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 Proposal for University-based Detector R&D  
for the International Linear Collider: Project Summary 

 
At the start of the millenium, the world’s particle physicists arrived at a consensus that an 
International Linear Collider (ILC) should be the next major facility for high energy 
physics. Since then, progress has been swift. Candidate technologies for the accelerator 
were developed, the community agreed on the technology to be used and now a global 
center to coordinate the completion of the design is forming. Nationally, the Department 
of Energy’s Office of Science has developed a 20-year plan that identifies the ILC as its 
highest midterm priority. 
 
Realizing the vision of the ILC will be a great challenge both technically and in 
timeliness. The technical challenges lie in both detector and accelerator areas and derive 
from the need for high luminosity and high precision of measurement. The timeliness 
challenge lies in the need to have significant overlap with the Large Hadron Collider 
(LHC) if the full synergy of the two approaches to the energy frontier is to be achieved. 
Thus it is imperative that the high-energy physics community marshal its resources to 
address these issues. 
 
The detectors for the ILC are highly challenging. This is not always fully appreciated. 
While many advances in detector technology were required for the LHC experiments, 
different challenges must be addressed for the ILC experiments. To gain perspective, one 
may compare these ILC needs with those of the LHC. ILC detectors must have: inner 
vertex layers about 5 times closer to the interaction point; 30 times smaller vertex 
detector pixel sizes; 30 times thinner vertex detector layers; 6 times less material in the 
tracker; 10 times better track momentum resolution and 200 times higher granularity of 
the electromagnetic calorimeter. (See the Brau et al. report on ILC R&D). This proposal 
addresses key aspects of these requirements. In order to provide governments with a 
convincing design and cost estimate, in time for substantial overlap with the LHC, 
conceptual designs for the detectors will need to be developed in the next few years. This 
proposal seeks to take an important step towards that goal. 
 
This proposal will have scientific impact beyond the ILC. The detector R&D will lead to 
advances in a number of technical fronts, complementing well the detector development 
done for the LHC. Detector technologies optimized to perform precision measurements in 
the low-radiation environment characteristic of a linear collider will have applications in 
other areas of high energy physics, as well as in other fields. 
 
The collaborating groups have a strong history of outreach to undergraduates and K-12 
students and teachers. The work supported by this proposal will be integrated into these 
outreach efforts. Students in K-12 classrooms, and undergraduates, will be introduced to 
the exciting energy frontier physics to be studied by the International Linear Collider, and 
the state-of-the-art technologies required for its implementation. This dissemination of 
the concepts explored by basic research in high-energy physics to students in their 
developing years will provide for an increased understanding of the field by the general 
public, and will foster the public’s interest in science in general. 
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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 17 university groups and affiliated 
laboratories to carry out detector R&D for the ILC. Its 8 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 8 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 
DOE’s Office of Science said that the ILC is “our highest priority for a future major 
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facility.... Were going to work our hardest to bring the LC to these shores.”  In April, 
2006, the EPP 2010 report was released, providing an assessment of the field of 
elementary particle physics and making recommendations for the future of the field; the 
report strongly supported aggressive R&D efforts in preparation for the ILC. 
 
The response from the U.S. High Energy Physics community has been equally swift. In 
early 2002, physicists from U.S. universities and laboratories organized a series of 
workshops at Chicago, Fermilab, Cornell, SLAC and U.C. Santa Cruz aimed at 
identifying important directions for research and collaboration toward the ILC. These 
groups organized themselves into the University Consortium for Linear Collider 
R&D(UCLC) [4] in the context of NSF support and the Linear Collider Research and 
Development Working Group (LCRD) [5] in the context of DOE support, with the 
American Linear Collider Physics Group [6]coordinating the work of both groups. With 
the development of a joint process for the review and funding of ILC R&D at 
universities, UCLC and LCRD have effectively merged. All concerned are working 
together to coordinate their activities to the single task of building the linear collider. 
 
 
2.  Physics Goals of the International Linear Collider 
 
The physics goals of the ILC are ambitious and compelling. Over the past decade, a wide 
variety of experiments has shown that elementary particle interactions at the TeV scale 
are dictated by an SU(3)×SU(2)×U(1) gauge symmetry. The non-zero masses of the W 
and Z particles imply, however, that the electroweak SU(2) × U(1) symmetry is broken 
spontaneously. We do not know how the symmetry is broken, and we will not know until 
the agents of electroweak symmetry breaking are produced directly in the laboratory and, 
also, are studied in precise detail. But we have every reason to believe that whatever is 
responsible for electroweak symmetry breaking will be accessible at the ILC. 
 
Although we do not know the mechanism of electroweak symmetry breaking, we have 
some good hypotheses. In the so-called Standard Model, one doublet of scalar fields 
breaks the symmetry. This model has one physical Higgs particle, which is the window to 
electroweak symmetry breaking. The global consistency of precision electroweak 
measurements gives this model credence, and suggests that the Higgs boson is relatively 
light, mH < 200 GeV. However, we know this model works poorly beyond TeV energies. 
A theoretically preferable scenario is based on supersymmetry (SUSY) at the expense of 
a whole new spectrum of fundamental particles and at least five Higgs states. But the 
lightest of these states looks much like the Standard Model Higgs, with nearly standard 
model couplings and a mass less than 200 GeV or so. Nature may break electroweak 
symmetry through some other mechanism, of course, but most realistic mechanisms we 
have imagined result in a Higgs boson or some related phenomena accessible to the ILC. 
 
The TeV scale is the natural place to look for the agents of electroweak symmetry 
breaking. Thus, the ongoing Run 2 at Fermilab’s Tevatron has a chance of getting the 
first glimpses of these phenomena. Starting later in the decade, CERN’s LHC, with seven 
times the energy, will almost certainly observe the Higgs boson, and has a very good 
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. 
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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 
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 
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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 few years, Notre Dame has involved 24 high school students in research. NIU 
sponsors a science camp for kids. Boston University sponsors a ”Saturday Morning 
Physics” program and Cornell has initiated a monthly “Visiting Scientist Series”. Boston 
and Cornell sponsor a one-day outreach programs for girls, and Michigan sponsors an 
annual Physics Olympiad. Cornell has co-hosted a session for local home-school students 
grades 4-9 and their parents, has coordinated a three-day workshop exposing secondary 
students to careers in accelerator physics and X-ray experimentation, and has designed 
and posted interactive web pages describing high-energy physics and accelerator research 
aimed at secondary school audiences and instructors. An estimated 1,400 people tour the 
Cornell research facility each year, and of these, approximately 500 are students. Those 
who can’t visit the lab in person can watch the lab’s video, or take an interactive tour of 
CESR and CLEO on the web. Boston and Wayne State have provided access to 
sophisticated research equipment to local high school classes. 
 
One of the most effective ways to reach students is to reach their teachers. The groups at 
Berkeley Boston, UC Davis, UC San Diego, UC Santa Cruz, Chicago, Hawaii, Indiana, 
Iowa, Iowa State, Kansas, Kansas State, Notre Dame, Oklahoma, Oregon, Purdue, Rice, 
UT Arlington, Texas Tech, Washington and the national laboratories host Quarknet 
programs, while Cornell, Notre Dame and Wayne State host Research Experience for 
Teachers programs. In collaboration with multiple research centers on campus, Cornell 
has exposed over 250 high school physics teachers to resources on the Standard Model 
and provided educational materials, supplies and laboratory investigations for their 
students. Chicago, Cornell, Indiana, Kansas, Michigan, NIU, Notre Dame, Oregon, 
Purdue, Temple, Wayne State and many others have involved undergraduates in research, 
both individually and through Research Experience for Undergraduates programs. The 
Wayne State and Temple programs have been particularly effective at reaching 
minorities. At Cornell alone, approximately fifty undergraduate students hold research 
related jobs each year. Purdue opens their facilities to an undergraduate lab course each 
year. 
 
New education and outreach efforts are centering on the ILC. Each year, at least 10 
undergraduates will contribute to the projects in this proposal, either independently or 
through Research Experience for Undergraduates (REU) programs. Wherever possible, 
the ILC will be introduced into outreach activities aimed at K-12 students and the general 
public. These activities have already begun at the workshops of the American Linear 

12/3/2007

11



 
   
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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Overview

The original supplemental proposal seeked to accelerate the beam tests necessary for demon-
strating that the currently-pursued technologies for beam energy measurement can reach the
necessary resolution of δEbeam/Ebeam ∼ 1−2×10−4. The original motivations for the proposal
are unchanged. Both the BPM-based energy spectrometer, which sits in the Beam Delivery
System, and the Synchrotron-swath 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 res-
olution from the energy measurements. In the worst case, these technologies will have to be
abandoned in lieu of as-yet-unidentified alternatives. Clearly, achieving a stable, performant
design as early as possible would minimize future disruptions to the global design and costing
effort. A modest investment to accelerate the End Station A test program[1] for the energy
spectrometers would allow closure on many issues on a time frame consistent with the global
design and engineering timetable. This will include a cross-check of the two technologies to
evaluate their respective systematic errors. This is the only operating high energy spectrom-
eter test facility. As such it holds a unique place in the world ILC R&D effort, and the
collaboration includes essentially all interested parties world-wide.

Significant progress was made towards these goals during FY2007. Below, we discuss our
efforts in FY07 and outline plans for FY08 and beyond.

1
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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 produc-
tion 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 ac-
celerator design to provide adequate beamline space for the devices which will provide these
energy measurements. Moving accelerator components well after construction in order to pro-
vide additional space for energy measurement instrumentation is likely to be both extremely
disruptive and extremely expensive. Spectrometer techniques must be developed which meet
the specifications demanded by physics measurements.

Previous experimental requirements on precision energy measurements have led to the de-
velopment of several techniques. At the SLC, the WISRD (Wire Imaging Synchrotron
Radiation Detector)[5] was used to measure the distance between two synchrotron stripes
created by vertical bend magnets which surrounded a precisely-measured dipole that pro-
vided a horizontal bend proportional to the beam energy. This device reached a precision of
δEbeam/Ebeam ∼ 2 × 10−4, where the limiting systematic errors were due to component rela-
tive alignment and background issues. At LEP2, a BPM-based magnetic spectrometer was
incorporated into the LEP ring[6]. This spectrometer has provided an energy determination
at LEP2 energies of δEbeam/Ebeam ∼ 2× 10−4, where the dominant errors have come from the
stability of the BPM electronics.

These two measurement techniques have been pursued to provide the necessary energy res-
olution in various locations within the accelerator. Constrained by limited manipulation of
the beam, the BPM-spectrometer is able to provide a “passive” beam energy measurement
upstream of the interaction point. The synchrotron spectrometer will be placed downstream
of the interaction point and will be able to examine the outgoing beam to study effects of
disruption and provide additional information on dL/dE. These techniques were chosen be-
cause both have relatively straightforward upgrade paths to provide the necessary resolutions
at ILC beam energies.

Each of these techniques, however, requires significant development to approach the 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
spectrometer requires two completely different photon detection technologies as well as a dif-
ferent 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 pro-
gram at SLAC’s End Station A designed to provide running 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 morphs into
Engineering Design, since it directly impacts the design of the ILC Beam Delivery System

2
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Figure 1: 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.

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 components. 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 understood.

This supplemental proposal funds additional personpower and hardware to accelerate the End
Station A test program, which will culminate in a full cross-check of energy measurements
with the two different spectrometer techniques. This additional funding should provide the
means to advance detailed spectrometer cross checks into FY08. This supplemental proposal
was approved in FY07, although the funds from this award has yet to be provided. As
a result, a report on the spectrometer activities at ESA over the last year funded by the
standard Linear Collider R&D funds is provided. The impact of the future arrival of the
supplementary funds is reflected in the proposed deliverables for FY08 and FY09?.

