a readout board
as seen in Fig. 7.

All LVDS digital I/O

300-600Mbaud link

On board ADC ~1mm x 3mm

Power/control over 
standard CAT5 
ethernet cables

FIG. 7: Readout configuration for the CAP1 detector.

This choice of form factor proved very versatile, as
all power and control could be provided over a single
set of standard unshielded ethernet cable. All sig-
nals in and out are completely differential, to reduce
radiated emissions. Even with a long cable, single
pixel noise values of 16e− were observed.

A series of radiation tests were performed with
this set-up and are plotted in Fig. 8. Here the leak-
age current is plotted versus radiation dose for vari-
ous periods of annealing, where the zero irradiation
and 200kRad points are highlighted in the inset fig-
ure, demonstrating the clear evolution and spread in
leakage current of all 6336 pixels as a function of irra-
diation. The accelerated dose rates are conservative
when compared with an example from the published
literature [20], made in the same fabrication process,
shown as data points for comparison. These points
correspond to slow exposure rates that are more like
those that will occur in actual operation. (Practical
limits on access to radiation sources precluded fol-
lowing the methodology of Ref. [20], though it will
be considered for a final detector design.)

Even if we take the worst-case numbers from our
measurements and extrapolate to the short (i.e.
9 µs) integration times planned for Super Belle, the
impact of these leakage currents will be minimal. A
larger concern is the possible reduction in the charge
collection efficiency, a topic that is being actively
pursued. Recent results indicate [21] no charge col-
lection efficiency loss up to at least 1MRad of 1 MeV
γ exposure, which is the relevant damage benchmark
for a B-factory environment.

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

Leakage Current [fA]

# 
of

 p
ix

el
s

Before irrad.

200 Krad

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

B. CAP Version 2 (Pipelined)

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

Col8

VAS

VddPixel Reset

Sense

Output Bus

REFbias

Col2

Col1Sample1

Sample8

Sample2

22.5 m x 22.5 m

Storage cells

FIG. 9: Schematic diagram (left) and pixel layout draw-
ing (right) of a CAP2 pixel, with an 8-deep pipeline.

On the left, the standard 3-pixel cell is augmented
with an array of 8 selectable storage cells. The out-
puts are independently accessible, completely decou-
pling storage from reading operations. On the right
is the actual pixel cell layout, with various mask lay-
ers of different colors, indicating complete utilization
of the available pixel area.
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CAP targets !

4 F2s / Pixel Sensor
2 area

B-Board / DAQ

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

C. Beam Test Results

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

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

L3
L4

L2

“hit”

Residuals for 4GeV/c pions:

- <11 m (in both planes)

(in mm)

(i
n

m
m

)

250 m Si
1mm plastic

1mm Alumina substrate

3.4 cm3.6 cm4.6 cm

x-plane z-plane

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

These resolutions are consistent with GEANT
simulations of the detector spacing and materials
used, which indicates that multiple-scattering dom-
inates over the intrinsic resolution for this detector
configuration with the relatively low momentum π
beam used.
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1. 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 stabil-
ity problems. To address this and to provide addi-
tional storage within each pixel, a third generation
of CAP detector, designated CAP3, was fabricated.

36 transistors/pixel
5 metal layers5 sets CDS pairs

TSMC 0.25 m Process
5-deep double pipeline

120Kpixel sensor (128x928 pix)

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

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

928 x 128 pixels = 118,784

~4.3M transistors

21 mm
Active area

20.88 mm

>93% active without active edge
processing

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

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

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

32 CAP3/ladder

6 ladders/L1 layer

23 Mpixels

20-30kBytes/event (after L3)

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

SVD2.0 Ladders

Layer 1

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

e- e+

# of Detector / layer ~ 32

End view

128 x 928 pixels, 22.5 m2

~120 Kpixels / CAP3

0.25 m process

CAP3
5-layer flex

PIXRO1 chip
Pixel Readout Board (PROBE)

Side view

Half ladder scheme

Double layer, offset structure

r~8mm

Length: 2x21mm ~ 4cm

17o30o

r~8mm

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

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

We propose to design, fabricate and test two gen-
erations of evolutionary descendants of the CAP ar-
chitecture tailored to the planned ILC operating en-
vironment.

A. ILC Prototype

While the operating environments in the inner de-
tection layers at Super B and the International Lin-
ear Collider are different, the requirements on thick-
ness, data volume, low-power consumption and the
instantaneous occupancy are actually quite similar,
as may be seen in Table I. In these comparisons in-
tegration time is dependent upon the reset and sam-
pling times needed, which is in turn related to the
machine bunch structure shown in Fig. 1. In both
cases the electronics operation is optimized to reflect
the machine structure available, as described below.
For the ILC, there are two options listed for some
parameters, with the first for technologies capable
of storing samples within a bunch train (Column
Parallel CCD (CPCCD) with storage or CAP) and
the second with longer integration time (higher oc-
cupancy) 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 require-
ments are actually more severe for Super Belle than
for the ILC [22]. That is, any detector capable of
successful operation in the Super B environment is
a viable option for the ILC vertex detector.

1. Optimizing CAP architecture

We plan to pursue two generations of ILC-specific
CAP design, designated LCAP1(2), optimized for
the ILC beam structure. As the CAP architecture
is quite flexible, it can be tailored for the machine
operational environments, as mentioned earlier in
Fig. 1. The first generation will explore issues of
maximum sample storage depth. A second genera-
tion will follow-up with lessons learned, as well as
exploring ultra low-power operation, a major con-
cern for reducing support infrastructure.

Discussions have begun [24] on possible joint col-
laborative efforts to make a variant of the CAP ar-
chitecture that is tailored to the ILC requirements.
These discussions have affirmed that a device suit-
able for a high-luminosity Belle could also serve as a
functioning prototype for a future ILC vertex detec-
tor. Given the long and uncertain development time
table for completion of the ILC detector, it makes

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

2. T-943 at Fermilab

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

B. Task Sharing

In addition to members in Hawaii, the Belle pixel
group consists of physicists and engineers from the
KEK laboratory, the University of Tsukuba (Japan),
the H. Niewoniczanski Institute of Nuclear Physics
in Krakow (Poland), the University of Pittsburgh,
the Nova Gorica Polytechnic Institute (Slovenia),
the University of Melbourne (Australia) and the
University of Tokyo.

CAP Pixel. While Varner is the leader of this
project, he is well aware that successful completion
of a project of this scale requires multi-institutional
resources. A breakdown of task sharing for the Belle
pixel effort is provided in Table II.

These institutional responsibilities are a logical
continuation of current activities within the Silicon
Vertex Detector group. The Krakow group has built
the readout chain for the current and original SVD,
with KEK providing mechanical, integration and in-
frastructure support. Melbourne built most of the
production silicon ladders that have been used in
Belle and will be available for production work once
they have concluded their ATLAS endcap silicon as-
sembly. Radiation and environmental monitoring
will be performed by Nova Gorica Polytechnical,
with support from the Univ. of Tsukuba. Hawaii
will focus on detector design and ladder mechanical
structure. The Tokyo and Pittsburgh groups will fo-
cus on pixel vertex detector testing, evaluation and
simulation.

All these groups have expressed interest in extend-
ing this effort toward an ILC vertex detector. To
the list of institutions above, Ray Yarema’s group
at Fermilab has also joined this development effort.
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TABLE I: Comparison of Super B-Factory and ILC pixel vertex detector operating conditions. For the ILC there are
often two parameters listed with a slash between, referring to the possible choice between candidate technologies. As
no single technology has demonstrated itself capable of meeting all of the design and environmental requirements, it
is expected that this R&D effort should remain active for the next few years, with a decision to be made in 2010 at
the earliest [23]. Evolution of the CAP technology to meet these requirements shows real promise.

Parameter ILC Super-B Notes

Integration time 25µs/1ms ≤ 10µs Belle (trigger dep.)

BX collision timing 300 (150) ns 2 ns

# bunches/integ. time 75(150)/2.8k 1-5k CPCCD or MAPS/DEPFET for ILC

Expected occupancy ∼ 1% ∼ 0.5 − 1% Belle extrapolation (max.)

# pixel channels (Million) 100’s to 1k 10-50 5 layers versus single

Duty cycle (high power) few % 5-10% within acceptance

Readout cycle between trains continuous

Pixel readout rate (raw) 500/10 Gpix/s 200-1000 Gpix/s Belle 10kHz trigger

Radiation requirements 0.5kGy/yr few 10kGy/yr neutron dose not considered

TABLE II: CAP Pixel Collaboration.

Institution Resource Contact

INP, Krakow Readout Elec. H. Palka

KEK Infrastructure T. Tsuboyama

Nova Gorica Poly Rad. monitor S. Stanic

Univ. Hawaii Detector G. Varner

Univ. Melbourne Production G. Taylor

Univ. Pittsburgh Analysis J. Mueller

Univ. Tokyo Testing H. Aihara

Univ. Tsukuba Environ. Y. Asano

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

IV. BROADER IMPACT

As one of the founding mentors, Varner was in-
strumental 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 lo-
cal, underserved students to the excitement of fron-
tier physics though our local activities. Our annual
Physics Open Houses are very well-attended and be-
ing able to involve and interest the community at
large is crucial.

Public support for funding of the ILC in the long-
haul depends upon educating the educators, the next
generation of students, and the general public in
the exciting discovery possibilities at the ILC, and

the very interesting technical challenges (being ad-
dressed 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.
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V. FACILITIES, EQUIPMENT AND OTHER
RESOURCES

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

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 En-
ergy Physics Group, the Instrumentation Develop-
ment Laboratory [26] develops world-class instru-
mentation 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. 16: Some of the engineers, post-docs, graduate
and undergraduate students, and visiting researchers who
make the University of Hawaii Instrumentation Develop-
ment Lab. successful.

As can be seen in Fig. 16, the lab serves as host
to a diverse group, bringing together talent from
throughout Asia, Europe and North America.

Electronics design support consists of worksta-
tions and software for the design of printed circuit
boards, FPGA/CPLD firmware and ASICs. Assem-
bly benches and prototyping facilities, with avail-
able and well-trained student technician support, are
maintained. Test instrumentation in NIM, 6U/9U
VME, CAMAC, FASTBUS, compact PCI and Lab-
View/GPIB are available. Silicon pixel and custom
detector development are facilitated by a Cascade
motorized probe station, Agilent parameteric ana-
lyzer, K&S wire-bonder, all located inside an assem-
bly clean room. Three SMT assembly/inspection

stations are complemented by a BGA rework sta-
tion.

The ID-Lab provides expertise in IC and board
design, as well as software and firmware. Lab chief
engineer Kennedy is coordinating the pixel readout
system design. Engineering doctoral fellow Martin
will complete the PIXRO1 as her 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 Uni-
versity, with over 2000 square feet available to the
ID Lab, as can be seen in Fig. 17.

clean room
pixel
test
area

BGA rework

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

B. Hawaii Faculty, Researchers and Students

Faculty member Browder and doctoral research
fellow Martin are active participants in this project.
Senior researcher Parker is a wealth of information
on silicon fabrication and processing. The CAP pixel
project is the primary task of post-doc Barbero. Stu-
dent Uchida has participated in all beam tests, with
student Sahoo to join and gain hardware experience.

Our current DOE grant supports all of these
group members. Pending this award, new student
Nishimura will join the effort and start detailed stud-
ies of detector optimization.

a. Other Facilities In addition to the full-time
machinists and shop mentioned, the university also
provides computing support and access to a high-
performance computer farm.
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VI. FY2006 PROJECT ACTIVITIES AND
DELIVERABLES

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

FIG. 18: Contribution to noise due to storage cell ca-
pacitance. For small storate cells, this term can become
important though this can represent a very small storage
element.

The first ASIC design is designated LCAP1
(Linear Collider CAP #1) and the development
timescale is matched to a fiscal year. From expe-
rience with three generations of CAP detector, this
is a reasonable interval in which to perform the tasks
outlined below:

1. design – 3 months

2. fabrication – 3 months

3. eval board – 2 months

4. firmware – 2 months

5. test/document 2 months

The deliverables are a set of fabricated die after 6
months, a functioning die on test board, available for
radiation, noise, resolution and other testing within
10 months. Finally, a publication documenting re-
sults of these test round out the year development
cycle.

VII. FY2007 PROJECT ACTIVITIES AND
DELIVERABLES

In the second year we expect to have feedback not
just from the LCAP1 prototype, but also for subse-
quent generations of Super Belle CAP pixel detec-
tor. In the latter case the experience with handing
very thin devices and operating at high speed and
low power will be valuable in shaping the direction
of the next generation of demonstrator prototype,
which would be designated LCAP2.

The development cycle and deliverables are iden-
tical to those for FY2006, with the report being de-
livered serving as a critical milestone at which to
assess whether to take this development forward to-
ward a full-sized detector prototype or instead rec-
ommend pursuing another strategy based upon con-
current development efforts by other groups.

VIII. PROPOSED BUDGET AND
JUSTIFICATION

A summary of the proposed total budget is given
in Table III. The budget is broken out by fiscal year
and also by salary, travel, equipment fabrication,
material & supplies and miscellaneous costs (ship-
ping, document).

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

Item FY06 FY07 total

Salaries & fringe $26.7 $28.1 $54.8

Travel $5.0 $5.0 $10.0

Equipment fabrication $35.2 $33.5 $68.7

Other direct costs $5.4 $5.5 $10.9

Indirect costs $7.7 $7.9 $15.6

TOTAL $80.0 $80.0 $160.0K

b. Operations. We also request half-time salary
support for one graduate student who will pursue the
proposed research in partial fulfillment of his disser-
tation requirements. It is expected that additional
testing support manpower will be available through
Nova Gorica via matching research funds awarded
through the US-Slovenia program.

We also request support for two part time under-
graduate research assistants to help in performing
the equipment fabrication for the work described.
Required engineering resources are costed as part of
specific equipment tasks listed below.

c. Travel. Travel is requested for the proposer
and other participants to perform the measurements
of detector performance as part of the T-943 beam
test experiment at Fermilab.
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d. Equipment. We describe here the major fab-
ricated equipment costs, which are

Costs for the first ILC detector prototype are
listed in Table IV. This prototype builds heavily
on the systems developed above. Some electrical en-
gineering design time is required for an improved
portable data acquisition system and to establish
the data link. Student labor costs are not included
here. Budgeting is based upon completion of the
task within FY2006.

TABLE IV: ILC CAP “LCAP1” prototype budget.

Item Est. Cost

LCAP1 ASIC fabrication $17K

Engineering (mechanical) $3.3K

Engineering (electrical) $7.5K

ICs, parts & materials $2K

Board fabrication $2.5K

misc. cabling, housing $1.5K

Test structure assembly $1.4K

Estimated total: $35.2K

Common to all three tasks, additional non-
recurring engineering costs support the design and
printed-circuit board layout capacity of the Instru-
mentation Development Laboratory. Stuffing and
testing of the boards is supported by student labor
captured separately in the attached budget pages.

Costs for a second-generation ILC detector proto-
type are tabulated in Table V. This prototype will
be an evolution based upon lessons learned with the
LCAP1 prototype. It is assumed that a deeper sub-
micron process will be used, consistent with evolving
industry trends. Student labor costs are again not
included here. Budgeting is based upon completion
of this task in FY2007.

TABLE V: ILC CAP “LCAP2” prototype budget.

Item Est. Cost

LCAP2 ASIC fabrication $17K

Engineering (mechanical) $3.4K

Engineering (electrical) $5K

ICs, parts & materials $2K

Board fabrication $2.5K

misc. cabling, housing $1.5K

Test structure machining $2.1K

Estimated total: $33.5K
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Proposal for Supplementary Funding for TPC Development 
 
Personnel and Institution(s) requesting funding 
 

D. P. Peterson, R. S. Galik,  
Laboratory for Elementary-Particle Physics (LEPP), Cornell University 

 
Collaborators 

 
LC-TPC groups 

 
Contact Person 
 

Daniel Peterson 
dpp@lepp.cornell.edu 
(607)-255-8784 

 
Introduction 
 
We are requesting supplemental funding for contributions to the development of a Time 
Projection Chamber (TPC) within the LC-TPC, a world-wide coordinated effort of 
groups from all regions. In the next phase of the development of a TPC with a Micro 
Pattern Gas Detector (MPGD) gas-amplification readout, LC-TPC groups will 
collaborate to build a large-prototype (diameter: 80cm) [1] that will be operated at the 
EUDET-funded [2] facility at DESY.  The Cornell group is actively participating in this 
coordinated effort. As part of that participation, Dan Peterson has accepted the 
responsibility of "convener" of the mechanical design, including the detailed design of 
the endplate. While current support from an LCDRD award, 5.7, is sufficient for 
preliminary studies of the endplate design, it is not sufficient for the more detailed studies 
required in FY2007. As the design study will naturally progress to the construction phase, 
and the construction of the endplate would constitute a significant US presence in the 
large-prototype program, the Cornell group will propose to LC-TPC to take responsibility 
for this construction. This proposal for supplementary funding is to provide for the more 
detailed-design studies and construction in FY2007 and for further construction in 
FY2008. 
 
Motivation for the LC-TPC program 
 
The LC-TPC organization has as a goal the development of a high resolution, high 
granularity TPC for any of the proposed ILC detector concepts incorporating a TPC as 
the central tracking device: GLD, LDC, and 4th. 
 
Significant advances over current TPCs with multi-wire proportional chamber (MWPC) 
based gas amplification readout are necessary to achieve the unprecedented tracking 
performance required for the experimental physics goals of the International Linear 
Collider (ILC). The segmentation of the current technology is insufficient for precision 
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reconstruction of ILC events. Obtaining the spatial resolution that is required to meet the 
momentum resolution goal is also challenging with the current technology. The LC-TPC 
group is conducting a world-wide coordinated study to develop a TPC readout with the 
segmentation and resolution required for the ILC program.  
 
Multi-track separation, necessary for efficient track reconstruction, is required for a 
“particle flow" analysis, the precision measurement of jet energy using tracking 
information to determine the charged energy component [3]. Energy flow analysis will 
require efficient track reconstruction within jets in which the track density is of order 
100 tracks/steradian. TPCs using MWPC gas-amplification, of which the STAR and 
ALEPH chambers are typical examples, have pad readouts with segmentation of order 
1 cm in the azimuthal direction. This segmentation is not sufficient for reconstructing 
tracks in dense jets.  In a simulation of digitized detector response [4], 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 >99%. Simply increasing the detector 
segmentation in a MWPC TPC will not result in increased reconstruction efficiency 
because the amplification occurs at an anode wire and the signal width is determined by 
inductive readout. A gas-amplification technology with pad response function width less 
than 2mm is required to take advantage of increased readout segmentation.  
 
Spatial resolution, which determines charged particle momentum resolution,  is also 
limited in MWPC based TPCs. Charged particle momentum resolution, characterized as 
σ(1/p), of order 10-5/GeV is required to determine the Higgs mass through the precision 
measurement of the recoil mass of di-leptons in Higgsstrahlung events [5,6]. This 
momentum resolution can be achieved only if the TPC spatial resolution is of order 
100µm. This spatial resolution is very challenging in a MWPC TPC not only because it 
represents 1% of the pad size but also because the radial electric field in the vicinity of 
the wires leads to a significant spatial distortion.  
 
A TPC readout based on a MPGD gas-amplification device such as a GEM [7] or 
Micromegas [8] 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.  
 
Recent development of a MPGD based TPC and open questions 

 
Research groups in Europe, Canada, and Asia, including Aachen, Karlesruhe, DESY, 
Orsay, Saclay, Carleton, Victoria, Berkeley, as well as the Cornell/Purdue group in the 
United States, are currently studying gas-amplification devices in small-prototype TPCs.   
Results from the individual groups and recent reviews [9] of this work have been 
presented at ILC workshops. The results are encouraging; several groups reporting spatial 
resolutions of less that 100 µm with MPGDs. However, the results are preliminary.  
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Measurements taken with the different gas-amplification devices are difficult to compare 
because they are taken by different groups under various conditions.  
 
There are numerous questions which can only be addressed with a larger prototype TPC. 
The mechanical structure of the instrumented area will necessarily be built from 
individual modules. These modules will be limited in size to about 30 cm square because 
of manufacturing techniques for the MPGD structures and to allow a straight-forward 
replacement procedure in the case of high-voltage failure. The large-prototype will 
provide a test bench for optimizing the module geometry and thus efficiently covering the 
available area with instrumented pads. 
 
It will be necessary to build a field cage with less radiating material than has been used in 
current TPCs.  The large-prototype will provide a test of designs to minimize the 
distortions of the electric fields near the interface of the instrumented area with this field 
cage. Because of the high density of instrumented readout pads, it is necessary to develop 
and test designs for low power readout electronics. 
 
Finally, a major concern for the success of a TPC tracking system at the ILC is how to 
maintain the goal momentum resolution in an inhomogeneous magnetic field. Momentum 
resolution limitations due to magnetic field distortions were studied at 
Snowmass 2005 [10]. In summary, track trajectory measurements are affected by 
magnetic field distortions which affect both the track trajectory and the electron drift 
trajectory. The effect on the electron drift trajectory is more serious and requires 
knowledge of the magnetic field to an accuracy of δB/B < 2x10-5 to maintain the 
necessary momentum resolution of the system. As the accuracy achievable by sensor 
mapping is limited to δB/B ~ 2x10-4, it will necessary to improve the sensor mapping 
using a track-based mapping. The track-based magnetic field mapping will rely on 
knowing the readout module locations to an accuracy of about 20µm. While tracks are 
typically used to perform the inter-module alignment in a multi-module readout system, 
the procedure is more complicated at the ILC. As a result of requiring that the tracks be 
used to measure the magnetic field, it will be necessary to align the modules to the 
endplate using other methods.  The large-prototype will be used to test and optimize these 
procedures. 
 