BPM Spectrometer Overview

As summarized in Figure 1, 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 1. Once the central BPM or BPMs measure a
straight line, the dipoles can be re-energized, and the deflection relative to the initial straight
line can be measured, determining the energy. Cycling the magnets between negative and pos-

3
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itive polarities (“dithering”), cancels several systematic errors, especially that due to residual
magnetic fields for the “straight line” measurement. Comparisons between the straight-line
and “dithered” measurements will also be necessary to determine some systematic errors. To
avoid hysteresis effects during operation, it is most likely that these dipoles should be super-
conducting rather than typical iron dipoles. The BPMs external to the chicane are necessary
to measure the incoming position and angle of the beam.

In order to make the energy measurement, the BPM response/gain/calibration must be stable
over the time it takes to move the BPM or BPMs between the extrema of their excursions; the
position of each of the BPMs relative to the inertial straight line must be known with sufficient
accuracy and stability; and the BPMs must be able to be moved repeatedly and accurately
over length scales of order 1cm with a precision of tens of nanometers. This proposal seeks
to demonstrate the feasibility of each of these conditions in the context of deriving an overall
design for a BPM-based spectrometer that is consistent with the ILC Beam Delivery lattice.

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. 2. 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.

Analyzing
Dipole

2 mRad
Vertical Bend

2 mRad
Vertical Bend

Horizontal Wigglers

To Dump

Quartz Fiber
Detectors

Figure 2: 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.

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
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Figure 3: Layout of ESA for the 2007 spectrometer test beam run. A four-magnet chicane provides
the bending needed for the BPM and syncrotron spectrometer measurements, while the refurbished
SPEAR wiggler provides the synchrotron radiation stripe for the downstream detector.

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.

Figure 4: Head of the second prototype synchrotron radiation detector during construction at
Oregon in the Spring of 2007. A total of 64 quartz fibers are arranged in a linear array designed to
just fit around the beampipe in the ESA.

One primary goal of this proposal is to demonstrate the operation of a quartz fiber syn-
chrotron radiation detector in the ESA with the characteristics necessary for the extraction
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Figure 5: The prototype quartz fiber detector installed in the ESA. Vertical stripes of synchrotron
radiation from the wiggler exit through the thin window shown and strike the detector seen in the
foreground. The chicane polarity controls which side of the detector is hit at any given time.

line spectrometer. A second goal is to install enough of an operating spectrometer system
such that a precision energy measurement can be made with this device. This second goal,
in concert with the BPM program, then gives two independent measurements which can be
correlated with each other.

As part of the upgrades for the Summer 2007 ESA run, all of the proposed beamline ele-
ments have now been installed to make an energy measurement possible. In addition to the
bending chicane, a salvaged wiggler magnet, originally used in the SPEAR storage ring, was
refurbished, rotated to a vertical orientation, and installed in ESA by SLAC personel. Shown
in Fig. 6, this magnet produces EC ≈ 1MeV synchrotron radiation photons with an adequate
flux for testing the Cerenkov production mechanism in the prototype detector.

In 2006, a prototype 16 channel device built using LC R&D funds was 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 demonstrated the detection of synchrotron radiation in quartz
fibers, although considerably more background has been seen than was initially anticipated.

In Spring 2007, a second generation prototype, shown during assembly in Figure 4 was con-
structed at the University of Oregon and installed in ESA for the July test beam run. This 64
channel device uses 125 micron OD fibers on a 200 micron pitch, read out with a Hamamatsu
H7546 multi-anode PMT. The fiber pitch is maintained by small grooves machined into an
Invar plate, with an Indium foil compression gasket providing both mechanical stability and
a light-tight enclosure.

The chicane, wiggler, and detector were all operated successfully in the July 2007 ESA run.
The analysis of this data is still ongoing, although signals on the detector fibers were clearly
seen, and were observed to move as the polarity of the chicane was reversed.
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Figure 6: Wiggler installed in ESA.

This proposal will strengthen the synchrotron radiation detector part of the ESA program
by providing manpower to support operations during test beam runs and faster analysis
of current and future data from this device. As the ESA program draws to a close, the
person supported under this proposal is expected to start working in detail on the conceptual
engineering design for this detector in the ILC extraction line. This work will be a key
contribution of this program to the EDR phase of the GDE.

FY2007 Project Activities: Progress Report

The aim of the End Station A tests in FY2007 was to demonstrate electric and mechanical
stability in the beam at the 10−4 level for single stations. In July 2006 we installed an
interferometer system to provide position readback on a single BPM station consisting of
three separate BPMs. A three-week run in summer 2006 provided a wealth of data on the
stability of the BPM supports which was analyzed over the following months.

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 7 shows the position of
the upstream and central BPMs recorded at 1 ms intervals, as well as the FFT spectrum. For
the central pickup, oscillations large compared with the measured resolution (∼ 0.5 µm) can
easily be seen. This is due to the cooling water circuit for an upstream protection collimator,
which is currently under study for possible remediation, and the pliant design of the support.
So, as an initial study, the mechanical structure supporting these high-resolution BPMs fails
the criteria for a stable support and will need to be redesigned for future tests with these
pickups.

Figure 8 shows the difference in measured BPM resolution for the central pickup compared
to the upstream outer pickup. Here, the residual is computed using the beam trajectory
extrapolated from BPMs elsewhere in the beamline compared with the position measured by
the BPM in question. Due to the vibration, the resolution is 50% worse on the central pickup.
Analysis is underway using the interferometer data to remove the vibration and measure the

7

12/3/2007

22



intrinsic BPM resolution. The stability of the residuals, as shown in the left hand plot, has
already achieved better than 100 nm over a 30 minute period. Better intrinsic resolution,
however, is required to meet the Spectrometer goals.
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Figure 7: 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.

In the 2006 running, the interferometer was read out last in the data-acquisition list, poten-
tially as much as 70ms after the beam crossing. Because of the relatively high frequency and
the complex nature of the vibrations, data recorded so late compared to the beam crossing
time was not useful to remove the vibrations from the BPM data. Full orbit fits studying the
trajectories through the BPMs with the interferometer showed little improvement when the
interferometer data was included. This situation was remedied in 2007, when the interferom-
eter was moved as early as possible in the readout sequence, and 4 values spaced by 1ms were
written to provide a smooth measurement of the trajectories of the BPMs. Using the Zygo
position and velocity data, we determined that we could correct the position of the BPMs,
suppressing the 2-3 µm vibration by nearly a factor of 1000.

Although the analysis that will correlate the 2007 nterferometer measurements with the BPM
data is still ongoing, the operation of the interferometer during the test beam running can be
called an unqualified success. The radiation shielding of the laser allowed flawless operation
for the duration of the run, and the interferometer readout was successfully integrated into
the End Station A data acquisition system and was synchronized with the BPM data. The
interferometer system was able to diagnose severe vibration issues with the BPM mounting
girder that was addressed in the design of the BPM supports for the mid-chicane location
used in 2007. It has also provided invaluable feedback for investigating vibration issues along
the entire ESA beamline as we strive to establish the intrinsic resolution of the BPM systems,
including the new pickup designed at UCL.
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Figure 8: Residual means (left) and residuals (right) extrapolating the horizontal beam po-
sition from the surrounding BPMs to the center BPM (top plots) and the first outer BPM
(bottom plots). While the mean of the residual is very similar, the resolution for the outer
BPM is much better due to the smaller girder vibration. The width of the gaussian is 1.5 µm
for the central BPM and 1 µm for the outer BPM.

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.

However, the complete spectrometer system requires a means of monitoring the relative po-
sitions of multiple BPM stations. Designs for this system were developed during FY06, but
due to a restricted FY07 budget, significant additional hardware will be needed for a full test
of the “straightness monitor”. Work on this system began in 2007 with the installation of an
optical path that allowed us to “link” the upstream and mid-chicane BPM systems. We could
only measure motions of both sets of BPMs simultaneously, though - there was no way to have
an absolute reference that showed whether or not they were moving relative to each other.
A complete system has now been designed and prototype work is ongoing in preparation for
the 2008 running at SLAC. This system is shown in Figure 9. It monitors transverse shifts
relative to a line defined by the reference laser using modified Zygo interferometer compo-
nents to achieve sub-nm resolution. A target fiber imaged onto a CCD camera will provide
a measurement of transverse or angular drifts of the laser relative to the local measurement
stations. Supports for this system are being fabricated from invar at Notre Dame and are
targeted for installation in time for the FY08 running.
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Figure 9: A schematic of the new design for the spectrometer straightness monitor. Modified Zygo
interferometer components allow the input Zygo laser beam to both act as a straight line and to
provide an input beam for interferometers to measure the transverse motion. The standard Zygo
readout is used, providing sub-nm resolution on the relative motion. A small (∼ 4µm) fiber is used
as a target. When imaged onto a CCD camera, this system can monitor any angular or position
drift of the straight line monitor, allowing coherent motion to be subtracted.

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. 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.

The synchrotron stripe detector saw its first beam as planned in the original T-475 proposal
in the 2007 run. With the installation of the wiggler and four dipole magnets, all of the
infrastructure is now present to make an energy measurement with this device.

A new prototype detector, described previously, was constructed at Oregon and installed for
the Summer 2007 run for its first checkout with beam. Analysis of this data is ongoing, and
the detector is currently back at Oregon for a series of gain, linearity, and cross-talk tests
which will help to fully understand the 2007 data. Clear evidence of the wiggler synchrotron
radiation was observed with this detector, but the quality of the data is still a bit suspicious.
This detector will be re-installed in ESA in preparation for the next run in 2008, when we
expect to be able to make first beam energy measurements with the device.

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. Additional funding will allow the completion of several
modules of the straightness monitor in FY08, allowing an initial test of the BPM spectrometer
system before the end of FY08.

To address the first issue, we requested 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
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to energy spectrometry. Since we have not yet received the FY07 supplement, this postdoc
has not yet been hired. His or her 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.

FY2008 budget, K$

Item FY2008

Postdoc 50

Total Salaries and Wages 50
Fringe Benefits 10

Total Salaries, Wages and Fringe Benefits 60
Materials and Supplies 9.5
Other direct costs 0

Total direct costs 69.5
Indirect costs 18

Total direct and indirect costs 87.5

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. Supplemental funding
provided here will allow the purchase of several more interferometer heads and a CCD camera,
making possible the construction of a first module of the metrology grid.

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.

It is possible that over the next few years, sufficient additional funds would have been available
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.
Supplemental funding will allow more hardware to be bought up front, allowing more beam
time to be spent on systematically understanding the spectrometer systems.
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Abstract 
 
Over the past few years we have developed, in collaboration with the SARNOFF Corporation, a 
design of a Monolithic CMOS Pixel Detector for ILC Vertex Detectors.  The unique feature of 
this design is that each hit is accompanied by a time tag with sufficient precision to assign each 
hit to a particular bunch crossing of the ILC.  This reduces the occupancy even in the innermost 
Vertex Detector layer to negligible levels, allowing a robust Vertex Detector even in the case 
(God forbid) that the backgrounds in the ILC are higher than presently estimated. 
 
The detailed design of these devices has been completed by SARNOFF and checked by SPICE 
Simulations.  We are now in the process of fabricating the first prototypes, which we plan to test 
during this coming year. 
 
This design has been described in various conference proceedings (D. Strom at Snowmass 2005, 
J. Brau at Bangalore LCWS 2006, C. Baltay at SLAC-Novosibirsk Instrumentation Conference, 
April, 2006, and J. Brau at the Hiroshima Semiconductor Detector Conference, Carmel, 
September, 2006).  A detailed description of this design is documented in two reports by 
SARNOFF, “HEP Vertex Detector Macropixel Design,” February 28, 2006, and HEP Vertex 
Detector Chronopixel Array Design,” January 31, 2007. 
 
This Proposal requests FY08 Supplemental Funding of 112.5K$ to complete the design of the 
second set of prototypes by SARNOFF and to start the fabrication of these prototypes, as shown 
in Table 5. 
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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.  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. 

 

 
 
     Figure 1 
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Table 1 
 

CMOS Detector Barrel Configuration 
 

 
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 337 nanosec, which makes each 
bunch train about 1 millisec long, with about 200 millisec between bunch trains. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 
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Extensive background calculations4 indicate that the hit rate in the innermost layer of the vertex 
detector could be as large as 0.03 hits/mm2/bunch crossing. 
 
We 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. 
 
The Detector requirements are: 
 

• Good angular coverage with many layers close to the vertex 
• Excellent spacepoint precision (< 4 microns) 
• Superb impact parameter resolution (5 µm ⊕ 10 µm/(p sin3/2 θ)) 
• Transparency (~0.1% X0 per layer) 
• Track reconstruction (find tracks in VXD alone) 
• Low occupancy, <10-3 hits/pixel or less 
• EMI immunity 
• Power Constraint (< 100 Watts for the entire Vertex Detector) 

 
3. General Description of the Chronopixel 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 
charge sensitive pixels.  Each pixel has its own electronics under it, but both the sensitive layer and the 
electronics are made of one piece of silicon (monolithic CMOS) which can be thinned to a total 
thickness of 50 to 100 µ m, with no need for indium bump bonds.  The electronics for each pixel will 
detect hits above an adjustable 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 the event of interest and the beam induced occupancy drops to below 10-5 per 
pixel (SLD worked well with an occupancy of ~ 10-3 per pixel in the Vertex Detector).  
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4. 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. 
 

Chronopixel Array 
    Architecture 

 

 
 
                                   Figure 3 
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Macropixel Block Diagram
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                                   Figure 4 
 

4.1. Chronopixel Array Design 
 

The architecture of each pixel of the chronopixel array is shown in Figure 3.  After each bunch 
crossing, the signal in each pixel is compared to a preset, calibrated threshold level.  If the signal is 
above threshold, the time of the bunch crossing is stored in the first slot of the 14 bit, 4 deep timing 
array.   A hit exceeding threshold from a subsequent bunch crossing is stored in the second time 
slot, and so on up to four hit times in a bunch train.  The poisson probability of exceeding 4 hits 
per pixel in a train of 2820 bunches is less than 10-4.  The time of the hits for the pixels with hits in 
them are read out in the 200 msec gap between bunch trains.  The detector sensitivity is 10 µ V per 
electron and the detector noise is estimated to be 25 electrons.  The comparator accuracy is 0.2 mV 
rms.  To accomplish all this each pixel has 645 transistors as shown in Figure 5.  To squeeze all of 
this into a 10 µ x 10 µ pixel will require the 45 nanometer process technology which is expected to 
be available in the next few years (see Figure 6 for an industry projection). 
 
To reduce the error on the comparator accuracy to below 0.2mV each pixel will have a self-
calibrating threshold.  In the prototype we will try two options for the variable threshold circuit.  
Half of the pixels will be instrumented with a circuit that has 8 values of the threshold.  The second 
half of the pixels will have a fine and course threshold for a total 32 different threshold values. 
 
Before each bunch train arrives at the detector, the threshold will be scanned in each pixel to locate 
the zero of the comparator.  Shift registers will be used to store the effective zero of the 
comparator. A common offset will then be applied to all channels to put the threshold 
approximately 5 sigma above zero. 
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Figure 5 
 

 
Figure 6. A cross section of a pixel in the present design, with a 15 micron thick epilayer, 
is shown in Figure 7. 
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        Figure 7 

4.2. Signal to Noise Issues 
 

A simulation to estimate the energy loss, in units of electrons, of 1 Gev pions in various 
thicknesses of silicon has been carried out by Su Dong from SLAC; his results are shown 
in Figure 8.  This energy loss has a broad distribution.  The peak or mean energy loss, 
however, is not the relevant consideration.  The question to ask is above what signal level 
do we detect 99% of the particle crossings.  These are shown in Figure 9 and column 2 of 
Table 2 for various silicon thicknesses.  We then want to set the threshold for the signal 
in each pixel so that we get 99% efficiency even if the charge is shared by two adjacent 
pixels.  These numbers are shown in column 3 of Table 2.  To keep the number of fake 
hits (due to noise fluctuating above the threshold) below the .03 background 
hits/pixel/beam crossing the threshold should be 5 sigma above the noise, i.e. the 
maximum acceptable noise per pixel has to be below one fifth of the threshold.  These 
noise levels are given in the last column of Table 2. 
 
Our design is based on a 15 micron thick epitaxial layer, where we expect to set the 
threshold at 200 electrons/pixel.  The estimated noise 25 electrons in our design is 
comfortably below the acceptable 40 electron noise level. 
 
If the pixels were reset with a "hard reset" after each bunch crossing, the noise introduced 
by the resets would be sqrt(kTC) where C is the total capacitance of the pixel and input 
transistor.  In the prototype C is approximately 16pF.  In this case the reset noise would 
be approximately 50 electrons.  To reduce this noise two strategies are employed.   The 
first is to use a so called soft reset5  The soft reset is especially well suited to cases like 
ours where the occupancy is very low.  In these instances the reset noise can reduced by a 
factor of 3 or more.  In addition, a negative feedback circuit will be used to help "cool" 
the pixel during the reset operation.  
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In the ultimate device, with smaller feature size, the input capacitance is likely to be 
reduced and  the sensitivity increased, giving us better signal to noise.  If we  reach 25 
electrons with the prototype pixels, better signal-to-noise should be possible in the 
ultimate device. 
 

 
 
       Figure 8 
    

             
       Figure 9 
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            Table 2 
 

                   Signal to Noise Considerations 
 

Epilayer 
Thickness 
(microns)

 
Electrons at 

99% Efficiency

 
Threshold 
(electrons)

Acceptable 
Noise 

(electrons) 
 

   4    40    20    4 
   7  125    63  13 
 10  250  125  25 
 15  400  200  40 
 20  550  275  55 

 
4.3. 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. 
 

4.4. Power Consumption 
 

The power consumption of this circuitry has been estimated.  The analog parts of the circuit (the 
boxes labeled “Detector” and “Comparator” on Figure 4) consume most of the power, estimated at 
this stage of the design to be ~ 15 milliwatts/mm2.  The remaining digital components are 
estimated to be around 0.05 milliwatts/mm2.  The analog components are only needed during the 
time when hits are accumulated during the bunch train, ~ 1 millisec.  The average power can thus 
be reduced by a factor of ~ 100 by turning off the analog parts during the 200 millisec digital 
readout.  This would reduce the average power consumption to the vicinity of 0.4 watts per chip or 
to the order of 100 watts for the vertex detector, which seems acceptable. 
 

4.5. Charge Spreading 
 

In order to use digital readout the charge spreading has to be kept well below the pixel size.  This 
is aided in this design by depleting the epitaxial layer to the maximum extent possible.  Maximal 
depletion of the 15 micron thick epilayer at the voltages allowed in the 45 nm process will benefit 
from the highest feasible silicon resistivity.  Such depletion combined with diffusion should 
adequately contain the charge spreading.  Another factor relevant in this respect is the large 
Lorentz angle if the Vertex Detector operates in a large axial magnetic field.   
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We have undertaken detailed simulation of the charge collection in structures such as 
those in Figure 7.  Using a detailed 3-D simulation we find that even for the highest 
epitaxial layer resistivities (10 k-ohm-cm) it is not possible to fully 
deplete the eplilayer for the relatively small values of bias voltages that will be 
compatible with standard CMOS processing.   An example of such a simulation is shown 
in figure 10. 
 
We are using the field map from our simulations to preform detailed  simulation 
of the charge collection efficiency in cases when it is not possible to fully deplete the 
pixel.  The results from some these detailed simulation will be presented at the vertex 
review. 
 

 
 
Figure 10.  An example of the fields for a full 3D simulation of 16 micron x 16 micron pixels  
with a 12 micron thick  10 k-ohm-cm eplilayer is shown. Here the charge collection node is at 
3.3V, the deep p-well and substrate are at 0V,  and the digital voltage is 0.9V.  Note that still 
lower  voltages may be required when the smallest feature sizes are used. 
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5. Design and Fabrication of the First Set of Prototypes 
 

As mentioned above, the ultimate Chronopixel design with 10 micron x 10 micron pixels requires a 45 
nanometer process technology.  We expect that this technology will be available in the next few years, 
in plenty of time for fabrication of these detectors, as indicated in Figure 6.  In fact, we have just 
become aware of an announcement by INTEL that they have started production of their next 
generation 45 nm Nehalem architecture devices (even though INTEL is usually ahead of the curve this 
is very encouraging news).  However, we are planning to start fabrication of the first Chronopixel 
prototypes in the next few months and the 45 nm technology is not yet generally available.  We are 
therefore fabricating these first set of prototypes with 50 micron x 50 micron pixels with 180 nm 
technology by the TSMC foundry in Taiwan. 
 
Another important issue is the resistivity of the silicon.  In order to fully deplete the 15 micron thick 
epitaxial layer to keep the charge spreading small (see section 4.5 above) we will need high resisitivity 
silicon, in the vicinity of 10 Kohm-cm, in the final devices.  However at the present time such silicon 
is available on special order only and would considerably increase both the cost and the time required 
to produce the first prototypes.  We therefore decided to use silicon readily available at TSMC lot runs 
with a 7 micron thick epilayer with 10 ohm –cm resistivity.  Thus the epilayer in the first prototype 
will not be fully depleted. 
 
We felt that these are sensible compromises, making the first prototype affordable on the available 
funding on a reasonably short time scale.  The main purpose of this prototype is to test the electronics 
performance of the Chronopixel design i.e., noise performance, comparator accuracy and stability, 
scan speed and power dissipation.  We are carrying out 3 dimensional simulations to estimate other 
features of the prototype such as charge collection efficiency and charge spreading with the given 
pixel and epilayer parameters and will compare the actual performance of the prototypes with these 
estimates.  This will provide valuable information for the design of the second prototype. 

 
The detailed design of the first prototypes has been completed by SARNOFF in January of 2007.  The 
specification of this prototype is summarized in Table 3.  The deliverables of this design effort are a 
detailed design report by SARNOFF and a tape-out from which the fabrication of the prototype 
devices can proceed. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

12/3/2007

42



                                   Table 3 
 

Chronopixel Design Specifications 
 

   Design Values     
Parameter Ultimate Device First Prototypes 

 
Chip Size 125 mm x 20 mm 5 mm x 5 mm 
Array Size 12,500 x 2000 pixels 80 x 80 pixels 
Pixel Size 10 µ x 10 µ  50 µ x 50 µ  
Memory Depth 14 bits x 4 deep 13 bits x 2 deep 
Epilayer Thickness 15 µm 7  µm 
Epilayer Resistivity 10 kilo ohm cm 10 ohm cm 
Detector Sensitivity 10 µ V/e 10 µ V/e 
Detector Noise 25 electrons 25 electrons 
Comparatory Accuracy 0.2 mV rms 0.2 m V rms 
X-scan Speed 25 MHz 25 MHz 
Power Dissipation  0.15 m W/mm2 0.15 m W/mm2

Chip Power 0.4 W/chip 4 m W/chip 
Process Technology 45 nm 180 nm mixed signal 

CMOS TSMC Process 
 
We expect the prototype fabrication to start next month and have the first set of prototypes in hand by 
early 2008. 
 