The LC-TPC large-prototype program 
 
The LC-TPC group will therefore perform studies with a large-prototype, with a diameter 
of 80 cm, to  

a) make final comparisons of the various gas-amplification options,  
b) study the mechanical stability of the system of endplate modules,  
c) study geometries for optimizing the instrumented area of the endplate while 
limiting the electric field distortions at the interface of the endplate with the field 
cage, 
d) provide a test-bed for a large scale system of low power readout electronics, and 
e) study methods of non-track-based calibration such as a laser system. 
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In organizing the large-prototype program, the LC-TPC groups have agreed on the 
responsibility for various parts including endplate structure, field cage, GEM-based 
modules, Micromegas-based modules, pixel panels, electronics, power switching and 
cooling, field map, laser monitoring system, alignment, and gas and high voltage 
infrastructure. Dan Peterson has accepted the responsibility of "convener" of the 
mechanical design, including the detailed design of the endplate. This design will be a 
collaborative effort with the other physicists responsible for the readout modules (Paul 
Colas from Saclay and Akira Sugiyama from KEK) and field cage designs (Ties Behnke 
from DESY). 
 
A timeline for the large-prototype program calls for operation in 2008/2009 to provide 
input for the final detector that is to be completed in 2015. Design of the endplate 
providing an interface to the field cage should be completed by December 2006. 
Manufacturing of the first installable endplate should be completed by Dec ember 2007.    
 
Partial funding for the LC-TPC large-prototype program will be provided through the 
EUDET initiative.  This funding will cover the infrastructure, electronics, and field cage. 
Funding for other components, in particular the endplates, must come from outside 
EUDET. 
 
Design and construction of an endplate for the LC-TPC large-prototype 
 
A basic design for an endplate, as well as boundary conditions for readout modules, is 
currently being developed at Cornell with input from regular LC-TPC meetings. 
Finalizing the design, and developing a manufacturing procedure, will require the 
completion of several studies involving a series of test structures. As described above, 
readout modules must be positioned in the final TPC to an accuracy of about 20µm 
without the aid of a track-based alignment. Thus, the main objective of these studies will 
be to determine the achievable mechanical tolerances and stability of variations of the 
endplate design and, therefore, to meet the mechanical precision requirements of the final 
TPC. In this section, we describe the anticipated steps and schedule leading to the 
development of the endplate. 
 
 A model of the basic design is shown in Figure 1. The readout area will be populated 
with replaceable modules that are each located by the framework that is machined into 
the endplate. In this design, curved openings for modules have a common center of 
curvature. The upper pair of large openings has a radius of curvature approximating the 
outer radius of the TPC in the LDC concept. Thus, the active area of the large-prototype 
endplate approximates a circular region near the outer radius of the final TPC for an ILC 
experiment. The smaller openings, at the top and bottom, are to accommodate prototypes 
of a silicon pixel readout.  
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Figure 1: A model of a preliminary design for the large-prototype endplate as viewed 
from inside the TPC. The outer diameter is 80 cm. One detector module is shown 
mounted. An isolated conducting surface provides a controlled termination of the drift 
field. 

 

 
Figure 2: A model of a readout module as viewed from outside the TPC. Readout pads 
are on the hidden surface. The width is about 28 cm. Each module has an active area of 
about 250 cm2. With pads of size 5 mm2, each module would have 5000 channels.  
Preliminary representations of mounting and alignment fixtures, and signal connectors 
are show on the back of the module. 
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A model of the mating pad readout module is shown in Figure 2. The module mounts to 
the inside surface of the endplate after insertion through the opening from the outside. An 
O-ring seal mates to a surface on the endplate framework. While details of the module are 
currently under discussion by many groups within LC-TPC, the model demonstrates how 
space on the back of the module may be allocated for locating fixtures, a means of 
securing the module to the endplate, and for connectors to attach cables to the front-end-
electronics.  
 
In the first phase of the design studies, October 2006 to February 2007, we will use 
smaller structures that include subsections of the endplate framework as shown in 
Figure 3. The first of several of these structures will be made of aluminum. With these, 
we will evaluate iterative machining and stress relieving steps with the goal of defining a 
procedure to maintain the position requirements of the framework that surrounds the 
modules. Machining and measuring will be provided by Cornell.  Cornell has recently 
purchased a coordinate measuring machine (CMM) with the capacity and precision to 
measure these prototype parts. Measurements will be made after each machining and 
stress relieving step. Materials and stress relieving services must be purchased.  
 

 
Figure 3: A model of a test structure to be used for evaluating stress relieving 
procedures. The long dimension is about 60cm. 

 
 
We will also investigate the option of making the endplate from carbon fiber or Kevlar. 
These materials offer higher strength using low-Z materials to minimize scattering, but 
manufacture of an endplate may be more complicated. It will require a constant 
temperature molding procedure followed by machining of precision surfaces. Studies of 
the carbon fiber or Kevlar option will also start with smaller structures. As in the case of 
the aluminum structures, machining of a mold and CMM services will be provided by 
Cornell. Post-molding of precision surfaces will be performed at Cornell. Materials must 
be purchased. 
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A full size model of the large-prototype endplate will be constructed in the second phase 
of the design study. This model will include variations of the preliminary design of the 
module supporting framework developed with the small structures. It will lack some of 
the details for mounting the modules. In its construction, we will employ the 
manufacturing techniques that are expected to provide the full required position accuracy. 
Tests will provide more reliable information on the achievable tolerances by making 
measurements over a larger extent of the framework.  Manufacture of the full size model, 
or of molds in the case of a fiber endplate, may be done at Cornell or by a commercial 
vendor. Measurements may be performed at Cornell if there is time available on the 
CMM. If this is not the case, CMM services must be purchase. Stress relieving must be 
purchased.  We expect design, possible bidding and manufacture of this full-size model 
to take place between February 2007 and July 2007. 
 
We expect to build two fully functional endplates that will be installed in the EUDET 
facility. We anticipate that design, bidding and manufacture of the first installable 
endplate to take place between July 2007 and March 2008. This will be used for large-
prototype tests in 2008 which will concentrate on comparisons of MPGD devices, gas 
studies, studies of a possible gating structure, commissioning the electronics, and refining 
analysis software.   
 
The second installable endplate will be constructed for January 2009 delivery. The 
second endplate is expected to differ from the first only in precision, benefiting from 
further development based on the experience in constructing and operating the first 
installable endplate.   
 
In the case of both installable endplates, we expect to contract the entire process, as 
defined by the studies, to a commercial vendor. 
 
Relevant experience 
 
Experience relevant to the large-prototype endplate design comes from the design and 
construction of drift chambers for the CLEO experiment. The CLEO-III drift 
chamber [11], a 1.6m diameter open cell chamber completed in 1999, provides a superior 
spatial resolution of 65µm in the central part of the cell. This has been possible only 
through the development of procedures to manufacture large, high precision endplates 
shown in Figure 4.  
 
In addition to maintaining superior position tolerances, the endplates were also designed 
to allow space for storage ring focusing elements and to minimize scattering material 
shadowing the forward calorimeters. As can be seen in the figure, each endplate is made 
from nine wire supporting elements. The inner elements provide space for the focusing 
elements and are outside the solid angle of the detector. A structural inner ring, also 
outside the solid angle, creates a fixed support for the inside radius of the outer endplate 
section, thus allowing this section to be made from thinning material. The endplates were 
designed by Dan Peterson and were manufactured by a commercial vendor with an 
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iterative process of machining and stress relieving. All individual sense wire mounting 
holes (10,000 per side) were measured with a CMM. Dan Peterson performed all site 
visits to negotiate the process, perform quality control at the beginning of drilling every 
section, and supervise the CMM measurements.    
 
 

 
 

Figure 4: The endplates of the CLEO III drift chamber during alignment measurements. 
All wire-mounting holes were positioned to 25 µm. Sub-elements of the endplates were 
aligned to 100 µm with a precision of 25 µm. Inter-endplate alignment has a precision of 
25 µm. 

 
The CLEO-c inner drift chamber [12], shown in Figure 5, was completed in 2003. The 
one-piece endplates are approximately 24 cm in diameter. A feature of this chamber is 
that the mechanical stability and alignment between the endplates comes only from the 
thin inner tube. As there is no space available on the endplate for mounding screws for 
the inner tube, the endplates are held by interference fit. These were designed by Dan 
Peterson and manufactured by a commercial machine vendor. All holes and surfaces 
were measured with a CMM. Again, Dan Peterson performed all site visits to negotiate 
the process and perform quality control. 
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Figure 5: The CLEO-c inner drift chamber showing the endplates and wires. 
 
 
Dan Peterson has influenced the  design and construction of the drift chambers for 
BESIII [13] and Babar. The BESIII drift chamber design is highly influenced by the 
CLEO III chamber. Dan Peterson has consulted with the Beijing group on this project 
since 2001. The vendor trained by Dan Peterson for the construction of the CLEO III 
endplates was selected for the Babar chamber. This greatly decreased the development 
time for that chamber.  
 
Richard Galik was involved in the development and construction of the cathode readout 
panels for the CLEO III drift chamber and served on a BaBar drift chamber review. 
 
 
Broader Impact 
 
While performance requirements, in terms of reconstruction efficiency and point 
resolution, for a TPC at the ILC may be more demanding than for other applications,  the 
results of proposed LC-TPC studies of a large scale prototype with MPGD based readout 
will be applicable to any experimental program requiring a high performance TPC. For 
example, the T2K experiment is implementing a TPC with MPGD based readout. This 
detector will be commissioned before the construction of the ILC experiments and will be 
subjected to much smaller backgrounds. However, the final design of the T2K TPC has, 
and will, benefit from experience gained in the LC-TPC studies. Other future applications 
that would directly benefit from these studies are possible upgrades of TPCs at Star or 
Alice as well as a future detector at CLIC. 
 
The LC-TPC large-prototype studies will require development of large-area, specialty 
shape, MPGD devices with reduced inactive regions at the edges. Other groups are 
currently working on this development. In particular, The University of Texas at 
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Arlington group working on a GEM-based hadronic calorimeter and the T2K group are 
working with the 3M corporation to build large-area GEMs. Development of large-area 
GEMs for the LC-TPC large-prototype would compliment and benefit the other GEM 
studies. Another future application of GEMs is the development of a planar forward 
tracking device by the Louisiana Tech group for the LDC concept detector at the ILC.  
The performance of this detector would benefit from proposed development of specialty 
shape GEMs which will be developed as part of the LC-TPC large-prototype program. 
 
The work which is the specific subject of this proposal, the development of high 
precision mechanical assemblies, will involve private industry and will add to the list of 
companies that can provide high precision services to other particle physics groups. 
Previous work on drift chambers at Cornell provided training to two commercial machine 
shops.  One of these, the vendor that manufactured the CLEO-III drift chamber endplates, 
later manufactured endplates for both the BaBar and CDF drift chambers. (Unfortunately, 
both of these companies went out of business in about 2002.)     
 
Funding requirements for the LC-TPC large-prototype endplates 
 
With current funding, the Cornell contribution to the LC-TPC large-prototype is 
supported only in the first phase of the design period as described in the section "Design 
and construction of an endplate for the LC-TPC large-prototype" above. Much of the 
design work of the endplate and specification of the modules will take place at Cornell 
LEPP with the aid of technical staff supported by other sources. While limited funding 
exists for the construction and testing of some of the structures to be used in design 
studies, supplementary funds will be required for a series of full-sized endplates leading 
to the final precision endplate. In this section we describe the necessary funding for each 
step in the development. 
 
The first phase of the design studies will require the fabrication and evaluation of the test 
structures illustrated in Figure 3. Machining and measuring will be provided by Cornell. 
Funds for materials and stress relieving of six aluminum structures will come from the 
FY2006 LCDRD award 5.7 (available in September 2006). Supplementary funds are not 
required for these six test structures. Construction of additional structures, if necessary, 
would require additional funds that are not budgeted in this request.  
 
Investigations of the making the endplate from a low-Z material will require 
supplementary funds. Construction of a mold and the purchase of materials for an initial 
carbon fiber or Kevlar test structure are budgeted at $12K.  
 
Construction and testing of a full size model is anticipated in the period spanning 
February 2007 to July 2007. The anticipated cost of the full sized model is $7K including 
materials, machining and measuring at Cornell, and commercial stress relieving services. 
While this part is budgeted to be manufactured at Cornell, there may be conflicts when 
scheduling this work in the Cornell facilities. The cost of doing this work outside of 
Cornell would be about $20K higher.  
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The first installable endplate will be constructed in the period July 2007 to March 2008. 
We expect to award a principle contract to a commercial shop to cover materials, 
construction, stress relieving and measuring processes. An accurate cost will require full 
drawings and the completion of a bidding process. We anticipate a cost of $50K by 
projecting from the experience with the CLEO-c endplates. That project also involved 
multiple set-ups because of the iterative machining and stress-relieving steps. Travel 
costs shown in the budget table are associated with the quality control of the machining 
and measuring and are anticipated to be $7K. 
 
The second and final installable endplate will be constructed in the period: March 2008 to 
December 2008. As with the first installable endplate, we expect to award a principle 
contract to a commercial shop. This endplate will be held to tighter tolerances and will 
necessarily have a higher cost.  The anticipated cost is $80K to cover materials, 
construction, stress relieving and measuring processes. Travel costs associated with the 
quality control of the machining and measuring are again budgeted at $7K. Additional 
travel costs, if necessary, must come from other sources. 
 
It should be noted that the projected costs of the principle contracts for the two installable 
endplates are estimates and may change. In particular, after completing a bidding process 
for the first installable endplate, we will be able to give a more accurate estimate for the 
second. The cost of the second installable endplate may have to be raised at the time of a 
review in 2007. 
 
Personnel 
 
For the R&D covered by this proposal, Dan Peterson will oversee the design, 
manufacture and testing of the endplates. Richard Galik will be involved with 
interactions with machine shops including specifications and contracts, and analysis of 
the endplate evaluation data. A post-doctoral researcher, currently not named, will be 
involved in interaction with machine shops including on-site inspections, analysis of data, 
and commissioning at DESY in 2008 and 2009.  
 
Deliverables 
 
Under the current LCDRD award, 5.7, the FY2006 (ending in mid-2007) deliverable will 
be a preliminary endplate design based on measurements of the preliminary aluminum 
structures constructed at Cornell. Supplemental funding will allow construction of an 
endplate in calendar year 2008 to be used in the large-prototype for the first series of 
studies in 2008.  
 
Under the current LCDRD award, the FY2007 (ending is mid 2008) deliverable is a 
complete design of the large-prototype endplate based on further studies of preliminary 
devices. Supplemental funding will allow construction of an advanced design endplate 
that would meet position tolerance goals to be used in the large-prototype for the second 
series of studies in 2009.  
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Two-year budget, in then-year K$ 
 
The table below lists costs associated with each phase of the development of the large-
prototype endplates. Travel includes quality control inspections at vendors. Shipping 
costs are to cover shipping the parts to the vendors for the various processes. In the case 
of the installable endplates, shipping costs are for transporting the completed endplates to 
DESY.  No salaries are requested in this proposal; salaries must come from other sources. 
Materials and supplies, services and travel have overhead applied at 59%. The costs of 
the principle contracts for the installable endplates will not be subject to overhead. 
 

   year 1 year 2 Total 
Total Salaries and Wages 0 0 0
Fiber test structures:              materials 12 0 12
Full sized model:                   materials 2 0 2
                                              stress relieving  1 0 1
                                              shipping  2 0 2
                                              travel 2 0 2
Installable endplate 1 :          principle contract 50 0 50
                                              travel   7 0 7
                                              shipping 5 0 5
Installable endplate 2:           principle contract 0 80 80
                                              travel 0 7 7
                                              shipping 0 5 5
Total Direct Costs 81  92 173
Indirect Costs 19 8 27
Total direct and Indirect Costs 100 100 200

 
Constraints due to the budget as described 
 
As described above, the budget currently provides for machining of the full size model at 
Cornell. The may be conflicts for scheduling time for this work on the Cornell machines 
which would result in a delay of the program. The cost of doing this work outside of 
Cornell is estimated to be about $20K higher. 
 
The budget provides no travel funds for commissioning the endplates at the EUDET 
facility at DESY.  
 
The budget provides no funds for a post-doctoral researcher who would be assigned to 
this project at about 50% and would be involved in manufacturing and testing the 
endplates as well as commissioning at DESY. This cost for 50% compensation for this 
researcher is $55K/year and is not covered by the current Cornell grant. 
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Project Overview 
 

Silicon microstrip tracking is all but guaranteed to play an essential role in any detector 
that will instrument an interaction region of the International Linear Collider (ILC). 
Whether reconstructing the Higgs, or measuring supersymmetric masses, the capabilities 
of the ILC machine place stringent demands on the accuracy of the detector. Solid-state 
tracking is unparalleled in its ability to provide precise space points for traversing 
minimum-ionizing tracks. This, combined with the large areas associated with Linear 
Collider tracking systems, point to microstrip sensors as a likely component of any Linear 
Collider detector [1]. Indeed, three current detector concepts – GLD, LDC, and SiD – 
incorporate silicon microstrip systems with active areas in excess of 105 cm2. 
 
Thus, there is an urgent need to put forth designs for microstrip systems that can provide 
excellent point definition and momentum resolution over the full range of momenta, 
while instrumenting relatively large areas within the tracking volume. Since no existing 
microstrip detector is optimized to do this, particularly for the unique environment of the 
ILC, microstrip tracking development lies on the critical path of ILC detector R&D. 
 
This R&D hinges upon the development of readout systems (both analog and digital) that 
take advantage of the characteristics of the ILC beam spill. Although the selection of 
beam delivery parameters is not yet finalized, the beam is expected to be delivered in 
roughly 1 msec spills of bunches that cross every 250-500 nsec, with spills repeating at 5 
Hz. 
 
This spill structure is rather beneficial for microstrip tracking. If the readout electronics 
can settle within 1 msec after activation, a duty cycle of approximately 10-2 can be 
achieved, eliminating the need for active cooling, and its associated complexity and 
material burden. On the other hand, the relatively relaxed bunch spacing allows for the 
use of long shaping-time electronics, with its attendant low-noise performance. This 
allows, in turn, either for the instrumentation of long daisy-chained ladders of sensors, 
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eliminating complexity and material by minimizing the number of readout channels, or 
for the achievement of ultra-fine point resolution with shorter ladders. 
 
The goal of the microstrip R&D work being done at SCIPP (synergistically with other 
SCIPP projects in a number of aspects) is the development of a prototype readout system 
optimized for a generic Linear Collider Detector. This system would include the front-
end analog amplification circuitry through the discrimination and digitization steps, as 
well as data processing and buffering. We hope to be able to provide a proof-of-principle 
of the complete system in a test beam run in early 2008. 
 
Also within the scope of this proposal is the continued contribution of the SCIPP/UCSC 
group to ILC tracking simulation studies. Over the years, the SCIPP/UCSC group has 
made significant contributions, relying in large measure on the participation of 
undergraduate thesis students from the UCSC physics department.  
 
Motivation and Need 
 

We believe that the development work proposed here for the readout of silicon 
microstrips is an essential pursuit for both the SiD concept group as well as the 
International Linear Collider community. In this section, we present the general 
arguments for this point of view, which will then be backed up by the detailed discussion 
in the body of the proposal. 
 
If built, the International Linear Collider would offer a vast potential for precise, 
definitive tests of the Standard Model and the exploration of a wide range of possible 
extensions to the Standard Model. The precision and reliability of the detector must meet 
this challenge. Given this, there is a natural direction for silicon microstrip R&D: to 
develop the capability to read out long sensor ladders (of 1-2 meters in length) with a 
minimal number of electronic channels. The readout should also be designed to exploit 
the ILC’s relaxed duty-cycle to avoid the material and complication associated with 
active cooling of the readout system. In addition, the electronics should be versatile 
enough to provide an optimal solution for reading out shorter strips in the high-rate 
environment encountered in the forward tracking system.  
 
For the central tracking region, the ILC/SiD tracking group at SLAC (with collaborators 
at Oregon, BNL and FNAL) has proposed an alternative to this natural approach – tiling 
the region with short (10cm) sensor ladders – that may offer an advantage in pattern 
recognition due to the increased segmentation in the direction parallel to the beamline. 
This approach presents numerous challenges, such as the development of a lightweight 
support structure that can position the short modules with sufficient accuracy, and a 
readout system with low enough mass to avoid compromising the tracker and calorimeter 
performance. An aggressive program is underway at SLAC to demonstrate that this can 
be done without sacrificing the accuracy and economy promised by the long-ladder 
approach; software studies are also being done within SiD (to which SCIPP is 
contributing, and which comprise a portion of this proposal) that will explore the value of 
this increased segmentation. 
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For all three of these applications – long or short ladders in the low-rate central tracking 
environment, or short ladders in the high-rate forward tracking region – we believe the 
our LSTFE (Long Shaping Time Front-End) chip to be an essential development path for 
the ILC community, and one that should be pursued with highest priority. The reasons for 
this are as follows. 
 
Development of front-end electronics that could be applied to microstrip readout for an 
ILC detector is underway at three different institutions: SLAC, LPNHE Paris, and SCIPP. 
Of these, the SLAC development work (the 1024-channel bump-bond KPiX chip) is 
geared towards calorimetry. The 0.25 μm KPiX chip features a moderately long (~1 
μsec) shaping time, and an analog-to-digital conversion step that covers the large 
dynamic range necessary for precision calorimetry. Testing of the KpiX chip is in its very 
preliminary stages, and it is not yet clear that such a chip will satisfy the needs of ILC 
microstrip tracking, particularly in the high-rate environment of forward tracking. 
 
Similar to the KpiX approach, the 128-channel wire-bond LPNHE chip concept also 
employs a ~1 μsec shaping time and full analog-to-digital conversion of analog pulses, 
and includes a separate fast-amplification chain that is intended to provide timing that 
will enable a crude (σz ~ 25-50 cm) measurement of the z coordinate of minimum-
ionizing tracks. At this point, some of the front-end circuitry (preamplifier, shaper, and 
ADC) seems to be operational, but other aspects of the circuitry (the fast-timing path and 
power cycling capabilities) have yet to be designed. It is not clear when the group will 
produce a fully functional readout chip, as they are currently working to transfer the 
existing 0.18 μm ASIC to 0.13 μm and then 0.09 μm, and possibly also into Silicon-
Germanium BiCMOS (SiGe). 
 