We anticipate that this prototype, although not the same as the final device, will allow us to test many 
of the critical issues such as detector noise, comparator accuracy, power dissipation, radiation 
hardness, etc., etc. 
 

6. The Second Set of Prototypes 
 
Is is clear at this time that, even if the first set of prototypes are completely successful, we will need a 
second set of prototypes to move us toward the actual parameters of the ultimate devices (see Table 3).  
The details of the second prototypes will depend on the results of the tests of the first prototypes and 
the state of the art at SARNOFF and TSMC at that time. 

 
7. Investigation of Electromagnetic Interference 

 
VXD3 experience at SLC has shown, that detector electronics in the close vicinity of beam pipe is 
sensitive to the electromagnetic interference from the beam induced RF radiation, escaping from the 
beam pipe through small holes. Such holes may be necessary for beam position monitors, for 
example.We participated in an experiment at the SLAC End Station A, test beam facility to 
characterize such radiation, and test electronics sensitivity to it. It was found, that a window in the 
beam pipe as small as 1 cm2 passes enough RF radiation to cause the VXD3 electronics failure.  
To observe and measure parameters of this radiation we used different antennas - dipole antennas with 
frequency range up to few GHz, and open waveguides connected to diode detecting heads with 
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frequency range up to 20 GHz (1 diode) and 100 GHz (another diode). We found, that dipole antennas 
registered very large signals (about 20 V/m at 1 m distance from beam pipe) with the frequency about 
1 GHZ only when metal beam pipe had large (2 inches wide) ceramic gap, through which radiation 
was emitted. In the case of small window in the beam pipe (a cm**2) there was no signal seen in 
dipole antennas, but the VXD electronics still was failing. The 20 GHz and 100 GHz diodes also 
registered considerable signal in that case. We found the 100 GHz diode signal was sensitive to bunch 
length in the range from 0.3 mm to 1 mm, while 20 GHz signal was independent of the bunch length. 
This is in good agreement with the formula, predicting frequency dependence of the emitted radiation 
power density proportional to exp(-ω2 σZ

2), where ω is the frequency and σZ the bunch length, as 
shown in Figure 11. 

 
The failure rate of VXD3 electronics at certain distances from beam was not 100%, permitting a 
measurment of the independence of the failure rate on bunch length. This indicates the VXD3 
electronics was mostly sensitive to the electromagnetic interference in the 20 GHz frequency range. 
Radiation could also escape through RF connectors, penetrating the beam pipe. Even though radiation 
escaping through connectors was weaker, than from the open 1 cm2 window, it did caused electronics 
failure at close to connector distance. Such interference could be prevented by carefully shielding the 
beam pipe (for example, wrapping it tightly with aluminum foil). Of course, electronics sensitivity to 
interference in any particular frequency range depends on the particular circuit design. Therefore, we 
will need to test our chronopixel devices for their sensitivity to such interference, and develop 
adequate shielding.  

 
The beam parameters of the test beam (bunch charge, bunch length) were similar to what is expected 
for ILC. The energy of the beam (28.5 GeV) was, of course, smaller. Some of our results were 
reported at PAC07.6
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Figure 11 
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8. Recent Progress and Work Plan for the Next Two Years 
 

8.1. Calendar Year 2007 
 

• Completed Chronopixel design 
• Continue simulation studies 
• Completed detailed design of first prototype on January 31, 2007 
• Plan to start fabrication of first set of prototypes October 2007 (delay from January 

to October due to waiting for FY07 funding to arrive).  This fabrication will be 
managed by SARNOFF with a subcontract to the TSMC silicon fab facility in 
Taiwan. 

• 3D Simulatious of Detector Performance 
 

8.2. Calendar Year 2008 
 

• Expect delivery of first prototypes early in 2008 
• Program to test first prototypes at Oregon, Yale, and SLAC.  The test electronics is 

being designed and built by the Oregon group with help from Prof. Martin 
Breidenbach’s group at SLAC. We plan to test our prototypes using radioactive 
sources and a 1064nm laser that can be focussed to spot size of a few  microns. We 
will begin our testing using  MIMOSA devices that is kindly supplied to us by the 
Strasbourg group.  We can use the  MIMOSA device to verify our understanding of 
the laser and radioactive sources. 

• Start design of the second set of prototypes in late 2008, based on what we learn from 
the tests of the first prototypes.  Details such as pixel size, epilayer thickness and 
resistivity, will depend on the process technology that SARNOFF and TSMC are 
comfortable with at the end of 2008. 

• 3D Simulatious of Detector Performance 
 

8.3. Calendar Year 2009 
 

• Fabricate second set of prototypes 
• Test second set of prototypes 

― electronics test 
― beam tests? 
― radiation exposures? 

• 3D Simulatious of Detector Performance 
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Note:  We expressed our work plan above in terms of calendar years since there is no 
simple relationship between the arrival of FY0X funding and the calendar year 0X 
(in September 2007 we are still waiting for the arrival of FY07 funding).  It 
should also be said that the progress of this project is funding limited – 
SARNOFF could proceed about twice as fast as they are if funding were 
available.  This has been the case for the past two years. 

 
The plans beyond 2009 are uncertain at this time.  No doubt more rounds of 
prototypes will be required, with the final set fabricated with the 45 nm process 
technology.  The program will depend, however, in a large extent on the results of 
the tests of the first two sets of prototypes. 
 

9. Budgets 
 

9.1. Estimated Costs 
 

The estimated cost of the first and second set of Chronopixel prototypes are summarized 
in Table 4.  The estimates for the first set of prototypes are fairly reliable as they are 
based on estimates by SARNOFF.  The estimate for the second set of prototypes is much 
less certain.  For example we will not have a precise estimate for the redesign costs until 
we learn from the tests of the first prototypes what needs to be changed or improved. 
 
It is worth noting that the costs on this Table is essentially all for hardward and design 
and fabrication costs at SARNOFF and TSMC.  The scientific salaries, travel, 
administrative costs, etc. are supplied by the Oregon and Yale groups from other funds, 
thus considerably increasing the leverage of the very limited ILC Detector R&D funding. 
 
A detailed spending Plan for the next two years is given in Table 5. 
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Table 4 
 

Anticipated Project Costs in K$ 
 

  Cost Item     Estimated Cost 
 
  1st Set of Prototypes               
 
   Fabrication              70 
   Packaging                5 
   SARNOFF Management            20 
   SARNOFF Testing             40 
   Testing at Yale and Oregon            35 
             ______ 
    Subtotal           170 
 
  2nd Set of Prototypes 
 
   Redesign by SARNOFF            75 
   Fabrication              90 
   Packaging                5 
   SARNOFF Management            20 
   SARNOFF Testing             30 
   Testing at Yale and Oregon            50 
              ______ 
    Subtotal           270 
 
     Total           440 
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Table 5 

 
Detailed Spending Plan 

 
Cost Item      FY07  FY07  FY08  FY08 
       Suppl  Base  Suppl  Base 
1st Set of Prototypes 
 
 Fabrication        70 
 
 Packaging          5 
 
 SARNOFF Project Management 
  And Test Gear       20 
 
 SARNOFF Testing       17.5     22.5 
 
 Testing at 
 
  Oregon         25 
 
  Yale          10 
 
2nd Set of Prototypes      
 
 Redesign by SARNOFF        42.5     32.5 
 
 Start Fabrication           80 
 
 Complete Fabrication             10 
 
 Packaging                5 
 
 SARNOFF Project Management           20 
 
  Testing             30 
 
 Testing at 
 
  Oregon             30 
 
  Yale              20 
       _____  _____  _____  _____ 
Totals        112.5   100   112.5   115 
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9.2 Funding 
 
 We have FY07 funding approved by the DOE, including the base funding and a 

supplement, for this project, totaling 212.5K$.  In this proposal we are requesting 
112.5K$ of FY08 Supplemental Funding. 

 
 

Table 6 
 

Approved and Anticipated Funding 
 
 

 Budget  Funding  Funding   
  Year     Type     in K$     Status 
 
 FY07   Supplemental    112.5   Approved 
 
 FY07   Base     100.0   Approved 
 
 FY08   Supplemental    112.5   This Proposal 
 
 FY08   Base     115.0   Future Proposal 
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A Pixel-level Sampling CMOS Vertex Detector for the ILC
Supplemental Request

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 a Super B-Factory. The Continuous Acquisition Pixel (CAP)
detector is based upon a Monolithic Active Pixel Sensor (MAPS) style architecture fabricated in a
commercially available process. The capacity of pixel-level signal processing makes the device ideal
for a future International Linear Collider (ILC) vertex detector.

We propose to continue to evolve the CAP architecture and verify the suitability of either a
MAPS or a SOI technology implementation for the ILC through fabrication and evalatuation of
further prototype devices.
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I. PERSONNEL AND INSTITUTION
REQUESTING FUNDING

Given the level of funding available, Principle In-
vestigator Gary Varner plans to support partially
postdoc Hoedlmoser and student Cooney (ASIC de-
sign and test), engineer Rosen (mechanical support
and thermal issues), as well postdoc Jin for ILC-
specific ASIC development and evaluation.

Department of Physics & Astronomy
University of Hawaii at Manoa.

II. COLLABORATORS

As an outgrowth of the development effort for
a Belle Pixel Upgrade, the CAP collaboration is
highly international, with the University of Hawaii
the only institution requesting direct support from
the LCDRD.

The Belle pixel group consists of physicists and en-
gineers from the KEK laboratory and the Univeristy
of Tokyo (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 National Taiwan University (Taiwan). A break-
down of task sharing and institutional leaders for the
Belle pixel effort is provided in Table I.

TABLE I: 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. Tokyo Testing H. Aihara

Natl. Taiwan Univ. Detector P. Chang
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2

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
assembly. Radiation and environmental monitor-
ing will be performed by Nova Gorica Polytechnical.
Hawaii will focus on detector design and ladder me-
chanical structure. The Tokyo and Taiwan groups
will focus on pixel vertex detector testing, evaluation
and simulation. All these groups have expressed in-
terest in extending this effort toward an ILC vertex
detector, to the list of which, Ray Yarema’s group
at Fermilab has also joined this development effort.

III. PROJECT LEADER

Gary Varner
varner@phys.hawaii.edu

(808) 956-2987

IV. PROJECT OVERVIEW

The development effort detailed below is targeted
toward the exquisite position resolution and occu-
pancy requirements of the innermost components
of a vertex detector of an ILC detector. While
many groups worldwide are working on this prob-
lem, no prototypes to date yet have the speed, low-
power, low-mass and mass manufacture capability
needed to address the physics requirements. We ap-
ply lessons learned from the very challenging back-
ground conditions of a next-generation B-Factory
vertex detector to address this need.

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.

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 [9] and the hy-
brid (sensor and ASIC readout electronics – bump-
bonded together) devices developed for the AT-
LAS [10] and CMS [11, 12] 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, 13] and
ILC requirements. While CCDs have impressive per-
formance, as of yet their radiation hardness is insuf-
ficient [14] and their readout times are too long, or
equivalently occupancy too high.

In the last few years groups in Strasbourg [15],
LBNL [16], Hawaii [3] and others [17] 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-
iment. Indeed, before doing so, the following key
issues need to be addressed:
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B Choice of Technology 3
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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.
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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.

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.

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.

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-
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C The CAP Architecture 4
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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.

cupancy of well below 1% is expected [19]. A 1%
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which corresponds to a severe 16 MHz single silicon
strip hit rate.

V. STATUS REPORT

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 base support.

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.

Fabricated in the TSMC 0.35μm CMOS pro-
cess [18], 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

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.