Unlike the SLAC and LPNHE efforts, the SCIPP LSTFE effort is rigorously optimized 
for ILC microstrip readout, making use of the results from a complete simulation of the 
collection, amplification, digitization, and reconstruction chain. Following a low noise 
pre-amplifier and μsec-scale shaper, the signal is evaluated by two comparators – one 
with a high threshold to suppress noise hits, and the second with a lower threshold to 
provide pulse-integral information in the region surrounding a high-threshold crossing. 
The gain of the amplification stages is high, with pulse height (but not integral) saturating 
between two and four times minimum ionizing. In this way, comparisons to the high and 
low threshold are made insensitive to channel-to-channel process variations. Analog 
information (up to over 100 times minimum ionizing) is provided by time-over-threshold 
from the second comparator – an effectively logarithmic response that emphasizes the 
minimum-ionizing region for which the reconstruction of an accurate centroid is 
necessary to provide a point resolution of better than 7 μm. Studies done with the readout 
simulation suggest that, due to the intrinsic limitations of the charge deposition process, 
no usable information is lost by this time-over-threshold approach. 
 
The use of time-over-threshold offers a number of critical advantages over full analog-to-
digital conversion. The chip’s proposed digital architecture (currently implemented in 
basic form on FPGA’s at SCIPP) allows for the accumulation of time-over-threshold 
information in real time, eliminating the need for buffering. Thus, the LSTFE approach 
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will allow for operation at arbitrarily high data rates with single-bucket timing, an 
essential feature for forward-tracking applications. In addition, the dual-comparator time-
over-threshold solution is elegant, avoiding a great deal of the complexity that challenges 
the SLAC and LPNHE efforts. As a result, substantial headway has been made with the 
initial design of the LSTFE, and we appear to be well on our way to producing a chip that 
will have all the required functionality needed for the optimal readout of ILC detector 
microstrips. The relative simplicity of the LSTFE design is also advantageous for the 
kilo-channel ASIC application envisioned in the SLAC tracker design, for which the 
issue of channel yield will be of central importance. 
 
For central tracking, the LSTFE approach is applicable to both long- and short-ladder 
designs (with a minor change in the amplification and shaping parameters). Should the 
SLAC effort to develop sensors, servicing, and mechanical support for a short-ladder 
design show that to be an attractive approach, a natural point of collaboration would 
arise: using the LSTFE channel design in a kilo-channel chip with bump-bond channel 
contacts, producing an optimized detector/readout module appropriate for any region of 
the detector. Should long ladders be thought a better option for central tracking, the 
LSTFE chip will again provide an optimal approach to reading out the sensors.  
 
The use of the KpiX calorimeter chip to read out microstrip sensors, particularly without 
an effort to optimize it for that purpose, is an aggressive approach to building efficiency 
into the ILC detector R&D and construction program that will require a concrete proof of 
principle, and depends upon the choice of short strips for the tracker technology. For 
reasons described above, the LSTFE development provides the SiD with a versatile 
alternative that will operate well in high-rate (forward) or long-strip operations, and may 
even prove a better solution for the readout of short strips at low occupancy than the 
calorimetry-oriented KPiX approach. 
 
In summary, the LSTFE work represents the only approach under development that is 
appropriately optimized for the readout of silicon microstrips for an ILC detector. It 
promises to be universally applicable to all proposed uses of micropstrips at the ILC: 
short or long ladders, and central or forward tracking. It is an elegant solution, whose 
relative simplicity holds promise for the robustness of systems that employ it. Work on 
the LSTFE approach is already fairly advanced, and the resources needed to bring it to 
full functionality are likely to be relatively modest – an important issue in view of the 
limited funding available for ILC detector R&D.   
 
The LSTFE Front-End Strategy 
 

The SCIPP effort is unique in that it is based on results from a detailed simulation, 
developed at SCIPP, of the pulse-development, amplification, and reconstruction for 
microstrip detectors. This has enabled the SCIPP front-end design to focus on the most 
efficient method of extracting the information needed to perform the functions of the 
central tracker: locating minimum-ionizing tracks with the greatest possible precision, as 
well as providing appropriately accurate measurements of ionization energy loss for 
heavily-ionizing exotic states predicted by a number of plausible extensions of the 
Standard Model. This simulation has provided the following guidance: 
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1) Minimizing readout noise by exploiting slow (long shaping-time) response will allow 
the use of long sensor ladders (minimizing the amount of material in the active volume) 
or allow for improved space-point resolution for shorter ladders. For example, with a 
shaping time of 3 μsec, it should be possible to operate a 167cm ladder – the half-length 
of the outer layer of the SiD baseline design – with greater than 99.9% efficiency and less 
than 0.1% occupancy (see Figure 1). 
 
2) Due to the limitations imposed by Landau fluctuations of the energy deposition in the 
silicon bulk, it is adequate to obtain analog pulse-height information using a logarithmic 
time-over-threshold measurement with a minimum time step (clock period) of no longer 
than half the shaping time. 
 
3) To adequately suppress detector noise but maintain point-resolution precision, it is 
advantageous to employ two parallel comparator stages for each strip channel: a high 
threshold comparator to suppress noise, and a lower-threshold comparator to increase the 
participation of channels neighboring a high-threshold crossing, thus increasing the 
accuracy of the reconstructed charge-deposition centroid. Figure 2 shows the expected 
resolution as a function of the low-comparator setting for 167 and 132 cm-long ladders. 
 
The block design of the LSTFE prototype chip is shown in Figure 3. To maximize 
sensitivity for minimum-ionizing pulses, the preamplifier begins to saturate for pulse 
heights above twice minimum ionizing. For larger pulses, the “Ramp Control” circuitry 
acts to pull the signal out of saturation after an elapsed period that is roughly proportional 
to the logarithm of the pulse height, resulting in the response curves shown in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Efficiency vs. occupancy for a 167cm ladder as a function of high-comparator threshold 

setting, from the SCIPP pulse development/readout simulation. An efficiency of 99.9%, with 
noise occupancy less than 0.1%, is expected for a threshold of 0.29 times minimum-ionizing. 
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Figure 2: Resolution for 167cm- and 132cm-long 50 μm pitch ladders, as a function of 
the low-comparator threshold setting, from the SCIPP pulse development simulation. 

 
 
 

 
 

Figure 3: Block design of the LSTFE prototype chip. 
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Figure 4: Simulated response of the LSTFE shaper as a function of pulse height, in octaves from 
¼ time minimum ionizing to 128 times minimum ionizing, showing the logarithmic time-over-

threshold response. The nominal readout threshold is approximately 1.08 V. 
 
 

After the preamp and shaper stages, the amplified signal is brought in parallel to two 
identical comparators, one that imposes a high threshold (to limit occupancy), and the 
other a low threshold (to accumulate pulse-integral information). The comparator 
sampling rate will be controlled by a clock with a period of between one-tenth and one-
third the shaping time (200-400 nsec), depending on the chosen shaping time. Low 
threshold crossings will only be identified and recorded if they are within two channels of 
a channel that has undergone a high-threshold crossing within a time window that is 
within three σt of the high-threshold crossing, where σt is the temporal resolution of the 
low-threshold comparator. 
 
Finally, switching circuitry (“Power On”) is designed to toggle the chip from an active 
state to an isolated dormant state that reduces power consumption from approximately 
750 μW to 0.5 μW per channel, effectively eliminating the chip’s power consumption 
during the dormant phase. The circuitry is designed to reach stable operation within 1 ms 
of toggling back into the active state. 
 
Figure 5 shows the LSTFE chip, fabricated in the TSMC 0.25 micron mixed-signal RF 
process, implemented on its dedicated test board, ready for testing. The status of LSTFE 
testing is presented in later sections. 
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Figure 5: LSTFE custom test board, with the LSTFE prototype mounted and ready for testing. 
 
 
The LSTFE Back-End (Digital) Strategy 
 

The development of FPGA processors has made possible the design of digital ASIC’s via 
high-level programming. The SCIPP group has taken advantage of this by developing the 
LSTFE digital architecture on a Virtex2 FPGA, currently serving as the LSTFE testbed 
readout system. When completed and tested, the computer code used to program the 
FPGA can be incorporated essentially verbatim into a later submission of the LSTFE 
front-end chip, producing a readout chip with a fully-implemented digital back end. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: LSTFE digital testbed, including commercial Virtex2 FPGA board (lower) and 
custom connecter board (upper) that acts as a dual interface between the LSTFE front-

end test board (Figure 5) and the data acquisition system.    
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               Low-threshold enable region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: LSTFE back-end architecture. The horizontal axis represents the passage of time in 
clock cycles. The vertical axis represents channel number, with each channel divided into a high-
threshold (H) and low-threshold (L) comparator stream. The red area located by the blue arrows 
is the enabled region for the detection of low-comparator rising edges. All leading edges in the 
enabled region, as well as following trailing edges, are given channel and time-stamp tags and 

stored in a master FIFO that multiplexes eight channels. 
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The kernel of this digital control scheme is presented in Figure 7. Low-threshold 
comparator signals are delayed by several clock counts (the delay is restored in Figure 7, 
which represents actual time along its horizontal axis) so that their activity can be 
recorded (“enabled”) only if there is a high-threshold crossing close in time and channel 
number to a high-threshold crossing. Thus, the noise occupancy is limited by the 
requirement of crossing the high threshold, while an accurate centroid can be formed by 
including pulse-integral information from channels neighboring the high-threshold 
channel. All leading edges in the enabled region, as well as following trailing edges, are 
given channel and time-stamp tags and stored in a local FIFO that multiplexes eight 
channels. In turn, each eight-channel FIFO is polled and read into a single master FIFO 
that stores the information for all enabled transitions, which is polled and begins 
transmitting its data off-chip even before the end of the millisecond ILC beam spill. In 
this way, all time, channel, and pulse height information is recorded and transferred into 
an optoelectronic transmission system during the beam spill, and the chip is ready to be 
powered down until the next spill is imminent. There is no limit to the number of leading 
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and trailing edges that may be recorded, and thus in principle no limit to the data rate that 
may be processed by the system. 
 
Much of this architecture exists, having been developed in common with a readout 
system for a medical physics project (the SCIPP/Loma Linda Medical Center PTSM 
proton tomography project; former ½-time ILC postdoc Gavin Nesom played a large role 
in its development). Only the enabled-region feature remains to be implemented in 
hardware. This modification to the LSTFE/PTSM readout system has been simulated, 
though, with the results encapsulated in Figure 8. Since the data rate into the master FIFO 
depends upon the setting of the low-threshold comparator, which can only be confidently 
established during a testbeam run, the data rate is assessed in the simulation as a function 
of this setting. Specifically, Figure 8 exhibits the simulated data rate per spill per 128 
channel readout chip, as a function of the low-threshold comparator setting. The 
simulation includes expected contributions from background and noise for the innermost 
(highest occupancy) layer of the SiD baseline design. Scaled up to the full SiD detector, 
this would correspond to an overall date rate from the central tracker of less then 1 GHz 
for a long-ladder design, and a few GHz for a short ladder design – certainly a modest 
rate for a detector operating 10 years in the future. Estimates still need to be done for the 
short-strip forward tracking systems proposed for the various detector options; however, 
there appears to be enough headroom in the accumulation and transmission process that 
the higher occupancies are not expected to be a problem. 
 
The LSTFE concept includes multiplexing the master FIFO data from individual chips 
into a single optoelectronic interface ASIC that would service an entire ladder 
(approximately 2000 channels), and would transmit the data to the data acquisition 
system through optical fibers operating in burst mode. Discussion with SCIPP member 
and UCSC electrical engineering faculty Ken Pedrotti suggests that the fiber transmission  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Data rate per spill per 128 channel readout chip, as a function of the low-threshold 
comparator setting, estimated from the LSTFE/PTSM simulation for the LSTFE enabled-region 
architecture. The simulation includes expected contributions from background and noise for the 

innermost (highest occupancy) layer of the SiD baseline design. 
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process can by synched between the optoelectronic ASIC and DAQ receivers in several 
microseconds, allowing the optoelectronic ASIC to transmit its data with a very limited  
duty cycle, again greatly reducing the overall power consumption in the detector volume. 
It was our hope to ask for support for the development of an optoelectronic data  
transmission prototype under the guidance of Pedrotti, but the scale of funding requested 
in the proposal will not permit this to proceed in parallel with the LSTFE development. 
However, it is felt that such a system would be relatively straightforward to design, and 
should not present any major roadblocks. It should be pointed out that all proposed 
microstrip tracking approaches will need to solve this problem, and that its solution is 
likely to be most straightforward for the low data-rate LSTFE design. 
 
Current Status of Hardware Development 
 

The LSTFE prototype chip has been available in the SCIPP lab since August 2005 (an 
earlier fabrication lacked vias between the bond pads and internal circuitry and was 
resubmitted in May 2005). Because the current funding level of approximately $50,000 
per year allows for little more than chip fabrication, SCIPP technical staff have been 
required to work on an “as available” basis between other more fully-funded projects, and  
progress has been slower than hoped. Nonetheless, the LSTFE test bench facility now has 
full control and readout functionality, and its external noise sources have been identified 
and eliminated. Our first set of tests show that most LSTFE chip features are working to 
specification, and for those that are performing below expectations, progress is being 
made in understanding how to reach the design goal. 
 
Figure 9 demonstrates much of this functionality. The “S curves” shown in the figure 
represent the noise occupancy of the channel as a function of comparator threshold 
setting for six different input charges ranging from roughly 0.5 to 2.0 fC (the mean 
minimum-ionizing deposition for 300 μm of silicon is approximately 4 fC). If the noise at 
the comparator reflects the fundamental limit imposed by fluctuations in the preamplifier 
transistor channel, the curves will take the form of error functions. The error-function fit 
(lines) to the data (circles) shows that this is indeed the case, suggesting that the full 
preamplifier/ shaper/comparator chain is functioning as designed. 
 
For each of these curves, the 50% point represents the voltage seen by the comparator for 
that input charge, while the width of the error function represents the electronic noise. 
The gain is seen to be approximately 100 mV per fC (in agreement with design 
expectation), and error-function (gaussian) behavior is observed to the lowest comparator 
setting of 40 mV, or 10% of minimum ionizing, well below the expected setting of the 
low comparator threshold suggested by Figure 2.  
 
From the information provided by the S curves of Figure 9, it is possible to extract the 
noise performance of the circuit in terms of the number of equivalent electrons. For large 
capacitive loads (i.e. long ladders), this is expected to be dominated by voltage-
referenced noise that increases linearly with load capacitance (since, for a fixed voltage 
fluctuation, the amount of noise current sourced by the preamp depends linearly on the 
capacitive load). 
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Figure 9: Noise occupancy vs comparator threshold for input charges of 0.5, 1.0, 1.5, 2.0, 2.5, and 
3.0 fC (left to right, top to bottom; an average minimum-ionizing input charge is 4 fC). These “S-
curves” provide simultaneous measurements of the gain and noise, thus yielding a calibration of 
the noise in equivalent electrons. The data shown in this figure were taken with a capacitive load 

of 150 pF, corresponding to a ladder of approximately 120 cm in length. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Noise in equivalent electrons vs. load capacitance, as extracted from the S curve data. 
The purple dotted line represents the expectation used in the pulse-development simulation, while 

the dashed green line represents the load associated with a 100cm ladder. 
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The data of Figure 9 were accumulated with a capacitive load of approximately 150 pF 
(corresponding to the capacitive load of a ladder of approximately 120 cm). Similar data 
was taken for loads of 50 and 100 pF; the resulting noise in equivalent electrons is shown 
in Figure 10. In this figure, the purple dotted line represents the expectation used in the 
pulse-development simulation, while the dashed green line represents the load associated 
with a 100cm ladder. The measured noise is somewhat less than expectations, particularly 
in the long-ladder limit for which a good signal-to-noise performance is especially 
important.  
 
We have also exercised the chip’s rapid power-cycling feature. As mentioned above, the 
circuit is designed to isolate the chip from external influences during the power-off phase, 
maintaining bias voltages so that when the isolation from the external power sources is 
removed (when the chip is turned back on), the chip is already close to its nominal bias 
point. When operated at the 5 Hz repetition rate of the ILC machine design, it was found 
that the restoration to baseline for the amplifier circuitry required 38 msec – enough to 
reduce the power draw by 80% relative to continual operation, but far from the design 
goal of 1 msec. Probing the chip, it was found that the clamped operating voltage was 
decaying to the rail, presumably due to leakage currents.  
 
 

Preamp Response 

Power Control 

Shaper Response 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: Switch-on time for the preamp and shaper circuitry for case where leakage-

cancellation current (approximately 800 pA) is applied to the preamp input. The preamp and 
shaper are biased, and exhibit full gain, at the point that the traces return to baseline, 

approximately 900 μs after the downward transition on the control line. 
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To test this hypothesis, a small (less than 1 nA) current was injected into the amplifier 
front-end to counteract the leakage flow. The magnitude of this injected current was then 
adjusted to yield the most rapid return-to-baseline of the amplifier circuitry. Figure 11 
shows the turn-on characteristics for the case that approximately 800 pA of DC current 
was injected into the amplifier front end. Both the preamplifier and shaper bias return to 
their operating baseline within 900 μsec, as designed, supporting the hypothesis that the 
chip’s switch-on behavior is compromised by leakage currents. 
 
With this established, the next step was to determine the source of the leakage currents. 
Fadeyev and Wilder have measured the characteristics of the protection diodes, and have 
observed leakage currents of the correct magnitude. Spencer is now refining the front-end 
design to avoid these leakage sources, and we expect the next version of the LSTFE chip 
to meet the power cycling specification of 1 msec.  
 
Simulation of an All-Silicon Tracker for the ILC 
 

The SCIPP group has been an active participant in ILC physics and detector simulation 
activities. Principle investigator Schumm is the author of LCDTRK [2], a flexible Billior-
based algorithm that performs closed-form calculation of track parameter errors based on 
user-supplied specifications of the location, thickness, and resolution of tracking layers 
and dead material in the ILC detector designs. This program has been used extensively by 
the ILC community to guide the design of ILC detector concepts, and provides the basis 
for the track-parameter smearing algorithm in the North American fast Monte Carlo 
simulation package. 
 
Making use largely of UCSC undergraduate physics majors who have an interest in 
getting involved in research at an early stage, the group has contributed simulation results 
in two areas. A fast Monte Carlo based exploration of selectron production in the SPS1a 
model [3] helped to challenge the view that the capabilities of the ILC can be fully 
exploited with a charged-particle transverse momentum resolution of δp⊥/p⊥2 = 5x10-5. 
This remains an openly debated question within the international ILC community. This 
study also demonstrated that, for light selectron production, the degradation of the 
momentum resolution in the forward direction can lead to a substantial reduction (as 
much as a factor of four) in the effective luminosity brought to bear on the measurement 
of the light slepton mass scale. 
 
The SCIPP simulation group has also been an important contributor to full-simulation 
studies of the pattern recognition capabilities of the SiD detector concept. The group has 
developed a package of code that evaluates the performance of SiD track reconstruction 
and fitting algorithms, including both tracking efficiency and track parameter resolution. 
 
Figure 12 shows an example of this work: a comparative assessment of the SiD curvature 
error performance against the expectation from the LCDTRK [2] calculation. Studies 
such as these have been a critical source of feedback to the developers of tracking 
software. 
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Figure 12: Comparative assessment of SiD curvature error as a function of curvature for tracks 
with hits from all vertex and tracking layers. The triangles are the error matrix values from the 

track fit, the squares the LCDTRK [2] expectation, and the circles the rms residuals. 
 

Most recently, the SCIPP group has become involved in the development of tracking 
software, although in a somewhat limited fashion, since the group is not supported for 
this work, and so must rely on undergraduate physics majors to carry the work through. 
The current reconstruction algorithm (VXDBasedReco [4]) proceeds from inside-out, 
extending stubs from the pixel vertex detector into the central tracker. SCIPP studies 
showed that this algorithm is sufficiently efficient for the 95% of tracks that originate 
within the second of the five vertex layers, but that the efficiency drops to zero for tracks 
originating further from the origin. A second algorithm, AxialBarrelTracker [5], was 
written for the 2005 Snowmass study to assess the stand-alone efficiency of the SiD 
tracker should the vertex tracker become disabled. Under the direction of Schumm, this 
second, outside-in tracker is being adapted for use as a clean-up tracker to reconstruct 
tracks missed (primarily due to their origination outside VTX Layer 2) by 
VXDBasedReco. Preliminary results suggest that the adapted algorithm can be made 
fairly efficient for such tracks without a significant increase in computing time per event. 
 
Outreach, Education, and Synergies with Other Projects 
 

The SCIPP ILC group has a very strong record of outreach, contribution to physics 
education, and synergistic contributions to allied fields – in all cases, growing directly out 
of work done towards the development and promotion of the ILC. 
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The UC Santa Cruz physics department, which hosts SCIPP, has a senior undergraduate 
capstone requirement that usually takes the form of a senior thesis. Since the SCIPP 
group began formally participating in ILC development, over one dozen undergraduate 
physics majors have either completed, or are currently working on, thesis research on 
ILC R&D. Most of these students have either entered graduate school, or expect to do so 
upon graduation; schools now attended by these “ILC alumnae” include the University of 
Washington, the University of Michigan, Cornell, Colorado State, and UC Santa Cruz. 
The work of these students has been integral to the SCIPP ILC program, including the 
work that led to the publication of [3] (which was a topic of substantial discussion at the 
recent SiD meeting in Vancouver), and in sophisticated support roles for the hardware 
development program (for example, rising junior Greg Horn has developed a substantial 
portion of the LSTFE testbed system control and data acquisition capability, has become 
proficient in SPICE-level simulation of electronic circuitry and is supporting engineer 
Spencer with this proficiency). Two graduate students have done Master’s-level work on 
the ILC. For one of these (Christian Flacco), this work formed the substance of her Ph.D. 
candidacy exam; Dr. Flacco then went on to complete her thesis on BaBar data. Finally, 
former postdoctoral fellow Gavin Nesom, as a direct result of expertise obtained when 
working on Linear Collider R&D, now enjoys a career engineering position at Riverbed 
Technology, a Silicon Valley technology firm specializing in communications hardware. 
 
As it has developed its background in front-end electronics, SCIPP has employed its 
expertise in a broad array of fields, including astro-particle physics, medical physics, and 
neurobiology. Former ½-time ILC postdoc Gavin Nesom’s first contribution was to the 
development of the FPGA-based LSTFE digital readout architecture discussed above. 
However, the first application of this work was not to the LSTFE project (the current 
ASIC was being designed at the time), but to the readout of sensors developed for a 
Proton Tomography project for which SCIPP collaborates with the Loma Linda Medical 
Center in Southern California. In addition, the LSTFE work has allowed the institute to 
develop its proficiency in deep-submicron ASIC design. The acquisition of expertise in 
this area benefits many SCIPP projects, including R&D for the LHC upgrade. In this 
fashion, as well as in numerous indirect ways, the SCIPP ILC program both benefits from 
and provides benefit to the full panoply of projects in which SCIPP is engaged. 
 
Finally, the group is responsible for a significant written work relating to the promotion 
of the ILC machine, and Particle Physics as a whole, to the general public. Several years 
ago, as the ILC community began to grapple with the question of how to makes its case 
to the broad spectrum of constituencies (including the public) that would be asked to 
support the initiative, Schumm came to the conclusion that the body of literature 
presenting the excitement of particle physics needed to be developed at many different 
levels, to meet the widely varying capabilities and background of the lay public. In 
particular, a component missing from this body of literature was a non-mathematical yet 
rigorous presentation of the ideas behind the Standard Model, including basic quantum 
mechanics, symmetry, gauge theory, and spontaneously hidden symmetry. Schumm 
worked on this project for several years beginning in 2000, with a goal of developing a 
full-length exposition targeted to a capable audience without formal training in physical 
science. The book Deep Down Things: The Breathtaking Beauty of Particle Physics was 
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published in November 2005 and has enjoyed broad distribution, and is now in its third 
printing by the Johns Hopkins University Press, with a primary readership that appears to 
be educated professionals. The book fills a niche that had heretofore been absent, and 
serves as one of the few pieces of literature that bridges the gap between the practitioners 
of the field and the general public. 
 
Proposed Work and Milestones 
 

Although initial studies are very promising, we need to continue to explore the features 
and performance of the chip at a level of detail appropriate for creating confidence in the 
chip’s suitability for an ILC detector. The chip needs to be applied to the long ladder that 
has been constructed at SCIPP (Figure 13) and tested with that more realistic load. We 
need to ensure that there is appropriate independence between the high- and low-
threshold comparator, confirm the timing resolution, and characterize chip yields and 
channel-by-channel variation. The chip’s design will need to be modified to incorporate 
the eventual power-cycling solution (and any other deficiencies that may arise), and then 
scaled up to 128 channels for use in a testbeam prototype. The development of the 
proposed digital architecture needs to be completed and tested.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Long ladder construction at SCIPP. 
 
In doing this, our goal will be to demonstrate the universal applicability of the LSTFE 
approach. However, there are small differences in the choice of design parameters that 
depend upon the expected application(s). Use with long, low-mass ladders will require a 
shaping time in the range of 2-3 μs, while use with shorter ladders (such as that of the 
current baseline SiD proposal) would benefit from shorter shaping time. Use in the 
forward region, for which the temporal separation and resolution of pulses may prove 
critical, would particularly benefit from a shorter shaping time. For the near term, we 
have decided to pursue the long shaping-time, long ladder limit for the LSTFE 
development. Our reasons for this are as follows. 
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If the additional z segmentation provided by short ladders is found not to be necessary, 
we feel that there is little to recommend that approach, with its attendant complexity, over 
the long-ladder approach. While the short-ladder approach may prove preferable for 
central tracking in the long term, for now several challenges remain: the KpiX 
calorimeter chip needs to be shown  to work for tracking, novel double-metal sensors 
need to be fabricated and tested, the material savings projected in the mechanical design 
need to be demonstrated in a realistic prototype, the ability to meet mechanical tolerances 
needs to be proven, and regions in which the material accumulates (up to 20% of a 
radiation length in places) need to be designed so that they don’t degrade calorimeter 
performance. For these and other reasons, we believe that it makes sense to carry forward 
a long-ladder alternative as these studies are being done. 
 
This does not, however, imply that we are discouraged about the short-ladder approach. 
Instead, our choice of pursuing the long-shaping limit is driven by our sense of what is 
best for the ILC detector community as a whole. In fact, the SCIPP group is actively 
participating in simulation studies (see below) that will help to identify the most 
promising microstrip tracking option. Should the SLAC-based short-module approach 
emerge as the preferred choice, the LSTFE amplifier can be optimized for short strips by 
a straightforward change in the shaping time.  
 
In addition, although the long shaping-time approach is perhaps a more natural direction 
for ILC tracking, a number of similar questions beyond that of the optimized design of 
front-end electronics need to be addressed for the development of a long-ladder tracking. 
In this vein, the work proposed here will be done largely in the context of the 
international SiLC (Silicon for the Linear Collider) group, which has a broad-based 
program that includes the development of optimized sensors and mechanical designs. 
 
Finally, the applicability of the back-end digital architecture that we will develop will be 
largely independent of shaping time. Thus, the work that we do in this area will be 
generically applicable to long or short strips, regardless of whether they are to be used in 
the forward or central regions. Thus, R&D towards the long-shaping limit will 
simultaneously address many of the questions that apply in the short-ladder limit, and so 
by pursuing the long-shaping limit for now, we develop a broader array of possibilities 
for the eventual use of silicon microstrips in the ILC detector. 
 
Previous levels of support (roughly $50,000 per year) have allowed us to fabricate the 
LSTFE prototype ASIC, and develop the testing infrastructure, but has left little to 
support technical staff, who until June were contributing on an as-available basis when 
their other, supported commitments allowed. As a result, progress has been slower than 
we would have liked. In the spring of this year we felt compelled to create a new lab 
position (Assistant Project Scientist) that would be dedicated to the LSTFE project for the 
first few months. Supported by remaining LSTFE funds as well as money saved from a 
temporarily unfilled postdoctoral position, the position was taken by Vitaliy Fadeyev, 
who during his postdoc at LBNL had developed considerable expertise in the 
development of readout and data acquisition systems. As a result, substantial progress has 
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been made in the operation and understanding of the LSTFE chip over the past two 
months. 
 
Assuming that the current level of support ($51,500 per year over the next two years) 
would be augmented by funds awarded through this supplemental program, we are 
requesting a supplement of $80,000 per year. We feel that this should be enough to allow 
us to demonstrate a proof-of-principle of the LSTFE concept, including the digital back-
end architecture, in a test beam run in early 2008. Our plan for deploying this support, 
along with associated milestones, is as follows. 
 
We expect to require two more fabrication runs of the LSTFE front-end ASIC. With the 
first run, we expect to use what we are learning from our tests of the current LSTFE 
version to produce an eight-channel chip with all features and performance meeting 
design goals. Preparations for the modification of the current design are getting 
underway, with engineer Spencer, supported by undergraduate Horn, bringing up the 
layout-level simulation of the existing design. The design of the next version of the 
LSTFE ASIC should be completed by December 2006, and it should be available in the 
lab early in 2007. At that point, testing will proceed in parallel with the expansion of the 
chip to the 128 channels needed for the testbeam prototype. This 128-channel chip should 
be submitted by August 2007, and be back in the lab, ready for deployment on the 
testbeam prototype, by October 2007. 
 
The design and fabrication work for these two submissions would be supported by the 
existing ($51,500 per year) funding stream. Each of the two fabrication runs requires 
approximately $32,000. The remaining $20,000 per year would support lead engineer 
Spencer for two months. However, since Spencer is supported ½-time by the base grant, 
these funds would leverage an additional two months per year, for a total four months of 
Spencer’s time over each of the following two years (until now, Spencer has been 
supported entirely from the base grant for LSTFE work, which has stretched other 
projects thin and reduced the attention that Spencer can pay to LSTFE). 
 
Thus, while the existing funding stream will support the design and fabrication of later 
versions of the LSTFE, supplemental funding would support the critical effort of the team 
that will test the LSTFE system and complete the development of the back-end digital 
architecture scheme, and then prepare for and execute the testbeam study in early 2008. 
In the first year of supplemental funding (2006-2007), the main focus will be on the 
testing of the LSTFE prototypes and development of the digital architecture, and the 
central figure in these studies will be Project Scientist Fadeyev, leading to a request for 
six months of support for Fadeyev during that period. Planning for the testbeam system 
will also get underway, and assembly will begin late in this first year of supplemental 
funding, leading to a request for one month of support for technician Martinez-
McKinney, who has extensive experience in this area from SCIPP’s work on the ATLAS 
detector, and who has done the design and fabrication work on the long ladder shown in 
Figure 13. Material and servicing (e.g. PC board fabrication) costs associated with 
LSTFE testing, and the beginning of the testbeam system fabrication, is expected to 
amount to approximately $10,000 in this first year of supplemental funding. 
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In the second year of supplemental funding, we expect the effort to shift away from 
LSTFE testing towards the implementation and analysis of the testbeam data. Fadeyev 
will remain attached to the project, but play a less central role, and his requested support 
drops accordingly to two months (SCIPP work on ATLAS upgrade R&D is expected to 
provide the remaining support for Fadeyev during this two-year period). Technician 
Martinez-McKinney will play an increasing role in the completion of the testbeam 
apparatus and the execution of the testbeam run, and thus we request three months of 
support for him during this second year. We expect to have two testbeam runs during this 
period, with a team of four people (including PI Schumm) traveling to the testbeam 
facility (most likely Fermilab). We estimate travel costs at $15,000, and thus request this 
amount of travel support. We again expect roughly $10,000 in material and servicing 
costs for the testbeam system during this second year of supplemental funding. 
 
In fact, the anticipated testbeam running in early 2008 is part of the overall SiLC plan to 
develop prototype silicon tracking systems for the ILC detector(s). Thus, although our 
overall request for support for the development and execution of the 2008 testbeam runs 
is relatively modest, we expect to benefit from the pooling of resources with the larger 
SiLC group. PI Schumm is in regular communication with European SiLC contact 
Aurore Savoy-Navarro (of LPNHE Paris), and is beginning to discuss the details of 
SCIPP’s participation in the SiLC testbeam run. 
 
Although we request no additional support, SCIPP will continue with its contribution to 
the simulation of the SiD detector concept performance, and the use of the simulation to 
optimize the SiD concept design. Although this work will be carried out largely by 
undergraduate physics majors, under the guidance of Schumm, there are a number of 
areas in which we can make useful contributions. The package developed by Schumm 
and former master’s student Michael Young that evaluates tracking efficiency and errors 
(see e.g. Figure 12) has already been ported by these students into the new North 
American simulation framework. A number of new pattern recognition and fitting 
algorithms are expected to soon be available, and we will use our package to evaluate the 
performance of those algorithms. In addition, we have made substantial progress in the 
adaptation of Tim Nelson’s AxialBarrelTracker algorithm to find tracks missed by 
vertex-stub based pattern recognition programs, and will continue this work. We expect 
to have results on this by the end of the calendar year, and then to begin to adapt the 
Kansas State calorimeter-stub-based “Garfield” algorithm as a final clean-up stage. We 
believe that this should allow us to then explore most of the SiD tracker optimization 
questions, including layer number and spacing, the need for z segmentation and stereo 
information, and the interplay between tracking and calorimetry. 
 
Finally, this $80,000 per year supplemental funding request lies somewhat below what 
we feel is needed to follow through on the full gamut of studies that we would like to do. 
In particular, no group has yet begun to explore the issue of data transmission from the 
tracker to the outside world. As mentioned above, we have had discussions with SCIPP 
engineering faculty Kenneth Pedrotti about how this could be done, but absent support 
for an engineering student to work on optoelectronic ASIC development, we will not be 
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able to pursue this avenue. Although unlikely to require a large degree of innovation to 
solve, this issue nonetheless remains a gap in the worldwide microstrip tracking effort. In 
addition, this level of support is not likely to fully fund the technical team needed to 
achieve the milestones laid out above. SCIPP views the achievement of these milestones 
as a top priority, and is willing, if necessary, to use redirection of funding from the base 
grant (over and above the matching support for engineer Spencer) to achieve these goals. 
The hiring of Fadeyev, well before hearing of the supplemental funding program, is 
evidence of this commitment. Combined with the recent progress in LSTFE testing, we 
are thus confident that we can achieve our milestones with the requested level of funding. 
 
We close this section with a word about the application of the KPiX chip to ILC 
microstrip tracking. The choice of a chip optimized for calorimetry is not an obvious one, 
and while it may work well in the end, the choice raises a number of questions that must 
be answered before one would be comfortable using such a chip for tracking. For 
example, a calorimetry chip requires good linearity over a great dynamic range to provide 
faithful measurements of shower energy content over a broad range of conditions. For 
tracking, there is little use for information above several times minimum ionizing (hence 
the logarithmic response of the LSTFE chip); on the other hand, irreducible channel-to-
channel process variation (which tend to increase in relative size as smaller fabrication 
feature-size technologies are used and as channel counts are increased) will degrade the 
effective noise performance of the chip if minimum-ionizing signals aren’t amplified to 
relatively large pulse height. In fact, the LPNHE Paris group encountered just this 
problem with their first design, and have increased the gain of their amplifier stages in 
subsequent designs. Thus, the needs of tracking and calorimetry are somewhat at odds 
with one another, and the notion of using a single chip for both applications is quite 
counterintuitive. For this and other reasons, we emphasize that it would be premature to 
assume that the KPiX chip will be effective for the readout of microstrip sensors. We also 
have some concern about the choice of the LPNHE group to push towards smaller and 
smaller feature size, particularly at the expense of developing a readout approach that 
fully satisfies the requirements of ILC tracking. 
 
Budget Narrative 
 

A summary of the projected use of requested funds follows. All expenses in parentheses 
include indirect costs, calculated at a rate of 51%. 
 
Overseen by Principal Investigator Schumm, Assistant Project Scientist Fadeyev will be 
responsible for the testing of the LSTFE front-end silicon microstrip readout chip and the 
design of the test beam prototype system. This responsibility will require 1/2 of his FTE 
for 2006-2007 ($58,000), but should taper off to 1/6 of his FTE in 2007-2008 ($20,000) 
as he oversees the preparation of the test beam prototype. Specialist Forest Martinez-
McKinney will do most of the mechanical work on the prototype, beginning with one 
month of his FTE in 2006-2007 ($7,000), and then ramping up to 1/4 of his FTE in 2007-
2008 ($20,500). Materials and computing costs are expected to be approximately $10,000 
in 2006-2007 ($15,000 including indirect costs) and $11,000 in 2007-2008 ($17,000 
including indirect costs) as the prototype system is assembled and brought to a test beam. 
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Travel to the test beam site for two anticipated runs in 2007-2008 will require $15,000 in 
funding ($22,500 including indirect costs). 
 
Summary 
 

In summary, we present a request for $80,000 per year for two years, to augment our 
current funding level of $51,500, and discuss how this will permit us to achieve a proof-
of-principle of the LSTFE approach by mid-2008, including both the analog and digital 
components. Of the three groups developing readout for ILC detector silicon microstrips, 
this effort has been most rigorously optimized for the specific demands made and 
opportunities offered by the ILC beam structure. In particular, the use of time-over-
threshold for pulse height measurements, combined with the proposed digital scheme, 
will make the approach applicable in an arbitrarily high-rate environment. Thus, up to 
straightforward changes in the chip’s shaping time, the proposed work is unique in that it 
has generic application to the use of microtrips for ILC tracking, be it short or long strips, 
in the central or forward tracking regions. Finally, recent tests have shown that the 
LSTFE project is well on its way to achieving its design goals, and can be expected to 
come to fruition with the level of funding proposed here. It is all but certain that any ILC 
detector will contain a large area of microstrip sensors, and we believe that we are close 
to a universal solution for their readout. The supplemental funding we request should 
permit us to complete the design of this readout, and demonstrate its performance. 
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 6.5 Calorimetry
   
 

6.5: Development of a silicon-tungsten test 
module for an electromagnetic calorimeter 

 

(supplemental) 
 

Calorimetry 
 

Contact person  
Raymond Frey  

rayfrey@uoregon.edu 
(541) 346-5873 

 
Institution(s)

Oregon 
SLAC 

U.C. Davis 
BNL 

LAPP - Annecy 
 
 
 
 
 

FY07 funds requested: 150,000 
FY08 funds requested: 150,000 
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Proposal

Development of a Silicon-tungsten Test Module for an Electromag-
netic Calorimeter

Personnel and Institution(s) requesting funding

University of Oregon, Department of Physics and Oregon Center for HEP:
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1 Introduction

The current LDC and SiD detector design concepts call for a silicon-tungsten (Si-
W) electromagnetic calorimeter (ECal) as the best option for providing the necessary
density and segmentation to implement the particle flow method (PFA) for recon-
struction of jets at the LC, capable of achieving jet energy resolution of ≈ 0.3/

√
Ejet,

as recommended by LC physics studies. The overriding principle here is that the
ILC detectors, in order to complement the capabilities of the LHC, must reconstruct
hadronic final states, even when beam-energy constraints are not possible. The cri-
teria mentioned above allows reasonable separability of W →jets from Z →jets, for
example. It represents over a factor of two improvement over previous detectors.

The few mm segmentation possible with a Si-W ECal provides outstanding capa-
bility for reconstructing individual photons and for separating the photons from other
photons and from charged hadrons. At the same time, good electromagnetic energy
resolution is achievable — designs to date have used sampling fractions which give EM
resolution of ≈ 15%/

√
E. So far, there is not a strong physics argument for providing

better EM resolution than this. In addition, such an ECal will provide excellent lep-
ton reconstruction. In particular, tau final states, so crucial for many signatures of
new physics, will greatly benefit from such a highly-segmented ECal. In fact, these
are imaging calorimeters. It is likely that we will continue to see benefits from these
designs as the physics simulation studies become more detailed, for example in flavor
tagging.

One of the outstanding technical questions is how to integrate a silicon detector
wafer with its readout electronics. Since the number of detector pixels for these ECal
designs is on order 50 million, a solution to the integration issue, along with the
cost of the silicon detectors themselves, is likely to determine the overall viability of
the Si-W approach. A few years ago, we proposed[1, 2] a possible solution to the
integration problem and have received LCRD support for three years to pursue this.
The integrated approach also provides a design which naturally allows high transverse
segmentation (currently 3.5 mm) and a small readout gap (currently 1 mm) to maintain
a small Moliere radius. In its application to the SiD concept ECal, this design includes
30 longitudinal layers, with 20 layers, each of thickness 5/7 X0, followed by 10 layers
of thickness 10/7 X0.

Of course, another challenge is keeping the costs under control. In our design
concept, the readout electronics cost is minor (< 10%); the silicon detectors themselves
dominate the cost. We are optimistic that costs will eventually be ≈ $2/cm2 for the
ILC. We have deliberately kept our sensor designs simple to avoid higher costs. The
small Moliere radius allows effectively better separability at a reduced ECal radius,
thus reducing costs. We have studied, and will continue to study, various options for
longitudinal segmentation in order to provide optimization between EM resolution,
shower containment, and cost. (In our design, the silicon cost depends to first order
only on the number of longitudinal layers; transverse segmentation is a minor element
of cost for granularity of a few mm or larger.)

During the past year we made important progress. The design of the readout chip
(named KPiX) was completed and was sent to industry. Two cycles of prototypes
have been fabricated. The second prototype is functional, but with some quirks to
be resolved in the next version, submitted in July 2006. This effort has been led
by SLAC. We have made progress characterizing the prototype silicon detectors at
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Oregon. A group at UC Davis has developed a novel readout cable concept which
will help maintain the thin readout gap. They will also will provide the critical bump
bonding at Davis for the initial prototypes. Our work gives us confidence that we are
on the right path and we propose to demonstrate the detector concept with prototypes
in an electron test beam — and to move on to the next phase: The development of
a full-depth ECal module which incorporates the features required for a realistic LC
detector. This module could be part of an international test beam study. The full-
depth module requires more funding than is realistically available with the present
LCDRD program without this supplement.

While we focus on an implementation of our Si-W approach for the SiD design,
the basic ideas and R&D are certainly applicable to other Si-W ECal designs, notably
LDC.

1.1 R&D Overview

The thrust of our project is to integrate detector pixels on a large, commercially
feasible silicon wafer, with the complete readout electronics, including digitization,
contained in a single chip which is bump bonded to the wafer. The starting point for
our design uses a pixel size of 12 mm2, based on initial PFA requirements for photon-
hadron separation. This gives N ≈ 103 pixels per 6-inch wafer. We take advantage of
the low beam-crossing duty cycle (∼ 10−3) to reduce the heat load using power cycling.
Our design then has several important features:

1. The electronics channel count is effectively reduced by a factor N = 1024.

2. A transverse segmentation down to a few mm can be naturally accommodated.

3. The cost, to first order, will be independent of the transverse segmentation.

4. Readout gaps can be small (∼1 mm), thus maintaining the small Moliere radius
intrinsic to tungsten.

The first property, we feel, is necessary for any realistic highly-segmented ECal. In
this case, the electronics is likely to be relatively small fraction of the ECal cost. The
third point makes the design flexible, so that one can optimize to meet the physics
goals. The fourth is an optimization of the physics capability of the ECal at a given
(barrel) radius. For example, the angle subtended by the Moliere radius for an ECal
at radius 1.25 m with our design is smaller than one with 3mm readout gaps at 1.7 m.
Hence, this has a significant impact on both performance and overall detector cost.
We note that for a Si-W ECal, the features above remain unique to this R&D. Figure
1 is a schematic of the readout gap cross section.

Our R&D collaboration consists of the following main elements:

• The silicon detectors, led by the Oregon group. A one-wafer wide, full-depth
module has 30 layers in the baseline configuration, hence we require at least 30
detectors. We request 40 to allow for damage, hold backs for lab evaluation, and
so forth. The marginal cost between 30 and 40 is minimal, given the high fixed
costs for a production run. In our 2006 LCDRD proposal we estimated the cost
for 40 detectors to be about 200 k$. We requested 50 k$ in the LCDRD proposal
(spread over two years), and stated that we hoped to request supplementary
funds for the remaining 150 k$. Hence, this proposal.
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Figure 1: Schematic of the readout gap. With power cycling of the readout chip, the heat load of
the KPiX readout chip can be handled by passive conduction through the tungsten.

• The (kapton) readout cables, led by the Davis group. This development requires
both prototyping and fabrication.