8 ms sampling time. First differences are formed
between samples from just after and just before a
beam cycle that has produced a trigger of interest.
A channel-by-channel leakage current correction is
then applied.

Here when the difference is taken between 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.

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 [20] 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.

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-
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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.

Charged Particle Track

FIG. 6: Detected event where a high energy particle tra-
verses four CAP pixels. Note that the detectors are
slightly misaligned.

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.

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 [21], 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. [21], though it will
be considered for a final detector design.)

Even if we take the worst-case numbers from our
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IEEE Trans. Nucl. Sc. 48, 
1796-1806,2001
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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.

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 [22] 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.

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.

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.

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.

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.

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.

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.
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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.

L3
L4

L2

“hit”

Residuals for 4GeV/c pions:

- <11 m (in both planes)

(in mm)

(i
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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.

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.

a. A full-sized CAP Detector. The most recent
(third) generation CAP detector (CAP3) is shown in

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.

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 studies,
with a focus toward thermal issues.
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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.

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.

b. Laser Scan Tests. A crucial element of mak-
ing a functional pixel detector subsystem is the abil-
ity to broadcast the data with low noise and power
from the detector. The space allocated for this, at
the interface between the detector and accelerator, is
extremely congested and careful planning and mono-
lithic 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. Operation at the speed required to make this
work was found to be unachievable in CAP3 due to
the settling time on the long readout lines across
the chip. This is due to the large capacitance of the
readout bus lines, a known but pernicious problem.

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.

The basics of the CAP3 development are pre-
sented in Ref. [8]. A sample laser pulse is seen in
Fig. 16.

FIG. 16: Sample laser shot recorded with the CAP3 de-
tector.

Laser scans across the 120k pixel array in a single
device may be viewed online:

http://www.phys.hawaii.edu/b̃ellepix/Results SetUp.htm

Evaluation of the storage cells has indicated that
the are strong bias effects which will make the pro-
posed low duty-cycle operation at the ILC a chal-
lenge. This should not be surprising. For even a
modest surge current of 20μA per pixel, with more
than 100k pixels, this represents more than 2 Am-
peres! Great care in the operational ramping, by-
passing and power wiring will be needed to operate
in this mode.

c. Further Prototypes Scaling up to a full-sized
MAPS detector has proven difficult. Characterized
in terms of fixed pattern noise, or similar estimators,
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the Signal-to-Noise Ratio (SNR) of larger detectors
tends to degenerate with increased detector size or
readout speed. Such a scaling may be seen in Fig. 17
in terms of observed noise, which directly correlates
to SNR, since the signal charge is small and fixed,
for a given epitaxial layer thickness.
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FIG. 17: Noise degradation for detector sizes at compa-
rable operating conditions. A clear trend in analog signal
transfer clearly degrades as a function of detector size.

Based upon these lessons learned from CAP3, two
new prototypes were designed and fabricated. A
die photograph of the first, CAP4, may be seen in
Fig. 18.

FIG. 18: Die photograph of the CAP4 detector, and eval-
uation platform for three design concepts as described in
the text.

CAP4 attempted to address two of the problems
that were not adequately addressed in CAP3. The
first is the readout speed of the long analog lines,
being weakly driven. One option is to provide a
threshold-level scan (e.g. Wilkinson-type) encod-
ing of the stored analog information. This is one of
the three options prototyped. The second two pro-
totypes consider the second problem encountered.
Specifically the data flow in the case of a Super-Belle
vertex detector, or the desire to log hits with higher
time resolution outside the detector acceptance. To

do so requires a technique that has high EMI noise
immunity. A continuous binary readout technique,
based upon temporal coincidence with multipath bi-
nary signals, has been explored. Design flaws limited
the evaluation capability of these structures and are
being resubmitted, to fully evaluate their potential.
The basic concept of this technique is illustrated in
Fig. 19, where a hit percolates via two separate paths
and only coincidences at a fixed time after latency
since collision. Exploration continues on variants
of this technique. However 100ns resolution win-
dows are possible, without need to time-stamp on
each pixel, and frame processing and storage can be
performed outside the detector acceptance, where
larger power and high-density digital memory can
be brought to bear on the problem.

pixel schematics:

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

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

multiplexing:
6 rows 
to one pad

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

Last year we had the opportunity to pro-
totype for the second time in a Silicon-On-
Insulator process that is under development by OKI
Semiconductor[23], the various Test Element Group
die of which are seen in Fig. 20.

Due to exploratory choices of guard-rings and
back-bias protection, full depletion was not possible
in these prototype rounds. However, the potential of
a 50μm thich, fully depleted device is obvious. Eval-
uation of a binary readout prototype continues as of
the time of this report, and we plan to submit an
improved version to a 0.2μm process submission in
December.

d. ILC-specific Issues While the operating en-
vironments in the inner detection layers at Super
B and the International Linear Collider are differ-
ent, the requirements on thickness, data volume,

12/3/2007

60



C Beam Test Results 10

'05 10 Submission Layouts

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

low-power consumption and the instantaneous oc-
cupancy are actually quite similar, as may be seen
in Table II. In these comparisons integration time
is dependent upon the reset and sampling times
needed, which is in turn related to the machine
bunch structure shown in Fig. 1. In both cases the
electronics operation is optimized to reflect the ma-
chine structure available, as described below. For
the ILC, there are two options listed for some param-
eters, with the first for technologies capable of stor-
ing samples within a bunch train (Column Parallel
CCD (CPCCD) with storage or CAP) and the sec-
ond with longer integration time (higher occupancy)
corresponding to devices without in-pixel storage
(standard CCD or DEPFET).

Of the comparisons listed, it is interesting to note
that the data rate and radiation tolerance require-
ments are actually more severe for a Super B Factory
detector than for the ILC [24]. That is, any detec-
tor capable of successful operation in the Super B
environment is a viable option for the ILC vertex
detector.

Currently we are evaluating an ILC-specific CAP
design, designated LCAP1, optimized for the ILC
beam structure. As the CAP architecture is quite
flexible, it can be tailored for the machine opera-
tional environments, as mentioned earlier in Fig. 1.
This first ILC-specific MAPS generation will explore
issues of maximum sample storage depth. A future
generation will follow-up with lessons learned, as
well as exploring ultra low-power operation, a major
concern for reducing support infrastructure.

2. T-943/T-966 at Fermilab

Varner has been spokesperson for the T-943 ex-
periment at Fermilab, which has the charge of eval-
uating the ultimate resolution of high sensitivity,
pipeline operation MAPS devices. To maximize
resources discussions are under way to consolidate
this effort with the T-966 program lead by Marco
Battaglia of Berkeley. Evaluation of the LCAP de-
tector 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.

VI. EXPLORING FUNDAMENTAL
LIMITATIONS

We continue to evaluate in-pixel storage versus off-
detector storage. If the latter case can be achieved,
it will provide great robustness against background,
as well as flexibility in signal coincidence. However,
we do not yet abandon in-pixel storage. Our current
studies show that down to quite small storage cell ca-
pacitances, as shown in Fig. 21, the kTC noise looks
manageable. One current design exercise (CAP6) is
to explore the maximum packing density possible,
to maximize the number of storage cells, which re-
duces the effective occupancy for a given integration
period. This device has been submitted and will be
available for evaluation in early 2008.

FIG. 21: 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.

A specific variant of CAP, designated LCAP1, and
suitable to the Linear Collider environment has been
designed and the receipt of the rest of the FY2007
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TABLE II: Comparison of Super B-Factory and ILC pixel vertex detector operating conditions. For the ILC there
are often two parameters listed with a slash between, referring to the possible choice between candidate technologies.
As no single technology has demonstrated itself capable of meeting all of the design and environmental requirements,
it is expected that this R&D effort should remain active for at least a while longer, matched to the availability of a
production fabrication line capable of mass production.

Parameter 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

funds will permit its fabrication.

VII. 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.

As can be seen in Fig. 22, the lab serves as host
to a diverse group, bringing together talent from
throughout Asia, Europe and North America.

Electronics design support consists of 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

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

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 Cooney
will complete the LCAP1 as his dissertation topic.
A particularly valuable asset is mechanical engineer
Rosen, who designed the current Belle beampipe and
will lead the mechanical design of the pixel ladder
structure.

Excellent laboratory space is provided by the Uni-
versity, with over 2000 square feet available to the
ID Lab, as can be seen in Fig. 23.
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clean room
pixel
test
area

BGA rework

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

B. Hawaii Faculty, Researchers and Students

Faculty members Browder and Varner are active
participants in this project. Senior researcher Parker
is a wealth of information on silicon fabrication and
processing. The CAP pixel project has been the pri-
mary task of post-doc Hoedlmoser. Recently hired
post-doc Jin will continue to be heavily involved.
Student Uchida has participated in all beam tests,
with student Sahoo joining to gain hardware expe-
rience.

Our current DOE grant supports all of these
group members. Pending this award, new student
Nishikawa 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.

VIII. FY2008 PROJECT ACTIVITIES AND
DELIVERABLES

In this subsequent year the target will be to sub-
mit a the second ASIC design designated LCAP2
(Linear Collider CAP #2) and the development
timescale is matched to a fiscal year. From experi-
ence with three generations of CAP detector, as well
as from a first generation tiny prototype, LCAP1,
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.

IX. PROPOSED BUDGET AND
JUSTIFICATION

The “base” funding is described in Table III and
provides support for students M. Cooney and L.
Ruckman in their participation in the CAP pixel
development activities. This budget is broken out
by salary and indirect costs.

TABLE III: FY2008 base funding, all values in K$.

Item FY08

Salaries & fringe $11.8

Other direct costs $0.0

Indirect costs $2.2

TOTAL $13.0

Their participation is based upon the supplemen-
tal award given previously, a budget primarily for
equipment fabrication in the FY2008 budget and is
given in Table IV.

TABLE IV: Supplemental FY2008, all values in K$.

Item FY08

Salaries & fringe $0.0

Travel $2.0

Equipment fabrication $26.3

Stipend $7.9

Other direct costs $0.7

Indirect costs $0.6

TOTAL $37.5

A. Operations.

Engineering support is costed as part of the
LCAP2 equipment breakdown in Table V. Stipend
support will cover ASIC design and evaluation train-
ing of fellows E. Martin and P. Chen. Such fel-
lowships at the University of Hawaii are considered
training and are not subject to indirect costs, and
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are not considered direct labor. All work will be
completed in 2008.

The pixel detectors and evaluation test bench de-
scribed below will serve as a research platform for
investigations by post-doctoral fellows H. Hoedl-
moser and J. Li, graduate students H. Sahoo and
M. Cooney, and undergraduate students B. Hill, A.
Koga, and L. Ruckman. M. Cooney and L. Ruck-
man are supported on this activity, while the salary
of the other students is provided through other ex-
isting grants.

B. Travel.

Travel is requested for the proposer and other par-
ticipants to perform the measurements of detector
performance as part of a beam test experiment at
the Fermilab MTBF facility.

C. Equipment.

We describe here the major fabricated equipment
costs, which are dominated by the ASIC fabrication
costs.

Costs for the first ILC detector prototype are
listed in Table V. This prototype builds heavily
on the systems developed through previous support.
Some electrical engineering and mechanical engi-
neering design time is required for an improved test
stand. Student labor costs are not included, as men-
tioned above. Budgeting is based upon completion
of the task within FY2008.

TABLE V: ILC CAP “LCAP2” prototype budget.