• The readout chips must be bump bonded to the silicon detectors. This procedure
is to be carried out at the Davis facility. Most of the expenses are for the labor.
However, some of the costs for materials and supplies for carrying out the bump
bonding for the test module are included in this request.

• The readout ASIC chips, led by the SLAC group. BNL is also contributing to
this effort. This funding is expected to be borne by SLAC, and no funds are
requested here.

• The tungsten. We have in hand what we need for the test module. For the full
ECal, we plan 1 m long plates. We have identified at least one vendor who can
provide according to our need. Annecy and SLAC will lead this effort. No funds
for this effort are requested here.

• The mechanical design for the test module and for the real ECal. SLAC and
Annecy will lead these efforts. No funds for this effort are requested here.

Our R&D collaboration has been holding weekly meetings by telephone for over
three years. Many of the details not presented here are collected at
http://www.slac.stanford.edu/xorg/lcd/SiW/ or in the cited references.

1.2 Timing of this proposal

We feel that fabrication of a full-depth silicon-tungsten ECal module with the novel
features we have developed over the last several years is an urgent need of the ILC
community for the reasons we have discussed in our LCDRD proposals. Namely, we
accept the idea that an ILC detector which can fully explore the physics program will
include a highly-segmented ECal. And it seems clear then we need to develop this
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kind of ECal before we can understand its impact on the overall detector design in
any detail. There are two lines of reasoning as to why this support is time critical.

1. We need to determine if our novel design is technically feasible. We feel that our
design has the led the way in the pursuit of a dense, highly-segemented ECal for
ILC. Our current design easily accomodates the 12 mm2 baseline segmentation
of SiD, while providing tiny 1 mm readout gaps to maintain a small Moliere
radius. Following up our design and prototype R&D with a device which can be
evaluated in a test beam is critical to determining the feasibility of our concept,
and will allow us to maintain leadership in this area.

2. It is widely understood that detector design and optimization at the ILC depends
critically on the HCal, but more correctly it depends on the identification and
measurement of hadrons in the full calorimeter. The HCal cannot be evaluated in
isolation, since the signatures for identifying charged and neutral hadrons depend
in no small way on how the ≈ 1 interaction length of the ECal is instrumented.
Hence, the foreseen “calibration” of Geant4 in a ILC-like HCal test module re-
quires that a realistic, ILC-like ECal be included. If the eventual ILC ECal is to
have the kind of segmentation we are proposing, then this is what needs to be
evaluated in the test beams.

In order to be relevant to the design concepts, the time scale for providing a module
is ∼ 1-2 years.

1.3 Summary statement of this proposal

We propose to attain the remaining elements necessary to fabricate a full-depth Si-W
ECal test module: 40 silicon detectors (Oregon), and the flexible readout cables and
bump-bonding (Davis).

2 Current Status of the R&D

The most significant development for our project in 2005-6 was the completion of the
design of the KPiX readout chip and the fabrication of the first rounds of prototype
chips. However, since no LCDRD funding is requested for this activity, we do not
report on it here. A recent discussion of the KPiX functionality can be found in
Ref. [3]. The following summarizes the progress during the past year on silicon detector
R&D centered at Oregon and roughly follows Ref. [4].

2.1 Progress at Oregon

In the past year we continued measurements on the 6 inch Hamamatsu prototypes
with particular emphasis on parameters relevant to use of the sensors with electronics
designed for the cold ILC design. The most important measurements in this regard are
the measurements of stray capacitance and leakage current. We have also investigated
the use of a radioactive source for an absolute calibration. The results here are an
update of our presentation[4] at LCWS05.
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Figure 2: Example traces with varying amounts
of stray capacitance. In the prototypes the r =
6.75 cm.
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Figure 3: Typical capacitance versus bias voltage
curve for a pixel located near region a.

2.1.1 Pixel Capacitance and Trace Resistance

In almost all cases the noise of an individual pixel charge measurement in our detector
will be directly proportional to the total capacitance seen at the input of the amplifier.
The capacitance of a fully depleted 5 mm pixel in detectors 325 µm thick, is expected
to be approximately 5.3 pF. The majority of the capacitance is due to the stray capac-
itance of the traces which connect the individual pixels to the bump-bonding array.

For the Hamamatsu process used in our detectors, the thickness of the oxide to the
second metal layer is approximately 0.9 µm. In our detector we used 6 µm thick traces,
giving a theoretical capacitance of approximately 3.1 pF/cm. The total amount of stray
capacitance associated with a given pixel has two contributions. One contribution
comes from the capacitance of the traces connecting the pixel to the bump-bonding
array. The second contribution is due to any traces from other pixels which cross
the pixel under test. The total stray capacitance is almost constant for many of the
pixels as can be seen from Figure 2. In region a it can be seen that pixels located
closer to the bump-bonding array have a greater number of crossing traces than those
further away. This gives an almost constant total measured (and calculated) stray
capacitance. Typical stray capacitances in region a were ∼ 22 pF. An example run is
shown in Figure 3.

A small fraction of the pixels have a very large number of crossing traces. These
pixels are located in regions b and c of Figure 2. For the first prototypes these pixels
have capacitances of somewhat more than 100 pF. In a future version of the sensors we
plan to reduce the stray capacitance in region c by narrowing the traces in the vicinity
of the bump-bonding array. In Figure 4 the measured capacitances are shown for a
large number of pixels in one quadrant for the Hamamatsu detector. In Figure 5 the
expected capacitance for a future version of the detector with 1024 pixels and slightly
smaller pixels is shown.
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Figure 4: Left: Summary of capacitance measure-
ments as a function of pixel position on the detec-
tor. The high capacitance of pixels at small row
number is due to large number of traces in regions
b and c of Figure 2.
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Figure 5: Expected capacitance in a 1024 pixel ver-
sion of the silicon sensors with no change in pixel
width from the current version. The current ver-
sion of these detectors have 757 pixels and 6 µm
wide traces.

Another important property of the detectors is series resistance of the traces. The
noise contribution from this series resistance is proportional to Ctot

√
Rs where Ctot is

the total input capacitance and Rs is the series resistance. The contribution to the
noise from the input FET in a charge amplifier is proportional to Ctot

√
2

3gm
where gm

is the transconductance of the input FET. Thus it is desirable to keep Rs comparable
to 2

3gm
. In our case we expect 2

3gm
∼ 300 Ω.

Based on the measurement of one of the trace’s resistance, we obtain a trace resis-
tance of 57± 2Ω/cm. This can be compared to an expected value of 47Ω/cm for a pure
aluminum traces 1µm by 6 µm. For the longest traces, of order 10 cm, the measured
value implies a maximum resistance of 570 Ω.

It would be desirable to reduce this trace resistance by making thicker traces,
however, it is unlikely that the thickness can be increased much beyond its current
value of 1 µm. Increasing the width of the trace is not helpful because it will increase
the component of Ctot from the traces connecting the pixels to the bump-bonding array
almost linearly. Except in the region the near bump-bonding array, our trace width
of 6 µm is close to optimal.

2.1.2 Leakage Current

Leakage current can add an additional term to the electronic noise that grows with
shaping time. Typical leakage currents in silicon pad detectors, such as the prototypes
used here, have currents of a few nA/cm2. The leakage current was measured during
the capacitance tests and was found to be less than 2 nA/pixel for pixels in the interior
of the detector. In our tests the neighboring pixels and the guard ring were left

7
                                             141



0 2 4 6 8 10 12 14 16 18

0
5

10
15

20
25

0

1

2

3

4

5

6

7

8

9

10

column

row

le
ak

ag
e 

cu
rre

nt
 (n

A)

Figure 6: Left: Summary of capacitance measure-
ments as a function of pixel position on the detec-
tor. The high capacitance of pixels at small row
number is due to large number of traces in regions
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Figure 7: Signals from Am241 60 keV photons ob-
served in a typical Hamamatsu silicon sensors pixel.

“floating” . For pixels on the edge of the detector, with the guard ring floating,
the leakage current was less than 10 nA/pixel, see Figure 6. We expect the noise
contribution for leakage current to be minimal; the expected contribution for a leakage
current of 10 nA and an integration time of 1 µs is only 250 electrons.

2.1.3 Calibration

Calorimeters based on silicon are expected to be quite stable over time. The largest
changes in calorimeter response will be due to changes in the electronics. The readout
electronics are being designed with an internal calibration system that allows a wide
variety of charges to be injected into each of the channels in the system. The accuracy
of this system is expected to be limited by the knowledge of the values of the coupling
capacitors incorporated into each of the channels in the readout chip. These capacitors
are expected to be uniform, within a chip, with a spread of ∼ 1%. This spread is
unlikely to have a noticeable contribution to the energy resolution of the calorimeter.
Chip-to-chip variations could be larger.

One possibility is to calibrate each sensor after the readout chip has been bump
bonded. A possible method for this calibration would be to use 60 keV photons from
the decay of radioactive Am241. If the energy from these photons are fully contained
in the silicon sensors they will give a signal of approximately 16,000 electrons. This is
somewhat less than the MIP signal, but well above our noise floor.

The 60 keV photons will easily penetrate any mounting structures and printed
circuit boards used in the testing and assembly of the calorimeter. However, the cali-
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bration must be done before the detector assemblies are placed between the tungsten
sheets, as the photons will not efficiently penetrate the tungsten. We have used our
laboratory electronics to measure the energy spectrum from the Am241 photons in the
pixels as shown in Figure 7. The widths of the peak is consistent with the expected
electronic noise.

As a demonstration of this technique we show the value of the photon Am241 peak
versus pixel capacitance in Figure 8. The peak shifts to lower values at large values of
the capacitance because of the finite input capacitance of laboratory electronics. The
line corresponds to a ‘dynamic” capacitance of our laboratory electronics Cdyn ∼ 790 pF
which is consistent with the laboratory amplifier’s specifications.

In the readout chip planned for the final detector, the signal-to-noise for Am241

peak will be about 8, which will broaden the peak considerably. Another important
aspect of the planned readout electronics will be that a measurement of the charge will
be done relative to an external bunch clock rather than relative to the time of arrival
of the photon as was done in the laboratory. This will lead an additional smearing of
the observed spectrum of less than 5%. Thus we expect a total width for the Am241

60keV signal of approximately 15%.
The ADC in the planned detector readout will have a least significant bit approx-

imately equal to the expected noise. Therefore, if there were no systematics in the
ADC it would be possible to calibrate each pixel to 1% with approximately 250 de-
tected photons. For this calibration to be useful it will be necessary to relate the
charge scale at 8 ADC counts to that at full scale readout. This is possible, but will
require great care in the design of the calibration circuit on the readout chip.

Somewhat easier, but still difficult, will be a wafer-to-wafer calibration at the sub-
percent level. Here one can average over 1024 pixels/wafer. Again it will be necessary
to relate the average charge scale at 8 ADC counts to the average full scale readout.
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Figure 8: Measured position of peak versus total pixel capacitance.
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2.1.4 Cross Talk

We are continuing to study cross talk introduced by capacitive couplings between
the channels. In general these have lead to cross talk at the 1% level or below.
The cross talk is function of both the capacitive coupling and the properties of the
readout electronics. While we have a qualitative understanding of the cross talk, we
are continuing to work on a quantitative model and on incorporating the properties
of the KPiX electronics into the model.

2.2 Progress at UC Davis

The initial design of the first protype flex cables is nearly completed. These can be
tested with the first-round silicon detector prototypes, and possibly become part of
the initial “technical” beam test (see below).

3 Proposed Research

3.1 Oregon proposed R&D

Oregon requests funding to obtain 40 silicon detectors. This is sufficient to outfit
a full-depth (30 layer) ECal test module, with some spares for lab tests, damage, or
other studies. The detector design is quite similar to the first prototypes[5] used in the
studies discussed above. (These first prototypes will continue to be used for detector
studies and for initial bump-bonding and flex cable connection trials.) A number of
important improvements have been to refine the performance of these version two
detectors. In addition, the new detectors will be compatible with the pin assignments
of the full 1024-channel version of the KPiX chip, as well as with the flex cables. The
overall layout of the new detectors is shown in Figure 10.

The proposed changes include:

1. Increasing the number of pixels to 1024 from 757. This reduces the pixel area
from (4.0 mm)2 to (3.6 mm)2 and increases the granularity of the detector. This
also makes the number of pixels equal to the channel count for the KPiX chip
design.

2. Decreasing the width of the traces connecting the pixels to the bump-bonding
array in the vicinity of the bump-bonding array. This decreases the capacitive
load of the pixels that traversed by many traces. See Figure 11.

3. Removing the vertices of the hexagonal detectors to produce detectors with 6
long sides and 6 short sides. This is needed for the posts that keep the tungsten
plates supported.

4. Adding a contact near each vertex to provide for top-side bias of the sensors.

5. Changing the connections of the KPiX chip to the kapton cable that provides
services and connects the chip to the data concentrator board. Changing to large
bonding pads will allow for larger tolerances when constructing the cable.
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Figure 9: Overall design of the new silicon detectors which we propose to purchase. Dimensions
for these figures is µm.
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Note that the connection of the KPiX readout chip to the sensor is unchanged,
so we can use the existing detectors as spares and for tests of the bump-bonding
procedure. The cable design for the 1st and 2nd prototypes will be slightly different,
however. The cable for the first prototypes will be wire bonded to the traces on the
sensors that connect to the KPiX chip. For the second prototype, a procedure that
bump bonds the cable to the traces is foreseen.

We are ready to submit this design to industry.

3.2 UC Davis proposed R&D

UC Davis is responsible for two critical interconnect issues for the Si-W calorimeter.
The connections between the array of sensor pixel traces and the array of readout cells
are made by flip-chip bump-bonding of the ASIC to the sensor wafer. This approach
is similar to the silicon pixel detector being constructed for CMS in which UC Davis
has had a large involvement and has gained considerable expertise.

Signals for communications between the ASIC and the readout/data-concentrator
chip, located at the periphery of the calorimeter, are also transmitted to the surface
of the sensor wafer via bump-bonds. These signals are passed on to a second set of
pads that are then connected to buses made out of flexible kapton cables. Figure 12
shows this schematically. Besides bump-bonding, UC Davis will do the cable design
and fabrication and develop the technique for cable to wafer connection.

During the prototyping stage of the chip development work, construction of a SiW
calorimeter module requires that single readout ASIC’s be bump bonded to the center
of six-inch silicon sensor wafers. Forty such units are required for the prototype. The
ASICs will come as single chips from MOSIS, not in the form of a wafer with multiple
chips on it. This poses some challenges because the usual procedure available in the
industry is wafer-level photolithography which is an integral step in the bump-growth
process. UC Davis is the one place we are aware of that is capable of chip-level
photolithography. The procedure, developed by Prof. Lander and described below,
is quite tedious and requires patience and attention to detail. A full-time technician
is needed for the job and this supplemental proposal requests funds to support this
person.

Figure 12: A cross-section (not to scale) of the proposed scheme for connecting the readout ASIC
and the readout cable to the detector wafer via bump-bonding. The bumps connecting the readout
chip are made of indium. For the flex cable, bumps made out of solder is one possibility.
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3.3 Bump Bonding

The bump bonding process has four main phases: (1) photolithography to prepare
the substrate (chip or wafer) with a film containing via’s where the bumps will go, (2)
deposition of the under bump metalization (UBM), (3) deposition of the indium bumps
and lift off of the photoresist, and (4) alignment of the matching bump arrays on the
chips and wafer and compression to form cold welded joints that have no bridges or
opens. There are various steps within each of the phases and the proposed technician
will be doing all of this processing.

Photolithography and UBM work is carried out in the UC Davis Northern Cali-
fornia Nanotechnology Center (see Figures 13 and 14), a class 100 clean room with
various items of equipment associated with chip making. Our work entails the use of
the photoresist spinners, baking ovens, mask aligner/exposure, sputtering equipment,
wet chemistry benches for developing and cleaning, and various inspection instru-
ments. The indium bump deposition is carried out in one of our own high energy
physics clean rooms that contains the indium evaporation equipment (see Figure 15),
and the bonding is done in another HEP clean room (see Figure 16).

The bonding of the chip to the sensor wafer requires that a thick layer of photo
resist (PR) be placed on the wafer and chip and patterned with small holes where the
bumps are to be grown. This patterning process follows standard procedures for the
sensor wafer, but the chip is a different story. To obtain a smooth and uniform coating
of PR on the chip requires the use of small sidepieces that are placed along each side of
the chip, fastening them down to a handle wafer with high temperature wax. This is a
tedious procedure, since the five pieces are loose on the fluid wax during the assembly.
The tolerances are tight for the matching at the edges of the chip to be bumped, and
often the attempt has to be repeated more than once to get a good placement. As a
result, this single-chip bumping service is not offered in industry. Below we describe
the 5 major steps.

A. Patterning the Readout Chip The individual chip is too small to process by itself;
a handle wafer must be used. The following steps describe the procedure in detail:

1. Fix the chip to a handle wafer with apiezon wax in xylenes.

2. Arrange four dummy chips around the sides of the chip. These must be of exactly
the same height as the chip and there must be no gap between them and the chip
larger than about one micron. They have to be fixed to the handle wafer using
apiezon wax. This procedure is done while the wax that will hold the chip and
the four sidepieces in place is still liquid. This step is labor intensive.

3. Mount a flat weight on the five chips to ensure a flat surface that is also parallel
to the back surface of the handle wafer. Allow the wax to harden.

4. Spin a thin coat of PR onto the chips and handle wafer. Bake the PR.

5. Expose the PR to UV light through a mask that is aligned to the pads on the
chip.

6. Develop the PR to remove PR above the bump pads on the chip.

7. Use reactive-ion-etch (REI) to clean the openings in the PR.
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Figure 13: A photograph of the mask aligner and exposure device. The single die work requires
the chip to be fixed to a handle wafer, as described in the text.

Figure 14: A photograph of the sputtering system where the Ti/W under bump metalization is
deposited.
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Figure 15: A photograph of the high vacuum system and power supply for the indium evaporation.
The indium sits in a crucible at the bottom of the bell jar and is heated by an electrical current.
The wafer or chip is mounted near the top. Test runs define the current value and time for the
process.

8. Sputter Ti/W onto the chip and handle wafer.

9. Repeat the PR spin/bake/expose/develop with a thick layer of PR.

B. Patterning the sensor wafer. The sensor wafer does not require a handle wafer for
processing. The largest wafer that can be handled by the bonder is 6 inches in diam-
eter. The following steps describe the process:

1. Spin thin PR on the wafer.

2. Bake the PR, expose the PR to UV through a mask and develop the PR.

3. Sputter Ti/W onto the wafer.

4. Repeat the procedure with a thick layer of PR.

C. Evaporate indium onto the chips. This work is done in a lab specially developed
for this purpose at UCD (see Figure 15). The indium is deposited in a vacuum
environment as follows:

1. Mount the handle wafer with chip into the holder in the bell jar.

2. Measure the proper amount of indium and place in crucible.

3. Evacuate the bell jar. This is done overnight.
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Figure 16: A photograph of the flip chip bump bonding device. The objects to be bonded are held by
vacuum on chucks with bumped surfaces facing each other. Up/Down looking telescopes between
the two faces allow for alignment by means of video display (not shown). With the telescopes
retracted, the lower chuck is raised and the compression takes place. Pressure ramp and time are
programmed in. An IR camera, shown at the upper left, can be positioned above the chip, if needed
for some operations. This photo shows the autocollimator in place for calibration.

4. Run the evaporation process to produce the required thickness.

5. Remove the chip and handle wafer and repeat the process with the sensor wafer.

D. Liftoff the unwanted indium. This is the final step in the preparation of the two
parts that are to be bonded.

1. Place handle wafer and chip in a bath of acetone. Leave overnight.

2. Gently remove the PR and its skin of indium.

3. Remove the chip from the handle wafer with xylenes.

4. Repeat the liftoff process with the sensor wafer.

E. Bond the chip to the sensor. This work is done in another lab at UCD which con-
sists of a clean-room and houses the flip-chip bump bonding machine that was acquired
with DoE infrastructure funds in the 1990s (see Figure 16).

1. Go through the calibration procedure for the bonder.

2. Center the detector wafer on the lower chuck and the readout chip on the upper
chuck.

3. Run the camera arm in and go through X, Y, and pitch alignment.
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4. Run the pressure magnitude/time program to bond the units.

5. Remove from the bonder.

There are cleaning procedures throughout that have not been mentioned. However,
as is evident, the task of bump-bonding 40 sets of readout chips and detector wafers
will be labor intensive. The procedure requires detailed attention from a technician,
and a full-time person will be required to accomplish this task.

3.4 Flex Cable

The array of sensor plus readout chip units in a given layer will need to be controlled
and read out by electronics that will reside on the periphery of that layer. In order
to achieve the best possible energy resolution in the calorimeter, the gap between
layers needs to be minimized. The present design calls for a gap thickness of less
than 1 mm. We are proposing to use a flex cable technology for the data and control
bus and some form of bump-bonding to connect the cable to pads located on the
silicon wafer substrate. Prototype designs for the flex cable consist of 3 layers with 2
shielding/power layers and vias that connect to traces running along a buried layer.
A need for placing bypass capacitors on the cable is also foreseen if they can be
accommodated without increasing the overall thickness substantially.

The cable is being designed at UC Davis using the Mentor Graphics/PADS software
package. An outside vendor has been identified for the fabrication but the capability
of this vendor has yet to be validated. The most challenging aspect of the cable is
its length of about 1m, which is much longer than the typical flex cables (usually 10
cm or less) being manufactured in industry. We anticipate 2-3 rounds of prototyping
before arriving at the final design. The testing of the cable will also take place at
UCD using their probe station.

The issue of connecting the cable to the wafers will require some R&D to arrive at
the final technique. The cable is too long and temperature sensitive to be placed in
a vacuum bell-jar for bump-growth. Hence, the bumps on the cable will most likely
be made out of low-temperature solder. The pads on the wafer will be treated with
Ti-W just as in the case of bump bonding. We propose to develop a technique for
solder reflow. However, at this early stage, it is not inconceivable that an entirely
new technique will emerge as we gain experience with the problem. A procedure for
alighment of the cable with pads on the wafer will also be developed. We are proposing
that the technician hired for bump-bonding will work on this development as well.

3.5 2006 Project Activities and Deliverables:

• Receive KPiX prototype chips and evaluate functionality (mostly at SLAC).