Item Est. Cost

LCAP2 ASIC fabrication $17K

Engineering (mechanical) $1.5K

Engineering (electrical) $3.0K

ICs, parts & materials $1.4K

Board fabrication $2.2K

misc. cabling, housing $0.7K

Test structure assembly $0.5K

Estimated total: $26.3K

Common to these tasks, additional non-recurring
engineering costs are supported by the design and

printed-circuit board layout capabilities of the In-
strumentation Development Laboratory.

X. 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.

XI. PROJECT ACTIVITIES AND
DELIVERABLES BEYOND FY2008

At the conclusion of this subsequent year of the
current funding umbrella we expect to have feedback
not just from the LCAP2 prototype, but also for sub-
sequent generations of Super Belle CAP pixel detec-
tor, both MAPS and SOI. In the latter cases the
experience with handing very thin devices and oper-
ating at high speed and low power will be valuable
in shaping the direction of the next generations of
system-level demonstrator prototypes. In the CAPS
lineage, this would be designated LCAPF1 and the
development cost would be expected to increase as a
“full sized” device fabrication would be requested. It
is likely this activity will be in the context of forming
a joint collaboration with the UC Berkeley group,
with which we are now beginning to work closely.

At the present time since none of the technologies
demonstrated to date solve all of the speed, sensitiv-
ity and power requirements, it is necessary to con-
tinue to evaluate new technologies, such as the SOI
process mentioned above. Moreover, it should be ex-
pected that consolidation of the various efforts will
happen. Success and failure of these efforts will dic-
tate the form the subsequent evolution shall take.
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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 
 
This is a status report, and request for continued supplemental funding, for contributions 
to the development of a Time Projection Chamber (TPC) with an international 
collaboration, LC-TPC. In the next phase of the development of a TPC with a Micro 
Pattern Gas Detector (MPGD) gas-amplification readout, LC-TPC collaboration will 
build a large-prototype (diameter: 80cm) [1] that will be operated at the EUDET-
funded [2] facility at DESY.  The Cornell group has taken responsibility for providing 
structural components for the TPC: endplates and mating back-frames for the readout 
modules.  Studies of mechanical stability and gas sealing have been completed in 
calendar year 2007. The design of the components is nearly complete and vendors have 
been contacted. Supplementary funding for FY2007 is expected to cover the costs of 
producing the components for two endplates and the readout module back back-frames 
necessary for the various readout options. Details are given below. 
 
During FY2008, the Cornell group plans to continue contributions to the LC-TPC 
collaboration prototype studies. A new endplate for studies in calendar year 2009 is 
anticipated. An advanced, low-Z material, endplate to be used in studies in calendar year 
2010 will require preliminary studies in FY2008. The Cornell group also proposes to 
provide HV control, for the GEM gas amplification modules, which is not being provided 
by other collaborators.  Details are given below. 
 
Motivation for the LC-TPC program 
 
The LC-TPC collaboration is developing a high resolution, high granularity TPC for ILC 
detector concepts planning a TPC for the central tracking device. Currently these detector 
concepts include the ILD (the merger of GLD and LDC) and the "4th" concepts. 
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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 a MWPC readout is insufficient for precision 
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.  Details are provided in the 
original proposal for FY2007 supplemental funding and the review presentations [1,3] 
 
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 reviews of this work have been presented at ILC 
workshops and at the WWS R&D Panel review of tracking[4]. The results are 
encouraging; several groups reporting spatial resolutions of less that 100 µm with 
MPGDs in magnetic fields. Measurements with small prototypes and relatively small 
drift distances (<80cm) have been extrapolated, using a model of the contributions to the 
point resolution, to predict the resolution achievable at full drift distance [1]. However, 
the results are preliminary and incomplete.  Measurements taken with the different gas-
amplification devices are difficult to compare because they are taken by different groups 
under various conditions. Gas mixtures that are more suitable for the high neutron 
environment have not been fully examined.  
 
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.  While implementing a low-radiating-material field cage, the large-
prototype will also 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, the success of a TPC tracking system at the ILC is maintaining the goal 
momentum resolution in inhomogeneous magnetic and electric fields. Momentum 
resolution limitations due to magnetic field distortions were studied at 
Snowmass 2005 [5]. In summary, track trajectory measurements are affected by magnetic 
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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 calibrations based 
on tracks, ionization created by lasers,  and/or ionization created on the cathode by the 
addition of a low-work-function coating. All of these magnetic field calibration methods 
rely measuring tracks with multiple readout modules. In order to decouple the magnetic 
field calibrations from the alignment of the readout modules to the endplate, knowledge 
of the readout modules locations to an accuracy of about 20µm using non-track-based 
methods will be required.  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 large-prototypes. The first in the 
series of large prototypes, "LP1", with a diameter of 80 cm, will be used to study and 
demonstrate, 
      a) full volume tracking in non-uniform magnetic fields, 

b) the basic designs and fabrication of the endplate and detector modules,  
c) the effects of the boundaries between detector modules, 
d) the basic design of the field cage,  
e) the optimization the instrumented area on the endplate while limiting the electric 
field distortions at the interface of the endplate with the field cage, 
f) a large scale system of low power front end and readout electronics, 
g) methods of, and software for, track-based non-track-based calibrations, corrections 
and alignment,  
h) dE/dX capability of a MPGD readout TPC, and 
i) detailed comparisons of the various gas-amplification options. 

 
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 accepted the responsibility of "convener" of the mechanical 
design, including the detailed design of the endplate. This design has been 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 of the LP1 prototype in 
2008.  A variation of LP1, "LP1.5", is expected to be operated in 2009. This prototype 
will include revised readout modules and may require a revised endplate. A final 
prototype, "LP2", will include front-end electronics incorporated into the readout 
modules,  a realistic plan to remove heat from the modules, and a design for a low-
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scattering endplate. This prototype should be operational in 2010 to provide timely input 
to a final detector of the ILC.   
 
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[6]. Funding for other components, in particular the endplates, must come from 
outside EUDET. 
 
Progress in the design and construction of the large-prototype endplate 
 
The design of the endplate and mechanical support of the readout modules has been 
completed at Cornell. Studies related to details of the structures have also been completed 
in parallel with the basic design. 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 was to determine the achievable mechanical 
tolerances, stability of the design, and to define a manufacturing process. In this section, 
we describe the design and the results of the studies. 
 
 
 

              
 

Figure 1: (Left) A model of the large-prototype endplate as viewed from inside the TPC. 
The outer diameter is 80 cm. Seven readout modules are shown. The active area is shown 
as green while the support frame, which makes the interface to the endplate, is shown as 
red. A "field cage termination" sheet, which will fill the unpopulated regions, is not 
shown. (Right) A cut-away of the endplate showing the structure of the framework that 
holds the modules. 

 
 

12/3/2007

71



 5

 
 
A model of the basic design of the endplate and modules is shown in Figures 1 and 2. 
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 are identical. The modules have a radius of curvature approximating those in the 
outer radius of the TPC in the LDC Detector Outline Document, 160cm. The openings 
have varying centers of curvature to efficiently place the modules on the endplate. Except 
for this detail, the active area of the large-prototype endplate approximates a circular 
region near the outer radius of the final TPC for an ILC experiment and will be well 
suited for studies of alignment and tracking over several modules. 
 

 
Figure 2: The endplate is shown mounted in the field cage. (The cathode end of the field 
cage is cut away. A "field cage termination" sheet, which will fill the unpopulated 
regions, is not shown.) 

 
Each readout module will be supported by a precision "back-frame" as shown in 
Figure 3. The back-frame includes the o-ring seal, precision dowel holes and other 
threaded mounting screw holes and will mount into the endplate providing the location of 
the module with respect to the endplate. Design of the back-frame has taken into account 
studies of the gas seal, which are described below, and efforts to maximize the space 
available for high voltage and electrical connections.  
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Figure 3: (Left) A cut-away of the readout module back-frame. Dowel and threaded 
holes are visible to the left. The o-ring seal in located on the central step. (Right) The 
readout pad board will be mounted on the surface of the back-frame. Gas-amplification 
components will mount on the pad board. This is an example of triple-GEM gas 
amplification plus a gating grid.  The large open area is to allow space for the signal and 
high-voltage connectors.  

 
 
 

   
 

Figure 4: Details of the endplate, readout module, and field cage geometry. The case of 
triple-GEM plus gating grid is shown on the left, while a Micromegas is shown on the 
right. Dimensions of the module back-frame are adjusted to align the face of the readout 
module to the end of the drift. (Field shaping bands, visible to the left of the readout 
module face in the drawings, will be used to correct fringe electric fields. ) 
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The geometry of the endplate and readout modules has been designed in coordination 
with the field cage as shown in Figure 4. As seen by the difference in details of the back-
frame shown in figure 4, in each of the possible readout module configurations the face 
of the module will align to the same field cage field-shaping band. This field-shaping 
band will define the end of the drift for all modules.  
 
 

     
 

Figure 5: (Left) An example of a plate produced to test machining and stress-relief 
processes is shown be measured in a Coordinate Measuring Machine. (Right) This shows 
examples of the measurements made, in one dimension, for one of he plates. Units are 
0.001 inch. In this particular case, a plate that received heat treatment shows a bowing in 
the z direction of about 50 µm.  

 
As described above, magnetic field corrections in the ILC experiment will be facilitated 
by maintaining the module locations to a precision of 20 µm. The endplate provides a 
framework that surrounds and locates the modules. This framework is thin to reduce 
material in the endplate and to increase the area available for electrical connections to the 
modules. A "T"-shape cross section is achieved by stepping the module back-frame wall, 
thus providing rigidity to both components with minimum material. However, the 
endplate framework cross section is small and care must be taken to avoid distortions in 
these structural members. The Cornell group produced a series of six "stress-relief test 
plates" to study the distortions that can arise during manufacture, as shown in figure 5. 
The material is aluminum 6061-T651. In each case, there was a 3-step machining 
process: 1) machine the part leaving a 750 µm oversize on all surfaces, 2) machine the 
part leaving a 250 µm oversize on all surfaces, and 3) machine to the final specifications. 
Stress relief processes were applied after the 1st and 2nd machining steps. We tested both 
a heat treatment and a cold shock (immersion in liquid nitrogen) and "no treatment". At 
each step, the plates were monitored with a Coordinate Measuring Machine. We have 
chosen the cold shock treatment as it consistently reduced distortions in all dimensions to 
less than 25 µm for the two plates tested with that treatment. 
 
To address concerns of sealing the joints against oxygen leaks, a mock-up of the 
mounting of a module was tested over several weeks to demonstrate the absence of leaks 
with the proposed o-ring geometry. This is shown in Figure 6.  
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Figure 6: Tests of the gas seal. (Left) This shows a cut-away drawing of the test device. 
The tested back-frame is shown in red. The "T"-shape of the supporting frame can be 
seen in aluminum color. A mounting bracket, used to retain the module and compress the 
o-ring seal, is shown in blue. (This component is shown in gold in figure 4.) (Right) This 
shows the test device. The view is looking at the surface of the pad board that will be 
populated with connectors. 

 
At this time, the design of the endplate and readout module back-frames is nearly 
complete. We expect to build two identical endplates that can installed in the EUDET 
facility, one with GEM gas-amplification, the other with Micromegas gas-amplification. 
Preliminary quotes from vendors indicate that the 1st-year supplemental support for this 
project, $72.5K, will be sufficient to cover production of the two endplates and all 
module back-frames for the various module configurations that will be tested in the 
"LP1" large prototype. This will satisfy the deliverable stated in the revised budget for 
first-year supplemental funding. 
 
Second year activities 
 
There are three activities within the LC-TPC large prototype program that will require 
supplemental funding.  
 
We expect to operate LP1 with the first set of endplates, at the EUDET facility through 
calendar year 2008. During this time, we will be operating at 1 Tesla magnetic field with 
cosmic rays and single electrons. We will begin to develop methods chamber calibration. 
Our studies with LP1 are expected to continue through 2009. Plans under discussion for 
further running are for a run at either Fermilab, in the meson test facility, or at CERN. 
Based on the earlier running, we anticipate that the LP1.5 program will benefit from a 
2nd generation endplate. The new endplate would like be of the same radius but would be 
accommodate different modules and, possibly, a revised calibration system such as a 
laser. This endplate will be aluminum, as is the LP1 endplate, but will be aggressively 
lightened. 
 
In the next phase, LP2, we plan to test a chamber much closer to that which could be 
installed in an ILC detector. Construction of this chamber must be completed for 
operation in 2010. This will be larger diameter and, if decided to be beneficial, will 
employ a low-Z material such as carbon fiber of Kevlar. These materials offer higher 
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strength using low-Z materials to minimize scattering, but manufacture of an endplate 
may be more complicated. The procedure may require low temperature curing for this 
large structure. The precision surfaces will need to be machined into the fiber or into 
metal flanges that are embedded during molding. Studies of the carbon fiber or Kevlar 
option will start with smaller structures such as the stress-relief test plate shown in 
Figure 5. Machining of a mold and post-molding machining of precision surfaces could 
be provided by Cornell, as in the case of the original aluminum structures, or through an 
outside vendor. CMM services will be provided by Cornell. Materials must be purchased. 
 
The third item is a power supply for the GEM stack. GEMs are operated with up to 
400 volts across each GEM and up to 1000 volts in the transfer/induction gaps. In the 
small prototype, groups have been using single power supplies with a resistive divider to 
define the individual voltages. A minor problem with the divider distribution is that it is 
difficult to adapt quickly to different voltage settings. It will be more difficult with 
multiple readout modules. The significant problem is that the divider system provides 
limited protection to other GEMS in a stack in the event that there is a short across one of 
the GEMS. A system with improved adaptability and protection can be made using 
floating DC-to-DC converters to set the voltages across the GEMS.  This type power 
supply is currently not provided by any on the LC-TPC collaborators. This project will 
require purchase of individual components, custom circuit boards, and a computer and 
Labview hardware and software to control and monitor the supply. 
 
Funding requirements for the LC-TPC large-prototype endplates 
 
The second generation LP1 endplate will be constructed in the period: March 2008 to 
December 2008. As with the first LP1 endplate, we expect to award a principle contract 
to a commercial shop.  The anticipated cost is a principle contract of $26.4K to cover 
materials and construction for one endplate. Stress relieving and measuring processes 
would be provided by Cornell. Travel costs associated with the quality control of the 
machining is budgeted at $1K. Shipping costs are budgeted at $2K for one endplate. 
Additional principle contract, travel or shipping costs must be covered by other sources.   
 
Preliminary production studies for a low-Z material endplate would occur in 2008 while 
actual production of the endplate would be beyond the term of this proposal. Budgeted 
costs are $2K for a mold and $2K for materials. Additional costs must come from other 
sources. 
 
The cost of the GEM power supply, capable of controlling 7 modules with triple-GEM 
gas-amplification, is expected to be $22K, including components, custom build circuit 
boards. 
 
 
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 
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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 
 
The deliverable is a 2nd generation LP1 endplate which meets the revised specifications 
for 2nd year studies, a preliminary study of the possibilities of producing a low-Z 
endplate with precision equal to the metal endplates employed in LP1, and a functioning  
GEM power supply 
 
One-year budget, in then-year K$ 
 
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 endplates will not be subject to overhead.  
 

   year 1 overhead 
Total Salaries and Wages 0  
2nd generation LP1 endplate :   principle contract 26.4  
                                                   travel   1 x 
                                                   shipping 2 x 
Low-Z endplate test structures: materials 2 x 
                                                    mold 2 x 
GEM power supply:                   components     22 x 
Total Direct Costs 55.4  
Indirect Costs 17.1  
Total direct and Indirect Costs 72.5  
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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, two current detector concepts – SiD, and the nominally 
gaseous-based GLD/LDC concept – 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 
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use of long shaping-time electronics, with its attendant low-noise performance. This 
allows, in turn, either for the instrumentation of long daisy-chained ladders of sensors, 
eliminating complexity and material by minimizing the number of readout channels, or 
for the achievement of ultra-fine point resolution 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 mid-2008. 
 
The SCIPP LSTFE prototype project, both in terms of the overall approach and the 
detailed progress made to date, received a favorable response from the ILC Tracking 
R&D Review Committee at the Beijing Tracking Review in February 2007. The LSTFE 
approach is one of three approaches being explored for the readout of microstrip 
detectors at the ILC, and of these, the one currently closest to achieving its design goals 
(progress made with the initial prototype will be discussed in detail below). It is also 
designed to be readily adaptable for forward tracking – an area cited as being of 
particular concern in the review committee’s report. In the words of the Committee, 
“[The LSTFE group] obtains promising results with their first prototype. They have an 
energetic program to continue the developments, including a variant for short sensors, 
either of the type developed by the SiD collaboration, or those still to be developed for 
forward tracking.” Notably, the LSTFE design was identified by the Committee as a 
prospective front-end readout system for silicon microstrip tracking for both the all-
silicon and TPC-based tracking concepts. 
 
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 increasingly significant contributions, relying in large measure on the participation 
of undergraduate thesis students from the UCSC physics department.  Our current interest 
in focused on the reconstruction of non-prompt tracks with the SiD tracker, and the 
exploration of associated physics benchmarks. 
 
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 
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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, New Mexico, 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 withstand the increased 5 Hz mechanical excitation that will be caused by power-
cycling in a 5T magnetic field, 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. 
 
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 a 
preliminary stage, 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). 
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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 the implementation of a well-designed 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 FPGAs at SCIPP) allows for the accumulation of time-over-threshold 
information in real time, eliminating the need for buffering. Thus, the LSTFE approach 
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-based 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 
SLAC sensor is being designed to allow both long- and short-ladder operation. 
 
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 
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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 R&D effort has excellent 
prospects for producing a high-performing readout chip by 2010.  
 
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: 
 
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. 
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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. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 
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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 ASICs 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 form the basis of a digital design that can be incorporated 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 
 

Test-bench studies with the LSTFE prototype chip have confirmed nearly full 
functionality of the chip’s design features (the power-cycling feature is only partially 
working, as will be discussed below). Figure 9 demonstrates much of this functionality. 
The “S curves” shown in the figure (for a load capacitance of 150 pF) 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.  The noise performance of the chip 
can be gleaned from these S-curves; Figure 10 shows this performance as a function of 
the load capacitance.  The overall noise performance vs. capacitive load was measured to 
be somewhat better than our expectations, particularly in the long-ladder limit for which a 
good signal-to-noise performance is especially important.  
. 
Detectors are not discrete capacitors, of course, so the next step was to read out 
successively-longer daisy-chained ladders of actual sensors.  The test-bench setup for this 
study is shown in Figure 11.  The ladders were assembled from 8-channel “GLAST cut-
out” sensors, which feature channels of 237 μm pitch read out via 65-μm wide aluminum 
strips – substantially wider than proposed ILC sensors, but adequate for initial studies. 
 
Figure 12 shows the resulting noise measurements as a function of ladder length (white 
circles), compared to the total expected noise (brown circles) from the capacitive load 
(green triangles), detector leakage current (blue dots), and Johnson noise from the biasing 
circuitry (green dots) and readout strip resistance (brown dots).  The overall level of the 
measured noise seems to be reasonably well accounted for from the various sources, but 
for the longer (greater than 1 meter) ladders, Johnson noise from the strip resistance is 
expected to begin to dominate. This is a serious consideration, in that the sensors used 
have wide (65 μm) readout strips, compared to the 20-μm or less width that will be 
necessitated by detectors of fine-enough pitch to suffice for ILC precision tracking.  
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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. 

 13

12/3/2007

92



 
 

Figure 11:  Long-ladder facility at SCIPP. 
 

 
 

Figure 12:  Noise as a function of ladder length (white circles), compared to the total expected 
noise (brown circles) from the capacitive load (green triangles), detector leakage current (blue 

dots), and Johnson noise from the biasing circuitry (green dots) and readout strip resistance 
(brown dots).  The trajectory labeled “20 μm Strip Noise” is the expected contribution from strip-

resistance Johnson noise were the strip width 20 μm rather than the 65 μm strip-width of the 
GLAST sensors that form the current test ladder. 
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Thus, the issue of gaining a quantitative understanding of this noise source, and if 
necessary exploring ways to mitigate it (for example, by reading the strip out from its 
center rather than from the end) has become a focus of the group – the long-ladder, fine-
pitch limit is unique to the ILC, and thus brings this issue to the fore.  We are currently 
developing a long ladder of fine-pitch CDF Layer-00 sensors for which we expect this 
strip resistance “series” noise to dominate for moderate-length ladders, allowing us to 
gain a clear understanding of its magnitude and behavior.  This ladder will be 
instrumented with the LSTFE prototype, whose understanding and performance is now 
good enough that it can be used as a tool to further other aspects (such as understanding 
strip noise) of the ILC microstrip tracking R&D program. 
 
The use of time-over-threshold for analog readout allows for the use of high gain (~ 150 
mV per fC), suppressing the effect of channel-to-channel variations on the application of 
the comparator thresholds. Figure 13 shows the distribution of comparator offsets and 
gains for the 16 channels of one LSTFE prototype chip.  The rms offset of 10 mV is 
small compared to the minimum-ionizing response of 500-600 mV, and corresponds to 
an effective noise of approximately 400 electrons, which is small compared to the 
observed overall ladder noise.  The observed channel-to-channel gain variation of less 
than 1% provides an even smaller (< 100 electrons) effective noise contribution.  The 
design of the LSTFE-2 ASIC is expected to reduce the effective noise from channel-to-
channel variations even further. 
 
 

 
 

Figure 13: Channel-to-channel variation in offset (mV) and gain (mV/fC) for the 16 comparators 
of one LSTFE prototype chip. 

 
 
We have also taken a careful look at the pulse-height resolution afforded by the LSTFE 
time-over-threshold readout. There LSTFE response (see Figure 4) provides a monotonic 
relationship between input charge and time-over-threshold, but this is of course 
compromised by noise: as the pulse settles back down to the comparator level, the exact 
time at which it crosses the threshold is affected by excursions due to noise. The 
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uncertainty in the LSTFE analog pulse-height determination has been measured by 
measuring the uncertainty in the reconstruction of the time-over-threshold and converting 
this to a charge uncertainty via the measured LSTFE gain curve.  The resulting 
uncertainty is shown in Figure 14 as a function of the input charge; the uncertainty is less 
than 0.2 fC for small pulses, rising to 0.4 fC for a minimum-ionizing deposition (3.8 fC), 
and somewhat higher for larger depositions.  Using this analog uncertainty in the SCIPP 
pulse-development and amplification simulation shows a degradation of roughly 15% in 
point resolution relative to perfect pulse-height reconstruction.  
 
The steeper the nominal pulse shape as it crosses the comparator level, the less 
susceptible the measurement is to noise; thus, the uncertainty in the time-over-threshold 
measurement of pulse-height is proportional to N*|(dV/dt)|-1, where dV/dt is the time rate 
of change of the nominal pulse excitation, and N the electron-equivalent noise at the time 
of threshold crossing. Because the rise of the pulse is significantly steeper than its decay, 
this measurement uncertainty is dominated by the falling-edge threshold crossing. For the 
LSTFE-2, we have taken care to provide a prompt return-to-baseline for pulses within a 
few times minimum-ionizing, to further reduce the uncertainty introduced by the time-
over-threshold analog measurement. 