• Complete evaluation of first round of prototype detectors (Oregon).

• Develop and fab. first kapton flex readout cable (Davis).

• Design 2nd round of detectors to be used in full ECal module (Oregon, SLAC,
Davis).

• Design concentrator boards (digital boards downstream of KPiX) (SLAC).
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• Prepare for mounting of 1st round KPiX prototypes to 1st round detectors
(Davis, Oregon, SLAC).

• Mount (bump bond) a few KPiX chips to detectors (Davis).

• Develop mechanical design for full ECal module (Annecy, SLAC, Oregon).

3.6 2007 Project Activities and Deliverables

• Carry out full tests of a few layers in lab and electron beam at SLAC of KPiX-
detector prototpyes (Oregon, SLAC, Davis).

• Mount (bump bond) KPiX to 2nd round detectors for full-depth ECal module
(Davis).

• Carry out mechanical and magnetic field tests of KPiX + detectors (Oregon,
Annecy, SLAC).

• Order full 1024-channel KPiX chips (SLAC).

• Fabricate full ECal module (all).

• Put full module in electron beam at SLAC for determination of EM response and
resolution (all).

3.7 Test Beams

We are considering as many as three beam tests. The first is a “technical” test (late
2006, early 2007) of 1-2 layers (i.e. one layer ≡ one detector with one readout (KPiX)
chip). Next, we would test the full-depth ECal module in an electron beam, presum-
ably at SLAC, to fully map out electromagnetic response and resolution. Hopefully,
this will occur in late 2007. Finally, we would put our module plus an LC HCal module
into a hadron beam, probably at FNAL, to determine hadron response and validate
the GEANT4 simulation codes upon which the design of a full detector relies. There
are currently several possible scenarios for this test. The validation of the simulations
will presumably be aided by using detectors (ECal and HCal) with fine segmentation,
hence there would be an important role for our module in such tests.

4 Broader impact of this R&D

Highly-segmented calorimetric measurement of photons and electrons/positrons with
a very uniform acceptance may well have important applications in other areas, such
as medical instrumentation. In this case, excellent timing resolution is also often
an important consideration. The previous design of the KPiX readout chip which
was optimized for the warm-techmology LC indeed provided ∼few nanosecond timing
resolution in conjunction with the same silicon detectors.
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5 Proposed budget

Budget overview (k$):

Year One Year Two Total
Oregon Direct 78.0 100.1 178.1

Oregon Indirect (26%) 0 0 0
Davis Direct 57.1 39.6 96.7

Davis Indirect (26%) 14.9 10.3 25.2
Total direct and indirect costs 150 150 300

5.1 Oregon proposed budget (k$)

Item Year One Year Two Total
Other Professionals 0 0 0
Graduate Students 0 0 0

Undergraduate Students 0 0 0
Total Salaries and Wages 0 0 0

Fringe Benefits 0 0 0
Total Salaries, Wages and Fringe Benefits 0 0 0

Equipment 78.0 100.1 178.1
Travel 0 0 0

Materials and Supplies 0 0 0
Other direct costs 0 0 0
Total direct costs 78.0 100.1 178.1
Indirect costs(1) 0 0 0

Total direct and indirect costs 78.0 100.1 178.1

5.1.1 Oregon budget justification

We hope to use the entire budget for purchasing silicon detectors and the associated
NRE (photomasks and their development). We estimate the total cost to be ≈ 200
k$ based on our previous first-round prototype purchase. The difference between this
estimate and our request will hopefully come from the “usual” non-supplementary
LCDRD process. If any money is leftover after the detectors are purchased, this
would be used for test beam-related equipment or test equipment (for example, a
probe card for multi-channel testing) for the silicon lab.

The Oregon indirect rate is 26%. Indirect is not applied to equipment for items
costing more than 5k$. So we assume no indirect is applied to the silicon detector
orders.
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5.2 Davis budget (k$)

Item Year One Year Two Total
Other Professionals 29.0 19.3 48.3
Graduate Students 0 0 0

Undergraduate Students 0 0 0
Total Salaries and Wages 29.0 19.3 48.3

Fringe Benefits 6.8 3.9 10.7
Total Salaries, Wages and Fringe Benefits 35.8 23.2 58.0

Equipment 0 0 0
Travel 0 0 0

Materials and Supplies 16.4 16.4 32.8
Other direct costs 0 0 0
Total direct costs 57.1 39.6 96.7

Indirect costs 14.9 10.3 25.2
Total direct and indirect costs 72.0 49.9 121.9

5.2.1 Davis budget justification

Preparing the chip with PR and patterning it is the most time consuming and ex-
pensive part of the process. Great care must be taken in preparing the chip and its
sidepieces. There are cleaning processes and PR baking ramps, etc. It takes about
one full day to mount the chip, pattern it with PR, and sputter the Ti/W. The wafer
processing should be somewhat faster. So 40 units, each with a sensor wafer and a
readout chip, will require about 60 days in the microfab lab. The facility charge $28
per hour, but we expect to get a monthly rate of $2,800 per month, for 3 months, for
a total of $8,400. The indium deposition and bonding are done in our own labs and
do not incur usage charges. The supplies of indium, photoresist, solvents, etc. will
cost about $2,000 and Ti/W sputtering target will cost $1,000, for a total of $3,000
for miscellaneous supplies. The indium depositioin will take about one day per sensor
wafer or chip, but it can overlap to some extent with the patterning work. Bonding
is faster than the other work, so the calendar time is estimated to be 6-8 months for
the 40 bonded units. The bump-bonding machine needs periodic maintenance and we
have budgeted $5,000 for this purpose, which is sufficient for one trip of the repair
technician from the manufacturer.

The tech salary is estimated to cost $ 38,616 annually. With benefits (20%) and
indirect costs (26%) the tech cost is $58,387 per year. Assuming 9 months for this
task, the tech cost would be $35K before overhead. The technician doing the layout
work for the flex cable, Ms. Tiffany Landry, works part time and we have budgeted for
about 320 hours of her time. The Senior Electronics Engineer, Mr. Britt Holbrook,
is supported by the University and works free of cost for this project.

For the second year budget, we have assumed the bump bonding technician will
have completed this project after a half year, so we have budgeted 0.5 FTE. However,
since much of the processing will take part during this period, we have assumed the
same M&S budget.
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5.3 Budget impact on the R&D

In order to stay on track with the international development of detector concepts,
leading to collaboration formation and techical design reports, we need to have results
from beam tests in hand and understood by 2008. Our main concern with the current
budget is that we would have to spread out the purchase of the silicon detectors over
the two years of the budget. This would require moving ≈ 70k$ from the second year
budget to the first.

A secondary concern is the manpower required to outfit a beam test, set up required
software, and analyze the results. We expect to get contributions from undergradu-
ate students (included in the non-supplementary LCDRD requests). Clearly, partial
support for a research associate would be helpful.
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1. Project overview 
 
We propose to prove the viability of the concept of a digital hadron calorimeter equipped 
with a gaseous active element and to test its performance in particle beams. To 
accomplish these goals, we request funds to construct a 1m3 prototype of a hadron 
calorimeter consisting of 40 steel plates, each 20 mm thick, interleaved with Resistive 
Plate Chambers (RPCs) and Gas Electron Multipliers (GEMs), as the active media.  
 
This project is part of the design effort of a detector for the International Linear Collider 
(ILC) and is being carried out in the context of the CALICE collaboration [1]. The 
CALICE collaboration is currently assembling prototypes of a Silicon – Tungsten 
electromagnetic calorimeter and of a scintillator – based hadron calorimeter. Our 
contribution to the collaboration is the development, construction and testing of a digital 
hadron calorimeter using gaseous active elements.  
 
At the ILC, in order to disentangle on an event-by-event bases W and Z bosons via their 
hadronic decay into a pair of jets, jet energy resolutions of the order of 30%/√Ejet or better 
are required [2]. Simulation studies have shown that with the help of Particle Flow 
Algorithms (PFAs) this order of resolution can be achieved [3]. Contrary to conventional 
methods relying solely on the calorimeter to measure hadronic jets, PFAs measure each 
final state particle in a jet individually utilizing the detector component able to provide 
the best momentum/energy resolution. Charged particles are measured by the tracking 
detectors situated in a strong magnetic field, photons are measured with the 
electromagnetic calorimeter and neutral hadrons, i.e. neutrons and KL

0, are measured with 
the combined electromagnetic and hadronic calorimeters. The major challenge of this 
approach is the separation of energy clusters in the calorimeter originating from charged 
and neutral particles. In order to keep this contribution, commonly named the ‘confusion 
term’, to the resolution small, the readout of the active element needs to be finely 
segmented, of the order of 1 cm2 or finer laterally and layer-by-layer longitudinally. The 
optimal segmentation for the ILC detector will be determined after evaluation of the test 
beam results (as obtained with the proposed prototype calorimeters) and the subsequent 
tuning of the simulation of hadronic showers.  
 
The electronic readout of the hadronic calorimeter is reduced to a single bit per readout 
channel (digital readout). Simulation studies have shown that a) the number of hit pads is 
linearly correlated in a wide range of the energy of the incoming particle and b) a digital 
readout of finely segmented pads is able to preserve, if not improve, the energy resolution 
of single hadrons, traditionally measured with analog readout of calorimeter towers. The 
electronic readout system will be identical for both gaseous detectors in this proposal, i.e. 
RPCs and GEMs. 
 
This novel idea of a digital hadron calorimeter (DHCAL) will be tested thoroughly in test 
beams at Fermilab. The tests will be in stand-alone mode together with a prototype of an 
electromagnetic calorimeter (not part of this proposal) placed in front of the DHCAL. 
The proposed technology of a digital hadron calorimeter with gaseous active elements is 
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equally applicable to all three ILC detector design efforts, namely the SiD [4], the LDC 
[5], and the GLD [6] concepts. 
 
Constructing a prototype of a DHCAL and its subsequent test in particle beams have been 
identified as arguably the most important R&D project related to the development of an 
ILC detector by the R&D panel of the World Wide Linear Collider Study Group. The 
main purposes for this effort are summarized in the following: 
 

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

 
- Test of a calorimeter with GEMs: same argument as given above for RPCs. 

 
- Tests of the novel idea of a DHCAL: in simulation studies of a DHCAL the 

energy resolution obtained for hadrons is comparable to that obtained with analog 
readout. Experimental verification of this result and validation of the concept of a 
DHCAL are needed. 

 
- Study of design parameters: measurements with different configurations of the 

prototype section will provide a better understanding of the dependence of the 
response on the various design parameters, such as the choice of absorber, the size 
of the active gap, the segmentation of the readout, etc. 

 
- Measurement of hadronic showers: traditional calorimeters measure energy 

with a coarse segmentation, thus integrating over large volumes or calorimeter 
towers. The DHCAL prototype will measure hadronic showers with 
unprecedented spatial resolution and provide new and detailed information on 
hadronic showers.    

 
- Validation of Monte Carlo simulation of hadronic showers: the measurements 

obtained in particle beams will be essential to validate the Monte Carlo simulation 
of hadronic showers. Differences of up to 60% are observed when comparing the 
results on shower shapes based on current MC models of hadronic showers, see 
Figure 1.1 [7].  Design of a detector for the ILC is driven by the application of 
PFAs for the measurement of hadronic jets. A realistic simulation of hadronic 
showers is a prerequisite for the development of a reliable design of such a 
detector. 

 
- Comparison with an Analog Hadron Calorimeter: Currently the CALICE 

collaboration is assembling a prototype section of a hadron calorimeter (AHCAL) 
using scintillator tiles and analog readout. The lateral size of the tiles is about a 
factor of 10 larger than the readout pads of the DHCAL.  A technology choice for 
the hadron calorimeter of an ILC detector will be based on a detailed comparison 
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of the performance of the AHCAL and DHCAL prototypes. The assembly of the 
AHCAL is expected to be completed by October 2006. 

The proposed construction and test program is important far beyond the immediate needs 
for the ILC. Calorimeters with the fine granularity proposed here have never been built 
and have never been exposed to particle beams. The proposed extended test program will 
provide unprecedented insight into hadron showers and further the understanding of 
calorimetry per se.  

 

Figure 1.1 Comparison of the shower radius in a hadron calorimeter as predicted with fifteen 
different MC models of hadronic showers normalized to the result with G4-FTFP. 

 
 
2. Studies of the performance of a digital hadron calorimeter  
 
Detailed Monte Carlo studies based on GEANT4 are being performed to understand the 
response of calorimeters, develop PFAs and to optimize the design of an ILC detector for 
the measurement of hadronic jets. The studies summarized in the following are based on 
the SiD concept [4]. 
 
In August 2005 the SiD concept study defined a baseline design for their detector as a 
starting point for subsequent studies. The baseline design features a six layer vertex 
detector, a five layer silicon tracking detector, a Silicon-tungsten electromagnetic 
calorimeter with 0.16 cm2 readout cells, a RPC-Steel hadronic calorimeter with 1 cm2 
readout pads, a superconducting coil providing a 5 Tesla fields and an instrumented 
return yoke.  
 
The single particle response for 5 GeV π+ is shown in Figure 2.1 a) using analog readout 
and b) using 1 cm2 pads with digital readout. Comparison of the two results indicates that 
a digital readout is able to preserve the single particle resolution obtained with analog 
readout. In addition, due to its insensitivity to Landau fluctuations, the response measured 
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with digital readout is close to symmetric and does not feature a Landau tail towards 

50 GeV. 
Several g

larger values.  The response with digital readout is linear for single particle energies up to 

roups are involved in the development of PFAs using the SiD baseline design. 

e 
o 

s 

First results have already been presented at conferences and workshops [3,8]. As an 
example, Figure 2.2 shows the reconstructed mass obtained in e+e- → Z0 → 2 jets. Th
central part of the response is fit to a Gaussian with a width of 3.2 GeV, corresponding t
approximately σ/E = 33%/√Ejet, and containing 60% of the events. Even though further 
improvements are necessary to primarily reduce the tails of the distributions, these result
demonstrate, within the credibility of the simulation of hadronic showers, that jet energies 
can be measured using PFAs with a resolution significantly better than the 50 – 
100%/√Ejet obtained with purely calorimetric measurements.   

Figure 2.2 Reconstructed mass of dijets in e+e- → Z0 → 2 jets events. The width of the central Gaussian 
is 3.2 GeV and contains approximately 60% of the events 
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3.  Description of the 1m3 Prototype Section 
 
  3.1 General description 
 
The planned prototype section features 40 layers each with an area of 1 m2. The physical 
extent is approximately one meter in depth. Simulation studies showed that 98% of the 
energy of a 10 GeV π+ is contained in the prototype section, see Figure 3.1.1 for a visual 
impression of the spatial distribution of the energy deposition of a hadronic shower.  

 

Figure 3.1.1 Average energy deposition from a 10 GeV π+ in the prototype electromagnetic and 
hadronic calorimeters. The depth of the calorimeter is given in layers 

  3.2 Mechanical structure 
 
The mechanical structure consists of a movable table and 40 absorber plates. The latter 
are made of stainless steel with a thickness of 16 mm and an area of 1 m2. They are 
suspended such that the gap between neighboring plates can be adjusted from 5 to 10 
mm, depending on the actual thickness of the active elements.   
 
The table provides all the flexibility of positioning necessary in a test beam, such that e.g. 
every cell in the prototype section can be exposed to a muon beam without having to 
steer the beam. In addition, the table can be rotated about a vertical axis for studies of the 
response of particles entering the calorimeter at an angle (up to 450). Figure 3.2.1 shows 
the three-dimensional design of the absorber stack and the scanning table.  
 
The design and construction of the table and absorber stack are the responsibility of 
DESY in Hamburg, Germany, as part of their contribution to the CALICE collaboration 
[1]. The stack will be equipped in turn with scintillator tiles (effort being lead by DESY), 
Resistive Plate Chambers (lead by Argonne) and Gas Electron Multipliers (lead by 
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University of Texas in Arlington). No funds are requested to support the construction of 
the mechanical structure. 

Figure 3.2.1 Three-dimensional design schematic diagram of the CALICE absorber stack and 
the scanning table for beam tests. 

 
  3.3. Active medium I: Resistive Plate Chambers 
 
Resistive Plate Chambers (RPCs) with small readout pads are an ideal candidate for a 
hadron calorimeter designed to optimize the application of PFA. They can provide the 
segmentation of the readout pads, of the order of 1 to 4 cm2, which is necessary to keep 
the ‘confusion term’ small. They can be built to fit small active gaps (less then 10 mm) to 
maintain a small lateral shower size and to keep the longitudinal size of the hadron 
calorimeter as short as possible. Glass RPCs have been found to be stable in operation 
over long periods of time [9], especially when run in avalanche mode, and their rate 
capabilities are adequate for the ILC and for test beam studies of hadronic showers. RPCs 
are inexpensive to build since most parts are available commercially. Signals in 
avalanche mode are large enough (in the range of 100 fC to 2 pC) to simplify the design 
of the front-end electronics.  
 
Figure 3.3.1 shows a schematic diagram of a single-gap RPC. The chamber consists of 
two plates with high electrical resistance. Readily available window glass of thickness 0.8 
to 1.1 mm is used to construct the RPCs.  High voltage is applied to a resistive coating on 
the outside of the glass plates.  The resistance of this coating must be low enough to 
allow for a quick local re-charge of the glass plate after a hit, and high enough to not 
screen the electric field of the electron avalanche in the gas from the readout pads located 
on the outside of the chamber.   The glass plates enclose a gas volume in which ionization 
and electron multiplication takes place. Particles traversing the gas gap ionize the gas, 
creating an avalanche of electrons drifting towards the glass plate at positive high 
voltage. The signal is picked up inductively with pads located on the outside of the glass. 

 8                                             165



 

Signal

Graphite

Resistive platesGas

Pick-up pads

HV

For the prototype section each layer with an area of 1 m2 will be equipped with three 
chambers with the dimensions of 32x96 cm2. Each chamber contains 3072 readout pads.  

Figure 3.3.1 Schematic diagram of a typical Resistive Plate Chamber 

 
Groups at Argonne National Laboratory and University of Chicago have built and tested 
a number of prototype RPCs. Chambers based on different designs, such as featuring one 
or two gas gaps, two or one glass plate, high and low resistivity coatings, etc. have been 
investigated in detail, both in streamer and avalanche mode and also with a variety of gas 
mixtures. Measurements of the signal charge with a high-resolution analog data 
acquisition system have been performed. A digital (one-bit) readout system capable of 
reading out multiples of 64 channels was developed and built at ANL. This system was 
used in detailed measurements of the MIP detection efficiency, the hit pad multiplicity, 
the noise rate and the rate capability. Measurements were performed with cosmic rays, 
radioactive sources and in the MT6 test beam at FNAL. These measurements involved 
either one, two or three RPCs at a given time, each read out with 64 pads with an area of 
1 x 1 cm2. 
 
All above measurements were consistent with expectation and confirmed the viability of 
RPCs as active medium of a digital hadron calorimeter. For more details on the 
measurements see [10] and the links therein. 
 
Beyond the prototype section, further R&D on the chambers and the readout system will 
be necessary to propose the best possible hadron calorimeter for the ILC detector. The 
following areas will need further exploration, where the experience gained in the mean 
time with the RPC stack in the Fermilab test beam will be crucial to define the details of 
this future research program: 
 

1. Chamber design: test of thin chambers with only one glass plate or of other 
‘exotic’ chamber designs. 

2. Long term tests: testing and monitoring of chamber performance over long 
periods (several years) to ensure stability over the expected life time of the ILC 
detector. 

3. Neutron sensitivity: explore the possibility of increasing the sensitivity to low 
energy neutrons (if results from test beam show a need for this) 

4. Finer segmentation of the readout (if results from test beam show a need for this) 
5. Higher multiplexing of the readout system, to reduce cost and real estate. 
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6. Thinner readout boards, to reduce overall thickness of the active element. 
7. Power pulsing of the front-end to eliminate the need for active cooling. 
8. Anything else which might be recognized as important from the experience 

gained in the test beam. 
 
  3.4. Active medium II: Gas Electron Multipliers (GEMs) 
 
The University of Texas at Arlington HEP group develops GEMs as active medium of a 
digital hadron calorimeter. GEM’s [11] have a demonstrated record of success in other 
detector applications, they are robust and allow flexibility in design, operate with a 
simple gas mixture and at modest voltages, have a demonstrated stability against aging, 
have a fast response, and offer an attractive alternative to calorimeter designs based on 
RPC’s and scintillators. 
 
Fig. 3.4.1(a) shows the basic arrangement of a double-GEM detector [11]. The essential 
idea is to create a high electric field in holes in a copper-kapton-copper sandwich (the 
GEM “foil”). Ionization electrons from incident tracks are accelerated in this field and 
produce an avalanche of charge, thereby achieving multiplication of the signal. The 
ionization signal from charged tracks passing through the drift section of the active layer 

is thus amplified using two successive GEM foils. The amplified charge is collected at 
the anode, or readout pad, layer, which is at ground potential. This layer is subdivided 
into the small (~1cm x 1cm) pads needed to implement the digital approach. The 
potential differences, required to guide the ionization, are produced by a resistor network, 
with successive connections to the cathode, both sides of each GEM foil, and the anode 
layer. The chambers are operated with 2100V across the whole structure, which includes 
380-400V across each GEM foil. The gas used has been Ar/CO2 premixed in 70/30 and 
80/20 proportions. The latter gives a factor of three higher gain than the former while 
maintaining a very low probability for discharges. The pad signals are amplified, 
discriminated, and a digital output produced. The GEM design allows a high degree of 
flexibility for the readout with, for instance, possibilities for microstrips for precision 

Figure 3.4.1 (a) Schematic of double-GEM detector,  (b) GEM-DHCAL Concept  
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tracking layer(s), variable pad sizes, and optional ganging of pads, if required by cost 
considerations. Fig.3.4.1(b) shows how the GEM approach is incorporated into a digital 
calorimeter scheme. Since there are anticipated to be about 40 layers in the digital hadron 
calorimeter, and the calorimeter system lies radially inside the superconducting coil, there 
is a premium on minimizing the radial depth of the active layer to keep down costs. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4.2 A 30 x 30 cm2 GEM foil produced by 3M 

 
Based on the studies with previous small size prototype GEM chamber equipped with 
multiple readout pads, the UTA group found that the gain of the chamber is consistent 
with other measurements.  The efficiency of the chamber is at 94.5% with 40mV 
threshold and is consistent with the simulation result.  The observed hit multiplicity of the 
chamber was 1.27 which is at an acceptable level. 
 
The UTA group worked with the 3M Corporation on the development of large GEM 
foils. 3M have a reel-to-reel etching process that accommodates a window approximately 
30cm wide and up to 500 ft long. Since 3M was already set up to produce foils in a 30cm 
x 30cm area, this size for chosen for the first prototype chambers. UTA designed the 
details from which 3M produced a mask. A view of one of the new foils is given in Fig. 
3.4.2. The new foils have been extensively tested under high voltage. The next stage, 
currently in progress, is to adapt the 3M process to make 90cm x 30cm foils. These larger 
foils are expected to be available in fall 2006 and by the end of the year test chambers 
will be built making use of them. 
  
A prototype GEM chamber with the 30 x 30 cm2 3M GEM foils have been tested with 
radioactive sources, cosmic rays and in the electron beam of KAERI, the Korean Atomic 
Energy Research Institute. Each pad in a 2 x 2 pad array received an approximate 2 x 1012 
electrons for an accumulated charge of 1.6 x 10-2 mC/mm2/pad. This exposure is more 
than a pad would receive in ten years of operation at the ILC, but well below the point at 
which any deterioration of performance is expected based on past GEM tests [12].  
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Figure 3.5.1 Schematic of the electronic readout system developed for both RPCs and GEMs. 

 
All measurements are consistent with the performance requirements of an active medium 
of a hadron calorimeter. Differences in rate capability and pad multiplicity make GEMs 
an attractive alternative to RPCs, in particular for use in specific parts of the calorimeter, 
such as the forward region, where the expected particle rates are high. 
 
  3.5. Electronic readout system 
 
Considerable effort was dedicated to the development of the electronic readout system, a 
challenge by itself, given the large number of channels, of order 4 10× 5 for the prototype 
hadron calorimeter. The readout electronics is suitable for both the RPCs and the GEMs. 
The gain of the front-end is adjustable to accommodate the different signal sizes of the 
two devices. Particular care was devoted to keeping the cost per channel as small as 
possible. The concept has been documented in great detail, see reference [13]. 
 
The electronic readout system consists of several stages: a) the front-end ASIC; b) the 
front-end boards, c) the data concentrator; d) the super concentrators, e) a VME-based 
data collector; and e) a trigger and timing system, see Figure 3.5.1 for the schematic. In 
the following we briefly describe the individual stages: 
 

a) The front-end ASIC receives signals from 64 individual pads. The signals are 
shaped, amplified, and discriminated. The resulting hit patterns are time stamped 
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and stored at a speed of 10 MHz. In triggered mode, an external trigger selects the 
events to be passed on to the data concentrator. In triggerless mode any hit pattern 
with at least one hit will be transferred to the back-end of the readout system. The 
ASICs are located directly on, but on the opposite side of the PC boards 
containing the readout pads of the chambers. The ASIC has been designed, 
prototyped and tested by a collaboration of ANL and FNAL. The first prototype 
run was highly successful and the chips were shown to function exactly as 
expected. A second prototype run with relatively minor modifications has been 
submitted on July 22, 2006. 

b) The front-end boards are mounted directly on the outside of the chambers. Two 
boards with dimensions of 32x48 cm2 are required per chamber. The boards 
contain the readout pad and transfer lines to the ASIC (analog signals) as well as 
the path for the digital output signals from the ASIC. Special care is necessary for 
proper shielding of the analog circuitry from digital noise. The boards contain 8 – 
10 layers. Measurements of digital to analog cross-talk on prototype front-end 
boards have been performed. 

c) The data concentrators receive data from 12 individual ASICs. They mainly 
consist of FPGAs and will be located on both sides of the 1 m3 prototype section 
of the hadronic calorimeter. Preliminary designs have been developed. 

d) The super concentrator introduces further multiplexing by reading out six data 
concentrators. Their design is similar to the data concentrators. 

e) The data collector is VME–based and receives the output of the super 
concentrators. Each card connects to 12 individual data concentrators. The system 
specifications are very similar to the recently developed system for the MINOS 
test beam effort. 

f) The trigger system distributes the trigger information to the data concentrators. 
The timing system provides the clocks and clock resets of the readout system. 

 
3.6 Slice test 
 

Preparations are ongoing for a vertical slice test of the electronic readout system. The 
tests are necessary for verifying the viability of the design before committing to the 
expense of constructing the entire system for the prototype hadron calorimeter. The slice 
tests are fully funded and are not part of this proposal. 
 
The slice test involves the following components: 
 
a) 8 RPCs each with an area of 20 x 20 cm2. In addition, a small number of GEMs with 

an active area of 30 x 30cm2 will be tested using the same readout system.  
b) A mechanical structure including steel absorber plates and a scanning table. 
c) 40 front-end ASICs from the second prototype run. The run was submitted on July 

22, 2006 and features a modified analog front-end with reduced sensitivity and 
minor changes to the clock distribution circuitry. After verifying the functionality of 
the chips, additional ASICs will be purchased for the tests with GEMs. 
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d) 8 front-end boards each with an area of 16 x 16 cm2 and housing 4 front-end ASICs. 
These boards cover a smaller area, but are otherwise identical to the ones foreseen 
for the prototype hadron calorimeter. 

e) 8 data concentrator boards which will be identical to the ones foreseen for the 
prototype hadron calorimeter. 

f) A VME-based back-end, again identical to the one foreseen for the prototype hadron 
calorimeter. 

 
After commissioning of the system in the laboratory, the detector and the readout system 
will be transported to the MT6 test beam at Fermilab. Tests in the MT6 proton and pion 
beams are planned for January 2007. 
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4. Planned activities in FY2007 
 
4. 1. Construction of stack with Resistive Plate Chambers 
 
 4.1.1 Assembly of the chambers 
 
To fully equip the 1m3 prototype section with RPCs a total of 120 chambers are 
necessary. The chambers will be mounted on a strong – back, a 4 mm copper plate, which 
also serves as heat sink.  
 
The assembly of the chambers is straightforward and does not impose specific 
challenges. Even though the glass needs to be sufficiently clean, the assembly can 
proceed in a regular laboratory room and does not require a clean room. The assembly 
procedure of the chambers is independent of the fabrication and assembly of the 
electronic readout system and can proceed in parallel. The front-end boards will be 
clipped to the chambers, such that they can be easily removed. 
 
A quality assurance procedure to ensure the high quality of the chambers and the 
uniformity of the response will be devised. The procedure will include tests of the gas 
tightness as well as measurements of the single particle detection efficiency using cosmic 
rays.  
 
  4.1.2. Construction of the electronic readout system 
 
Table 4.1.1 lists the different parts of the readout system and the number of units needed 
to fully equip the prototype section.  Each unit will be thoroughly tested using computer 
controlled test fixtures. The latter are currently being designed and fabricated for the 
planned vertical slice test, see section 3.6. 

 
Table 4.1.1 List of the components of the electronic readout system 

Component #/chamber #/plane #channels/unit Total # units 
Planes 0.333 1 9216 40 
Chambers 1 3 3072 120 
DCAL ASICs 24 144 64 5760 
Front-end boards 2 6 1536 240 
Data concentrators 4 12 768 480 
Super concentrators 0.667 2 4608 80 
Data collectors - 0.166 55,296 7 
VME crates - - 387,072 1 
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Argonne National Laboratory Construction of RPCs 

Quality control of RPCs 
Fabrication and assembly of front-end boards 
Quality control of front-end boards (with ASIC) 
Commissioning of electronic readout system 
Transportation of RPCs to test beam 

Boston Fabrication, assembly and testing of VME based data 
collector system 

Chicago Fabrication, assembly and testing of data 
concentrator and super concentrator boards 

DESY* Mechanical structure 
FNAL Production and testing of front-end ASICs 
Iowa Acquisition and testing of high voltage distribution 

system 

 * not part of this proposal 

Design and production of gas distribution system 
UTA Fabrication and testing of timing and triggering 

system 

Table 4.1.2 Responsibilities by institutes for the construction and testing of the various subsystems 
of the RPC-based prototype section 

 
4.1.3. Responsibilities as assigned to institutions participating in the project 
 
Table 4.1.2 above summarizes the responsibilities as assigned to the different institutions 
participating in the project. The project is an integral part of the program of the CALICE 
collaboration [1], which currently tests a prototype electromagnetic and a scintillator-
based hadron calorimeter in the CERN test beam. 
 
4.2. Construction and Operation of larger GEM chambers. 
 
GEM chambers will participate in the slice test described in section 3.6. A limited 
number of chambers will be constructed and will be read out with the DCAL chip, 
following a similar test program in early 2007 to that outlined for the RPCs. 
 
Techniques for assembling larger GEM chambers as required for the 1 m2 planes of the 1 
m3 stack will be further developed at UTA. Fig. 4.2.2 shows an example of a mechanical 
assembly for a large area GEM plane.  
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                             Fig. 4.2.2 Large GEM chamber mechanical prototype 
 
Development of these planes will continue in 2007 with assembly of operational 90 x 30 
cm2 (and other sizes to be determined later) chambers as soon as the large foils become 
available from 3M. The goal for late 2007 is to have finalized the size and design of the 
subunits for construction of the 1m2 planes for the 1m3 stack in 2008. 
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5. Planned activities in FY2008 
 
5.1. Measurements with the RPC stack in the Fermilab test beam  
 
In FY2008 the prototype DHCAL section (equipped with RPCs) will be tested in the 
MT6 test beam at Fermilab. The prototype will be tested both in standalone mode as well 
as in combination with a prototype electromagnetic calorimeter located in front. The 
latter will be provided by the CALICE collaboration [8]. A tail-catcher, being assembled 
by Northern Illinois University (not part of this proposal) consisting of steel plates and 
scintillator strips will be placed behind the DHCAL prototype. In the following we 
briefly describe the planned test beam activities: 
 
  5.1.1. Standalone tests of the DHCAL prototype including the tail catcher 
 
Standalone tests of the prototype section of the DHCAL will be performed in the 
following configurations: 
 
 ▪ Energy Scans with Pions and Protons: Single pion responses, linearity and 
energy resolution will be measured using a wide range of energies (1 GeV and up to 66 
GeV)[14]. The response to protons over the entire momentum range (up to 120 GeV) will 
be measured as well.  
 
 ▪ Incident Angle Scans: Measurements with at least three different angles of 
incidence will be performed.  The angles will be changed by rotating the table with 
respect to the beam and off-setting the calorimeter structure in depth in order to optimize 
the lateral containment. These tests are foreseen using at least two different energy 
settings.  
 
 ▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons 
will be performed for muon detection efficiency measurement, testing reconstruction 
codes and developing calorimeter tracking algorithms.  
 
 ▪ Calibration Runs: For calibration purposes (measurement of the MIP detection 
efficiency and hit pad multiplicity), measurements with defocused muons will be 
performed at regular intervals during the testing period. 
 
  5.1.2. Combined tests of electromagnetic and hadronic calorimeters including the 
tail catcher 
 
The following test program is foreseen for the combination of ECAL and DHCAL 
prototypes: 
 
 ▪ Electron Energy Scans: These tests require electrons with the highest achievable 
energy, to provide a data set with combined ECAL and DHCAL information. 
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 ▪ Energy Scans with Pions and Protons: Single pion responses, linearity and 
energy resolution will be measured using a wide range of energies (1 – 66 GeV). The 
response to protons over the entire momentum range (up to 120 GeV) will be measured 
as well.  
 
 ▪ Incident Angle Scans: Measurements with a minimum of three different angles 
of incidence will be performed.  These tests are foreseen using at least two different 
energy settings.  
 
 ▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons 
will be performed for testing reconstruction codes and developing calorimeter tracking 
algorithms.  
 
 ▪ Calibration Runs: For calibration purposes, measurements with defocused 
muons will be performed at regular intervals during the testing period. 
 
These tests will start in 2008 and last until approximately the end of 2009. Other projects 
within the CALICE collaboration plan to use the same beam line for measurements with 
their electromagnetic and analog hadron calorimeter prototypes. Comparison of the 
results of the analog and digital hadron calorimeters using the same beam line (and 
absorber configuration) will provide the necessary basis for the technology choice for the 
ILC detector’s hadron calorimeter. 
 
5.2. Construction and testing of stack with Gas Electron Multipliers 
 
This period will see the construction of the subunits for the 1m2 planes, testing and 
verification of their performance, and integration into a 1m3 stack. 
 
As larger GEM chambers will be developed, a series of mechanical and electrical tests 
will be designed to verify their performance prior to integration into 1m2 planes, and, 
ultimately, into the 1m3 GEM digital hadron calorimeter stack planned for 2008. The 
tests include: 
 

- dimensional checks 
- gas volume integrity checks 
- high voltage stability and leakage current measurements 
- source testing for efficiency and uniformity tests 
- verification of DCAL readout 

 
UTA has a clean area and a large detector assembly area available for the construction 
activities. The GEM foil testing, and all individual subunit assembly will be carried out in 
the clean area. Once the subunits are assembled, the remaining integration into 1m2 
planes and final testing will be carried out in a number of sequential stations in the large 
assembly area. As in past detector construction work, employing and training a 
significant number of students in our work is anticipated. This both allows labor costs to 
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be reasonably contained and provides excellent opportunities for students to acquire new 
skills and take on responsibility for parts of an important project. 
 
The beam tests described in sections 5.1.1 and 5.1.2 include the tests foreseen for both 
GEM and RPC stacks and are not repeated here. 
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6. Costs of prototype construction 
 

6.1 Cost of the RPC based DHCAL 
 

Table 6.1.1 summarizes the projected M&S costs for the construction of the prototype 
DHCAL section with RPCs. 
 

Item Cost Contingency Total
RPC mechanics 32,200 9,500 41,700
Front-end ASIC 220,000 11,600 251,600
Front-end boards 110,000 55,000 165,000
Data concentrators 106,000 53,000 159,000
Super concentrators 25,000 12,500 37,500
VME data collectors 46,500 19,250 65,750
Timing system 20,000 10,000 30,000
Power supplies 20,000 10,000 30,000
Cables 27,500 13,750 41,250
Total 607,200 194,600 791,800

Table 6.1.1 Summary of the M&S costs for the RPC based prototype section 
The following choices have been made when compiling the costs in Table 6.1.1: 
 

- The cost for the RPC mechanics includes a gas distribution system 
- The cost of the front-end ASIC includes the packaging of the chips 
- The power supplies include both low and high voltage power supplies 

 
Table 6.1.2 summarizes the expected labor costs based on the current rates at ANL and 
FNAL. 
 

Item Cost Contingency Total
Mechanical assembly 87,600 21,900 109,500
Front-end ASIC 16,200 8,100 24,300
Front-end boards 31,625 15,800 47,425
Data concentrators 60,950 30,475 91,425
Super concentrators 11,500 5,750 17,250
VME data collector 35,200 17,600 52,800
Total 243,075 99,625 342,700

Table 6.1.2 Summary of labor costs based on current labor rates at ANL and FNAL 

 
The total cost of the project, including labor, M&S and contingency, is $1,133,500. The 
cost of the mechanical structure and beam test table is not included in this estimate, since 
it will be provided (free of charge) by the DESY laboratory. 
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6.2 Cost of 2nd prototype stack based on GEMs 
 
Table 6.2.1 gives the M&S costs for the development of large GEM foils and the 
construction of the 1m3 prototype section of a GEM-based DHCAL. Since most of the 
electronic readout system built for the RPC stack will be reused, only those items which 
need to be acquired specifically for the GEM stack are shown. 
 

Item Cost Contingency Total 
    
Masks for large GEM foils 30,000 10,000 40,000
GEM foils 150,000 50,000 200,000
GEM chamber mechanics 40,000 20,000 60,000
Front end boards 110,000 55,000 165,000
Power supplies 20,000 10,000 30,000
Gas system 30,000 10,000 40,000
Cables/connectors 20,000 10,000 30,000
Total 400,000 165,000 565,000

Table 6.2.1 Summary of the M&S costs for GEM-based 1m3 prototype section 

 
Table 6.2.2 gives the expected postdoc and student labor costs at UTA for the 
development of large GEM foils and construction of the prototype section. 
 

Item Cost Contingency Total 
Postdoc (2 years) 90,000 10,000 100,000
Students 50,000 10,000 60,000
Fringe benefits 49,500 7,500 57,000
Indirect costs 90,960 13,200 104,160
Total 280,460 40,700 321,160

Table 6.2.2 Summary of labor costs for GEM DHCAL 

 
The total cost of the GEM DHCAL development and prototype construction is $886,160. 
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Supplemental Proposal for LCDRD funds: Cost breakdown for 6.14 
 
Comments to the following tables: 
 
  -We assumed a uniform overhead of ~10% for M&S and ~45% for W&S. 
  - The cost breakdown assumes no additional funding from ANL and Fermilab. If 
additional funding is available, the construction of the RPC stack might be completed in 
FY2007 and the GEM stack could be built in FY2008. Without additional funding the 
GEM stack construction will be delayed beyond FY2008 
 
Table I: Cost per project for both years 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Year 1 Year 2 Subtotal Total
RPC stack     
 Total salaries and wages 16 92 108  
 RPC construction 40 0 40  
 DCAL ASICs 220 0 220  
 Front-end boards 0 110 110  
 Data concentrators 25 80 105  
 Data superconcentrators 0 25 25  
 Data collectors 30 0  30  
 Power supplies 25 25 50  
 Total 356 332  688 
GEM R&D     
 Total salaries and wages 35 35 70  
 GEM foils  45 45 90  
 Total 80 80  180 
Total direct cost 436 412 848  
Total indirect cost 64 82 146  
Grand total 500 500  1000 
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Table II: Cost per institute for FY 2007 
 
Institute M&S Salaries & wages Direct cost Indirect cost Total 
ANL 260 4 264 31 295 
Boston 30 4 34 5 39 
Chicago 25 4 29 4 33 
Iowa 25 4 29 4 33 
UTA 45 25 70 15 85 
Washington 0 10 10 5 15 
Total 385 51 436 64 500 
 
Table III: Cost per institute for FY 2008 
 
Institute M&S Salaries & wages Direct cost Indirect cost Total 
ANL 135 77 212 51 263 
Boston 0 4 4 2 6 
Chicago 80 7 87 11 98 
Iowa 25 4 29 4 33 
UTA 45 25 70 15 85 
Washington 0 10 10 5 15 
Total 285 127 412 88 500 
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 7.2 Muon System
   
 

7.2: Supplemental Request for Scintillator 
Based Muon System R&D 
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Supplemental Request for Scintillator Based Muon System R&D 
 
August 4, 2006 
 
Personnel  and Institutions requesting funding 
 
Robert Abrams and Rick Van Kooten, Indiana University, Bloomington, Indiana. 

 
Gerald Blazey, Dhiman Chakraborty, Alexandre Dychkant, David Hedin, Victor Rykalin and 
Vishnu Zutshi,  Northern Illinois University, DeKalb, Illinois. 
 
Mani Tripathi, University of California, Davis, California. 

 
Mike McKenna and Mitchell Wayne,  University of Notre Dame, Notre Dame, Indiana. 

 
Alfredo Gutierrez and Paul Karchin, Wayne State University, Detroit, Michigan. 

 
Collaborators  
 
Alan Bross, Brajesh Choudhary, Marcel Demarteau, H. Eugene Fisk, Kurt Krempetz, Caroline 
Milstene, Adam Para, and Oleg Prokofiev, Fermilab, Batavia, Illinois. 

 
Robert Wilson and David Warner, Colorado State University, Fort Collins, Colorado. 

 
Marcello Piccolo, INFN, Laboratori Nazionali di Frascati, Frascati, Italy. 
 
Giovanni Pauletta, INFN, Trieste, Italy and Universita di Udine, Udine, Italy.  
 
Project Leaders 
 
H. Eugene Fisk 
hefisk@fnal.gov 
(630) 840-4095 
 

Paul E. Karchin 
karchin@physics.wayne.edu 
(313) 577-5424 

I. Introduction 
 
The importance of an ILC muon system has now been widely recognized in the ILC physics 
community.  A stable, highly efficient detector with excellent hadron rejection is a key 
requirement to accomplish the ILC physics program. Designing a cost-efficient system that meets 
this challenge requires significant R&D.   
 
A strong candidate detector technology that has emerged is based on a MINOS inspired 
scintillator strip design.  The scintillator strips would be inserted into slots in the magnet yoke.  
The current baseline readout utilizes wavelength shifting optical fibers (WLS) fused to clear fibers 
connected to a Hamamatsu multi-anode photomultiplier tube (MAPMT). However, an important 
technology has emerged that has the potential to drastically reduce the cost: silicon 
photomultipliers (SiPM) connected directly to the WLS fibers, or, possibly, directly connected to 
the scintillator.   
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We propose an R&D program, a natural extension of our current work, to accelerate the 
development of scintillator/SiPM  detectors that will be applicable to ILC calorimetry as well as 
muon detection.   
 
A current limitation of using SiPMs is the difficulty in procuring these devices.  To encourage 
industrial development and application in high-energy physics, we propose that Fermilab act as a 
central agent in contacting suppliers, procuring devices, testing and packaging them.  This has the 
advantage that industrial suppliers will see that there is a large potential market, and a major buyer 
with well-established expertise with large scale systems of silicon micro-strip and pixel detectors.  
The university collaborators will oversee the portion of procurement funds for SiPMs under this 
proposal and it is expected that Fermilab can match those funds from a separate source.  
 
The SiPMs will be installed in calorimeter and muon prototype detectors and tested with hadron 
and muon beams at the Fermilab Meson Test Beam Facility (MTBF). The calorimeter prototypes 
designed and built by NIU and Fermilab will be the first fully integrated scintillator/SIPM  
devices. The scintillator and SiPM will be mounted together on large circuit boards which also 
carry the signal traces which converge upon a signal connector. For the muon prototype, the 
SiPMs will be mounted on small circuit boards at the ends of each scintillator.  To study the time 
structure of the light signals, we will employ MAPMT readout for some strips. In addition, the 
MAPMT readout will serve as a baseline for comparison with SiPM readout. 
 
The digitization and readout electronics will be common for SiPM and MAPMT front-ends. An 
existing system designed for the Minerva experiment at Fermilab will be implemented for this 
project and will provide charge and timing measurement of the front-end signals.  University 
collaborators will work with Fermilab to build and test these electronics. Equipment costs for the 
electronics will come from outside this proposal, through Fermilab. 
 
In addition to Fermilab, three other institutions will participate in this work, but do not request 
funding in this proposal.  Colorado State will provide samples of Geiger mode avalanche diodes 
(a type of SiPM). INFN Udine will faciliate contact with ITC-irst, Trento, a source of SiPMs. Both 
INFN Udine and INFN Frascati will collaborate on beam tests.  
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II. Highlights of Previous Work 
 
Summary of ILC Muon Prototype Testing 
 
In January-February 2006, a set of four 64-element, 1.25m X 2.5m prototype planes was 
assembled in a frame, mounted on a hydraulic lift table, and installed in the Fermilab Meson Test 
Beam Facility.  The scintillators were at +/- 45° angles to the edges of the planes (two at +45° and 
two at -45°).  Two planes had single readouts from one end of the scintillators (S planes) and two 
had dual readouts (D planes), from both ends of the scintillators with 2 MAPMTs (a and b).  After 
a brief run in February, results were presented at LCWS06 at Bangalore. 
 
Between February and June 2006, a number of improvements were made to the experimental 
setup.   

• A remote control system was installed to operate the vertical motion of counters on the 
table without entering the beam enclosure. 

• A motor driven transport was installed to provide horizontal motion of the table, with 
remote controls. 

• A laser beam alignment system was installed to project the beam position on the set of 
counters  

• A video monitoring system was added to view the position of the counter and the laser 
alignment lines. 

• The number of channels that were instrumented and cabled was doubled from 24 to 48.  
This also reduced the number of accesses and led to more efficient use of beam time. 

 
In late June to mid-July, there was another run in MTBF. The goals of the run were to measure the 
performance of the central strips that run the full 1.77 m length of the strips, and to compare the 
dual readout planes with the single readout planes.  Some preliminary results were presented at the 
Vancouver Linear Collider Workshop in July, and analysis of the data is currently underway. 
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Figure (a) shows the detector in place at MTBF.  Figure (b) shows a typical pulse height 
distribution for the two ends of a dual readout strip with the beam near the center.  Figure (c) 
shows the response at the centers of a number of strips, in units of mean charge.   
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Silicon Photomultipliers 
 
We propose to use Silicon Photomultipliers (SiPMs) for photodetection. SiPMs are room 
temperature photo-diodes operating in the limited Geiger-mode with performances very similar to 
conventional photo-multiplier tubes i.e. they have high gain (~ 106) but relatively modest 
detection efficiency (quantum x geometric efficiency ~ 15-20%). Not only is the signal obtained 
for minimum ionizing particles with these devices large (~ 10 photo-electrons for our 5mm thick 
extruded scintillator strips), their small size (1mm x 1mm) and low bias voltage (30-80 V) implies 
that they can be mounted in or very close to the scintillator (see Figs. 1 and 2). 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 investigations into the characteristics 
of these photodetectors confirms their suitability for calorimetric and muon detection applications. 
This conclusion was reached based on our studies into their operating bias voltage, dark rate, 
linearity of response, temperature dependence, stability, radiation hardness and immunity to 
magnetic fields. The results of our studies are given in [1] [2]. 
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Fig. 1: Example of a SiPM mounted in the  
scintillator as in an HCAL tile. 
 
 
 
 
 

 
 
 

 
 
Fig. 2: Example of a SiPM mounted close to 
the scintillator as for the muon detector. 
 

References: 
 
1) "Investigation of a solid-state photodetector", (NIM A545:727-737, 2005) 
 
2) "Effects of the strong magnetic field on LED, extruded scintillator and MRS photodiode" (NIM 
A553:438-447, 2005) 
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Tail-catcher/Muon Tracker 
 
The tail-catcher/muon tracker (TCMT) is the first scintillator-steel muon detector prototype using 
Silicon Photomultipliers as the photodetectors. The TCMT prototype will have a fine and a coarse 
section distinguished by the thickness of the steel absorber plates. The fine section sitting directly 
behind the hadron calorimeter and having the same longitudinal segmentation as the HCAL, will 
provide a detailed measurement of the tail end of the hadron showers which is crucial to the 
validation of hadronic shower models, since the biggest deviations between models occurs in the 
tails. The following coarse section will serve as a prototype muon system for any design of a 
Linear Collider Detector and will facilitate studies of muon tracking and identification within the 
particle flow reconstruction framework. Additionally, the TCMT will provide valuable insights 
into hadronic leakage and punch-through from thin calorimeters and the impact of the coil in 
correcting for this leakage. 
 
The TCMT will be exposed to a test beam first at CERN (August-October 2006) and then at 
Fermilab in 2007. This will be done as part of the CALICE test beam program which is an 
ambitious multi-year program focused on testing the various technologies. To achieve these goals, 
electron, hadron and muon beam over a wide range of energies and incident angles will be taken. 
In preparation for these tests we have, in the meantime, tested a fully instrumented TCMT cassette 
in an electron beam at DESY and a hadron test beam at Fermilab (see Figs. 3, 4 and 5). These runs 
have been instrumental in testing the silicon photomultipliers, the full the electronics and data 
acquisition chain in an accelerator environment and in verifying the performances (light yield, 
uniformity, cross talk etc.) expected of the TCMT detector. 
 

 
 

Fig. 3: TCMT test beam setup at Fermilab. 
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Fig. 4: Pedestal subtracted noise (top) and signal (bottom)  
from 120 GeV protons. The signal is greater than 5σ away  
from noise. 
 
 
 
 

 
 
Fig. 5: Transverse scan across strips with an electron beam. 
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III. Goals and Deliverables 
 
1)  SiPM Procurement and Characterization 
 
SiPM’s will be purchased from existing commercial vendors in quantities that will permit 
characterization of the devices and construction of single plane full prototype modules. The SiPM 
vendors that we envision approaching are:  

• Dr. B. Dolgoshein, Moscow Physical Engineering Institute (MEPhI), Dept. of Physics, 31 
Kashirskoye shosse, 115409 Moscow, Russia 

• Dr. V.Golovin, Center of Perspective Technologies and Apparatus (CPTA), 
Preobrazhenskaya pl. 6/8, Moscow, 107076, Russia 

• Dr. Z.Sadygov, Dubna Joint Institute for Nuclear Research (JINR), ul. Universitechaja 19, 
Dubna 141980, Moscow Region, Russia 

• Dr. Alan Mathewson, SensL, Lee House, Riverview Business Park, Bessboro Road, 
Blackrock, Cork, Ireland 

• Dr. Claudio Piemonte, ITC-irst, Via Sommarive, 18, 38050 Povo (Trento), Italy 
• Dr. Innutsuka, Hamamatsu Photonics K.K., Solid State Division, 1126-1, Ichino-Cho, 

Hamamatsu City, Japan, 435 
  
SiPM’s will be received by Fermilab and tested at the Silicon Detector Facility (SiDet). Fermilab 
has an unparalleled infrastructure for the design, testing and construction of new silicon detectors 
and has the associated intellectual expertise to support these. The facility has three fully automatic 
K&S 8090 wirebonders, a large array of mechanical coordinate measuring machines, and a high 
precision optical coordinate measuring machine. Many silicon detectors were built at the facility 
and currently the expertise is broadened by the work on packaging ccd’s for the Dark Energy 
Survey project. We propose to characterize the SiPM’s at SiDet. Studies will involve the 
determination of the working point, dark rate, and linearity of response, temperature dependence, 
stability, radiation damage and immunity to magnetic fields. Furthermore, we will design a robust 
packaging for these sensors which is optimized for their installation in the integrated active layer. 
This work will also be done at Fermilab’s SiDet facility.  

 
2) Si Pixel Geometry, Noise, etc. 
 
SiPM pixel geometry should be matched to the optical element that delivers photons to be 
converted to electrical pulses.  Present versions of SiPMs and MPPCs are produced in a variety of 
sizes.  Typical square arrays are composed of pixels that vary between 20µ and 100 µ with the 
number of pixels per array varying from 100 to 1600.  Our needs can be met within this parameter 
space, but with most potential vendors devoting their efforts to a spectrum of issues, we may have 
to be flexible in the choice of SiPMs in our initial stages of R&D where we expect to use optical 
fiber  ~1 mm in diameter.   

 
Dark current rates in SiPMs are typically ~MHz, which is much higher than for individual anodes 
in MAPMTs.  While such rates are probably not a problem for an ILC detector we may need to 
develop ways to handle such rates using coincidence and discrimination techniques in our testing 
program.  

 
These considerations and the general problems associated with handling small amplitude MHz 
rate signals lead us to anticipate packaging SiPMs at Fermilab’s SiDet facility as we continue our 
R&D program. 
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3)  Scintillator Detector Construction 
 
Based on tests of scintillator planes at both NIU and Fermilab we will use extruded scintillator 
with a cross-section that is approximately 1 cm X 4 cm with an extruded longitudinal hole that is 
slightly larger than the 1.2 mm diameter of existing wave-length shifting (WLS) fiber.  We will 
employ a new die in the production of the scintillating strips here at Fermilab using the 
NIU/NICADD extrusion machine in Lab 5.  The outside of the strips will be covered with TiO2 
that is co-extruded with the scintillator during the extrusion process.  The length of the strips for 
the 1.25m X 2.5 m planes is a maximum of ~1.8 m.  Each plane is composed of 64 strips.  
Reimbursement for the cost of a new die and the scintillator (~$10K) is not part of the request for 
funding in this supplemental proposal.  
 
The 1.2mm diameter WLS fiber that is inserted in the long hole in the extruded scintillator will be 
brought into contact with the light sensitive area of an SiPM or MPPC based on techniques 
previously developed at NIU. 
 
We will equip a fraction of the strips with a thermally fused WLS to clear fiber that can be readout 
using our previously developed MAPMT technology.  This will allow a direct comparison of the 
Si and MAPMT technologies. 
 
4)  Front-end Electronics and Readout 

 
For a minimum ionizing particle the typical integrated charge from either a SiPM or a MAPMT is 
~ 2pC.  Fermilab has developed front-end boards with readout that digitize timing and pulse-
height signals, provide high-voltage for the SiPM’s, and communicate with VME-resident readout 
controller modules over a Low-Voltage Differential Signal (LVDS) token-ring. Pulse-heights and 
latched times will be read from all channels at the end of each spill. The front-end board, which is 
also used for the Minerva experiment, is designed around the D0 TRiP ASIC which is a redesign 
of the readout ASIC for the D0 fiber tracker and pre-shower detectors.  
 
Each front-end board services 64 SiPM’s, which requires 4 TRiP chips per board. The TRiP chips 
are controlled by a commercial FPGA (Field-Programmable Gate Array) using custom firmware. 
A prototype of this firmware has already been developed and successfully operated. In addition to 
digitization of charge and timing information, the front-end boards can also supply high-voltage to 
the SiPM’s and communicate with the downstream readout system over the LVDS link.  

 
 
The Minerva boards are based on the D0 TRiP ASIC that is in turn based on the SVX4 chip 
design. Each TRiP chip supports 32 channels for digitization, half of which are available for 
discrimination and timing. Each channel has a pre-amplifier whose gain has two settings which 
differ by a factor of four. A second variable gain amplifier stage is also available; its gain is set 
with switches.  In this way input signals whose maxima range from 5 to 50 pC are accommodated.  
The analog output is received by an analog pipeline, 48 cells deep, that is identical to the one used 
on the SVX4 chip. To gain dynamic range, the input to the electronics can be modified with a 
passive divider to divide charge from a single SiPM between two TRiP channels with a ratio 
factor of 10.  Each TRiP channel is digitized by a commercial 12-bit ADC. 
 
The design, based on shower energy loss, requires no saturation below 500 photoelectrons (PE) 
and an RMS noise well below 1 PE.  Matching this to the 5 pC charge limit, the highest gain could 
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be set at 100~fC/PE. The integration time for the ADC in this example will be 10-12µs, which is 
much less than the hold time for the charge in the capacitor of 100 µs.  Prototype boards have 
been tested explicitly with a 10 µs gate, and the measured pedestal RMS was <2 fC. This will put 
a single photoelectron a factor of 10 or more above the pedestal RMS, well within our 
requirements.  This same electronics will work for digitization of MAPMT signals where the 
maximum gain for the lowest gain anode will be 50~fC/PE, which is safely within the desired 
parameters above. 
 
Each board includes its own high-frequency phase-locked oscillator, which provides a local clock 
signal for the FPGA logic. Global synchronization is provided using an external counter-reset 
reference signal distributed over the LVDS interface from the VME readout boards once every 
second, which can be synchronized to the beam structure.  
 
A resonant mode (low) high-voltage generator, mounted on a daughter card, will provide power to 
each board's SiPM’s. The daughter-card design will allow a malfunctioning high-voltage supply to 
be easily replaced without changing the main readout board. A controller based on the Fermilab 
RMCC chip will allow the SiPM voltage to be monitored, adjusted or disabled under computer 
control, using the LVDS interface to the board. 

 
5) Testbeam Testing  
 
After SiPM detectors are qualified at SiDet and installed in scintillator planes we will need to test 
them with charged particle beams at the Fermilab MTest facility as we have done with previous 
prototype detectors.  We will need to qualify new electronics as well as new detectors.  We will be 
stepping up from ~100 channels to ~1000 channels or more and will need to develop and qualify 
software associated with the new electronics as distinct from data acquisition software, which will 
also be new. 

 
We expect to expose our detectors to both hadrons and muons.  We need to establish the signal-to-
noise ratios as a function of strip position and length and to verify expectations for performance.  

 
Developing the software for carrying out beam tests will require personnel with software expertise 
as will the analysis of test beam data.
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IV. Institutional Responsibilities and Budgets 
 
The institutional responsibilities and budgets are described below.  The total budget is $200K over 
two years.  Each year the budget is $25K for SiPM procurement and $75K for operations ($15K 
per institution).  NIU, located close to Fermilab, will oversee the SiPM equipment funding, 
pending NIU internal approval to waive indirect cost.  As a backup solution, UCD can oversee 
equipment funding.  
 
Indiana University 
 
Funds are requested for 2 months salary for research physicist Robert Abrams. He has 
successfully led the ILC muon test beam effort at Fermilab MTEST in the past, and will continue 
leading this effort. He will continue the integrated testing of prototype chambers, photodetectors, 
electronics, and calibration systems both in and out of the test beam. Support for graduate students 
is covered elsewhere, as is support from electronic labs and the departmental machine shop at 
Indiana for fabrication of electronics and mechanical test beam infrastructure. Travel support is 
requested for Abrams and P.I. Van Kooten for trips to ILC conferences. 
 

ITEM 2006 2007 
  
Other Professional $ 6,804 $ 6,804 
Total Salaries and Wages $ 6,804 $ 6,804 
Fringe Benefits $ 2,101 $ 2,101 
Total Salaries, Wages and Benefits $ 8,905 $ 8,905 
Equipment  
Total Travel $ 3,000 $ 3,000 
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $11,905 $11,905 
Indirect Costs (26% of MTDC) $  3,095 $  3,095 
Total Direct and Indirect Costs $15,000 $15,000 
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Northern Illinois University   

In 2006, the major items are $25,000 for procuerment of SiPMs and postdoctoral support to 
assemble an integrated scintillator/SiPM prototype.  In 2007, continued support will be required 
for detector operation with the test beam and subsequent data analysis.  
 

ITEM 2006 2007 
  
Other Professional $  8,267 $  8,267 
Graduate Student  
Undergraduate Student  
Total Salaries and Wages $  8,267 $  8,267 
Fringe Benefits  
Graduate Student Fee Remission  
Total Salaries, Wages and Benefits $11,905 $11,905 
Equipment $25,000 $25,000 
Total Travel  
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $36,905 $36,905 
Indirect Costs (26% of MTDC) $  3,095 $  3,095 
Total Direct and Indirect Costs $40,000 $40,000 

 
 
 
 

                                             194



 12

University of California, Davis  

UCD will be involved with the implementation of the TriP chip based readout, which is being 
developed for the MINERVA project.  The packaged SiPM chip carriers will need to be interfaced 
to a printed circuit board (PCB) that will contain the TriP chip and associated peripheral 
electronics.  Various I/O ports, such as JTAG for FPGA programming and an LVDS link for data-
readout, will also be implemented.  The work will be done with the help of an undergraduate 
assistant who will modify existing Fermilab PCB layout designs.  
 
The UCD group will also help with data taking in the test beam during the summer of 2007 and 
2008.  We are requesting support for a summer student and travel funds for this purpose.  Each 
year, a total of 3 trips are planned: 2 short trips of a few days each to attend meetings and work 
with Fermilab engineers and one long trip (1 month) by the graduate student to work on the test 
beam.  The short trips are expected to cost $1K each, while the longer trip will cost $2K.  The 
indirect cost rate at UCD is 26% for off-site work. 
 

ITEM 2006 2007 
  
Graduate Student, summer $ 4,944 $ 4,944 
Undergraduate Assistant $ 1,631 $ 1,631 
Total Salaries and Wages $ 6,575 $ 6,575 
Fringe Benefits $ 1,315 $ 1,315 
Graduate Student Tuition  
Total Salaries, Wages and Benefits $ 7,890 $ 7,890 
Equipment  
Total Travel $ 4,015 $ 4,015 
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $11,905 $11,905 
Indirect Costs $  3,095 $  3,095 
Total Direct and Indirect Costs $15,000 $15,000 
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University of Notre Dame  

The Notre Dame group will continue to work on improved fabrication techniques with a particular 
focus on the implementation of SiPM readout.  This will include the fabrication of prototype 
detectors to enable testing of the SiPM and comparison to MAPMT readout. 
The group will also work on an optical calibration system that will allow intercalibration from 
strip to strip.  We will also continue our exploration of alternative waveshifting dyes.  Earlier 
work indicates that there may be the possibility to produce faster and brighter waveshifters than 
currently in use. 
 
Funds are requested to support a technician, Mr. Michael McKenna for two months each academic 
year to work on muon detector assembly.  Mr. McKenna was a lead Fermilab technician for more 
than 20 years.  He also has considerable experience working with both scintillating fibers for the 
D0 fiber tracker and with tile-fiber technology for the CMS HCAL detector.  During the previous 
year (2005) he supervised the fabrication of a set of four ¼-size prototype muon detector planes, 
now under test in a beam at Fermilab.  Work in the 2nd year will focus on improved fabrication 
techniques along with tests of faster and brighter wave shifting dyes.  We will also focus on the 
implementation of SiPM readout, including the fabrication of prototype detectors to allow testing 
of  the SiPM and comparison to MAPMT readout.  A total of $5,000 per year is also requested for 
purchases of extruded scintillator and waveshifting fiber. 
 

ITEM 2006 2007 
  
Other Professional $ 6,414 $ 6,414 
Graduate Student  
Undergraduate Student  
Total Salaries and Wages $6,414 $6,414 
Fringe Benefits (20%) $   491 $   491 
Graduate Student Fee Remission  
Total Salaries, Wages and Benefits $6,905 $6,905 
Equipment  
Total Travel  
Materials and Supplies $5,000 $5,000 
Other Direct Costs  
Total Direct Costs $11,905 $11,905 
Indirect Costs (26% of MTDC) $ 3,095 $ 3,095 
Total Direct and Indirect Costs $15,000 $15,000 
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Wayne State University  

WSU is responsible for MAPMT calibration, in-situ calibration, test beam operational support and 
data analysis.  Each year, the budget is for 2 months summer salary and tuition for a graduate 
student, travel for the student, Research Engineer Alfredo Gutierrez and P.I. Paul Karchin to 
Fermilab and an ILC meeting, materials for calibration electronics and shipping costs between 
WSU and Fermilab. Two months salary for Gutierrez is covered under existing ILC funding. 
 

ITEM 2006 2007 
  
Graduate Student, 2 mos., summer $ 4,650 $ 4,743 
Total Salaries and Wages $ 4,650 $ 4,743 
Fringe Benefits (13.5%) $    628 $    640 
Graduate Student Tuition $ 1,164 $ 1,187 
Total Salaries, Wages and Benefits $ 6,442 $ 6,570 
Equipment  
Total Travel $  5,200 $  5,200 
Materials and Supplies $     454 $     330 
Other Direct Costs $       50 $       50 
Total Direct Costs $12,145 $12,150 
Indirect Costs (26% of MTDC) $  2,855 $  2,850 
Total Direct and Indirect Costs $15,000 $15,000 

 
 
 
Total Project Cost 
 

ITEM 2006 2007 Total
    
Other Professional $21,485 $21,485 $42,970 
Graduate Student $4,944 $4,944 $9,888 
Undergraduate Student $6,281 $6,374 $12,655 
Total Salaries and Wages $32,710 $32,803 $65,513 
Fringe Benefits (20%) $4,535 $4,547 $9,082 
Graduate Student Fee Remission $1,164 $1,187 $2,351 
Total Salaries, Wages and Benefits $42,047 $42,175 $84,222 
Equipment $25,000 $25,000 $50,000 
Total Travel $12,215 $12,215 $24,430 
Materials and Supplies $5,454 $5,330 $10,784 
Other Direct Costs $50 $50 $100 
Total Direct Costs $84,765 $84,770 $169,535 
Indirect Costs $15,235 $15,230 $30,466 
Total Direct and Indirect Costs $100,000 $100,000 $200,000 
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Appendix: Participation Data 
 
 

 
 

Funding requested by detector proposals FY07 FY08 
Luminosity, Energy, Polarization total $180,000 $180,000
Vertex Detector total $205,000 $205,000
Tracking total $180,000 $180,000
Calorimetry total $650,000 $650,000
Muon system total $100,000 $100,000
Total $1,315,000 $1,315,000

 
 
 

Number of projects in this document N 
Luminosity, Energy, Polarization total 2 
Vertex Detector total 2 
Tracking total 2 
Calorimetry total 2 
Muon system total 1 
Total 9 

 
 
 

Participation by institutions N 
U.S. Universities 21 
National and industrial laboratories 3 
Foreign institutions 12 
Total 36 
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