 
 

Figure 14: Error in pulse height vs. pulse height from the LSTFE time-over-threshold 
measurement. 

 
 
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 
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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 15: 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. 
 

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 15 
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 has refined the front-end 
design to avoid these leakage sources, and we expect the next version (LSTFE-2) of the 
LSTFE chip to meet the power cycling specification of 1 msec turn-on.  
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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, recent contributions to simulation studies 
have been in three areas critical to the design of the SiD tracking system: the 
reconstruction of non-prompt tracks, the performance of the SiD tracking system as a 
function of the z segmentation of the central tracker, and the effects of limitations in the 
fiducial coverage of the tracking system upon energy-flow measurements. Under the 
guidance of Schumm, physics majors Meyer, Rice, and Stevens (now all seniors) have 
made significant contributions in these areas, with Stevens’ contributions being 
recognized with the award of the 2007 Pope Fellowship at SLAC. Junior physics major 
Betancourt has recently joined the group, and will be in a good position to contribute to 
the work this year, and to carry it on after the other three graduate.   
 
The study of the fiducial limitations of tracking on energy flow measurements has 
primarily been the work of Meyer. Applying a jet-finding algorithm to Z→qq events at 
Ecm = 500 GeV, Chris studied the jet/jet mass resolution as a function of the lower bounds 
on the p⊥ reach of the tracker, and the upper bound of its reach in |cosθ|. Although it was 
found that there was little sensitivity of the jet/jet mass resolution to these bounds (as 
long as the proposed forward tracking is reasonable efficient), this was the first time that 
the limitations of energy flow measurements due to tracking capabilities had been 
explored. Chris also explored the sensitivity of the jet/jet mass resolution to the loss of 
photons due to conversions, finding that a 10% loss of photons due to conversions would 
begin to compromise the jet/jet mass resolution if they could not be recovered by tracking 
the electron/position pair. This may be of concern for regions of the detector in which the 
material burden is particularly large, such as the endplates of the TPC in the GLD/LDC 
design. 
 
At the 2005 Snowmass workshop, Tim Nelson (SLAC) wrote AxialBarrelTracker, a 
routine that does stand-alone outward-in tracking in the SiD central tracker, to explore the 
efficiency of the SiD tracker in the event that the vertex detector is disabled. Shortly 
thereafter, our group took this routine over, optimizing it to search for non-prompt tracks 
(Rice), and introducing a flexible algorithm that makes use of z segmentation information 
(Stevens). Figure 16 shows the resulting performance of the SiD tracking system as a 
function of z segmentation for a selection of non-prompt tracks from a sample of Z→bb 
events at the Z pole, and Z→qq events at Ecm = 500 GeV.  The efficiency for non-prompt 
tracks that leave five hits in the central tracker is approximately 80%, with essentially no 
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background from random combinations of hits.  For tracks that originate at higher radii, 
and leave only four hits in the tracker, the efficiency is approximately 70%, with a 
background rate that depends steeply on the degree of z segmentation and the collision 
energy. The SiD baseline segmentation of 10cm is fine enough to make an improvement 
relative to coarser segmentation, although the backgrounds are still high enough to be of 
concern. Tentatively, while this does provide some motivation for 10cm segmentation, 
the case is not perfectly clear cut. In any regard, this work is an important contribution to 
the eventual tradeoff between mechanical robustness and pattern-recognition capability 
that is associated with optimizing the z segmentation of the SiD tracker. 
 

pythiaZPolebbbar-0-1000_SLIC_ 
v1r9p3_sidaug05.slcio, no beam no brem
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Figure 16 Number of found and missed particles from a sample of non-prompt tracks for Z → bb 
events (left) and e+eP- → qq events (right), as a function of the log  of the segment length of the 
SiD tracker. The expression “Found 5” and “fround 4” refer to the number of hits associated with 
the reconstructed track. Also shown are fake track rates; essentially all fake tracks have only four 

hits.  The reconstruction algorithm requires at least four hits to be on the track. 

10

 
 
For some time, Eckard von Toerne and Dima Onoprienko (Kansas State) have been 
developing an algorithm that extends minimum-ionizing “stubs” from the calorimeter 
into the SiD tracker, providing an additional constraint that can help to further eliminate 
backgrounds to four-hit tracks, and potentially provide some sensitivity to three-hit 
tracks. Recently, Rice and Meyer have adapted the Kansas State “Garfield” package to 
run subsequently to AxialBarrelTracker, after hits from five-hit tracks are removed from 
the hit banks. Becoming interested in the possibility of using calorimeter information to 
recover three-hit tracks, Rice and Meyer have also developed a pattern recognition 
algorithm that connects three-hit “seeds” from the central tracker to minimum-ionizing 
stubs from the calorimeter. Meyer and Rice are in the process of studying the resulting 
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efficiency and purity of a three-pass tracker (AxialBarrelTracker, Garfield, and their 
seed/stub algorithm) for reconstructing three-, four-, and five-hit tracks in Z→qq events 
at Ecm = 500 GeV. In all of this work, they are maintaining the flexibility to vary the z 
segmentation of the central tracker, to even better address the question of the benefit of z 
segmentation. Most recently, we have realized that the final optimization of the fully 
combined package will be dependent upon the physics process being targeted, and so this 
last stage of algorithm development must be done in the context of an appropriate 
benchmark process. After a discussion with Jonathen Feng (UC Irvine), we have decided 
to optimize the algorithm to find kinked tracks that arise from the lepton-plus-gravitino 
decay of sleptons that arise naturally in models employing gauge-mediated SUSY 
breaking. Betencourt will begin his contributions by developing ISASUSY simulations of 
this process. 
 
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. 
 
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 a 
study [3] of the implications of the precise measurement of the selectron mass on forward 
tracking design.  SCIPP undergraduates have also sophisticated support roles for the 
hardware development program (for example, rising senior Greg Horn has developed a 
substantial portion of the LSTFE testbed system control and data acquisition capability, 
has become proficient in ASIC design and layout, and is supporting engineer Spencer 
with this proficiency). The undergraduates in the simulation group are doing work at 
essentially a graduate level that is of critical interest, and, as mentioned above, was 
recognized with the award of the Pope Fellowship to Stevens. 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 
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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 
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. It has also appeared in a Finnish-language edition, and 
is currently under translation into Modern Greek and Mandarin. 
 
Proposed Work and Milestones 
 

The first prototype of the LSTFE readout system has been quite successful, with many 
aspects (basic functionality, noise performance) meeting specifications. For the aspects of 
the design that need improvement (power cycling), experience gained from testing the 
first LSTFE prototype has been essential to gaining the understanding needed to produce 
a fully functional LSTFE-2 chip.  The design of this second prototype chip has been 
completed, and it is currently in the final stage of layout, with submission expected next 
month (November).  We have retained enough funding from 2006-2007 to pay for the 
fabrication, but exhaustive testing of this chip will be carried out in this fiscal year (2007-
2008).  In addition to bench testing, which we expect to take place in January to March, 
we will be executing a testbeam run in late spring or summer of 2008. It is primarily for 
this activity for which we will require the supplemental funding being requested in this 
proposal.  This leads to a few clear deliverables: 
 

1) Completion of the LSTFE-2 design, and submission for fabrication, with delivery 
in January 2008; 
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2) Development of data acquisition and mechanical support systems for a testbeam 
run in Summer, 2008 (the DAQ is already under development by Wang and 
Fadayev, supported by undergraduate Kelley). The testbeam sensor will be an 
unused CDF Layer 00 sensor, of which we have several in the laboratory that 
have already undergone testing by undergraduate Crosby. 

 
3) Execution of the testbeam run in Summer 2008 

 
4) Preliminary data analysis (un-aligned residuals, etc.) by the end of the funding 

period (September 2008) 
 
In addition, we have begun discussions with LBNL about transferring the FPGA-based 
digital architecture onto the ASIC beginning in early 2009.  Should the LSTFE-2 perform 
satisfactorily, we will begin to seek funding for this collaboration.  We will also begin 
optimizing the LSTFE for shorter shaping-time applications, with an eye towards 
application in the forward disks.  With the exception of some general work on optimizing 
for shorter shaping time, however, these latter projects would reach full steam after the 
end of the funding period of this proposal. 
 
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, we expect to continue to 
develop our non-prompt track reconstruction package, and then use it to explore the 
capability of the SiD detector concept to reconstruct both K0

S particles in parton jets, as 
well as SUSY signatures with meta-stable charged gauginos. 
 
 
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%. 
 
The purpose of our request for supplemental funding is to enable us to mount a testbeam 
run in Summer 2008. 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 2007-2008, of which 1/6 FTE has already 
been received in the regular 2007-2008 apportionment. The 1/3 FTE being requested in 
this supplemental proposal ($26,000) will allow his work on preparing for and executing 
the test beam run.  Likewise, in order to develop the mechanical and data acquisition 
support for the testbeam run, will are asking for an additional two months of support for 
technician Martinez-McKinney ($9,500), and an additional one month of support for test 
engineer Max Wilder ($5,500).  Junior undergraduate majors Kelley and Crosby are 
already developing FPGA programming and micro-assembly skills that will be important 
for the testbeam preparation, and we are asking for 500 hours of support ($6,000; the 
equivalent of four months full time) to formalize their contribution once their expertise 
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matures. In the regular apportionment, we received funds to support Fadayev for a two-
week trip to the testbeam site; here we ask for a funding for a second team member to 
accompany Fadayev ($3,000 including indirect costs); it would be very difficult for 
Fadayev to do this by himself. We will also need to fabricate a PC board to support the 
chip and sensor, and provide an interface to the FPGA-based data acquisition system; for 
this we request $3,000, including indirect costs.  Other requests include approximately 
$3,000 (including indirect costs) for materials and supplies, including our group’s 
contribution to SCIPP’s Mentor Graphics IC design software, materials for the 
mechanical support of the testbeam system, and componentry for the testbeam interface 
board. 
 
Summary 
 

In summary, we present a request for $80,000 for the 2007-2008 funding year, to 
augment our current 2007-2008 funding level of $49,000. These funds are necessary to 
allow us to carry out a testbeam run in Summer 2008.  This testbeam run is a necessary 
and timely step in the proof-of-principle of the LSTFE design, which is a generic 
microstrip readout development suitable for either Detector concept, and both the central 
and forward regions.  This work will build on a number of recent successes of the project, 
including high reliability and low noise, and several measurement threads (such as the 
contribution of series noise) that are of use to the worldwide ILC tracking effort. The 
LSTFE approach was recognized by the Beijing tracking review committee to be a 
promising approach that is very likely to bear significant fruit in the near future.  The 
project is a prime example of the benefits of locating such work in a University setting, 
for which the engagement of talented undergraduates provides efficient use of R&D 
funds while providing excellent training opportunities for the students. 
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1 Introduction and Overview

Here, we propose funding for year two of the LCDRD supplement. Since the initial proposal,
submitted last year[1], included a fairly detailed description of our R&D plans, here we provide a
more succinct description of our project goals with updates of progress from the past year.

A basic physics requirement for ILC detectors is that they provide excellent reconstruction of
hadronic final states. This allows access to new physics which is complementary to the LHC. One
statement for a requirement on jet reconstruction is that intermediate particles which decay into
jets, such as W, Z, or top, can be identified and isolated. This places unprecedented requirements on
2-jet or 3-jet mass resolution, typically at the level of 3-5% using the PFA technique, which makes
challenging demands on the calorimeters. The electromagnetic energy resolution is not expected to
limit jet resolution using a PFA. However, particle separation—photon-photon and charged hadron-
photon—is crucial. In addition, if one provides this kind of imaging calorimeter to meet the PFA
needs, these same features will also be put to good use for reconstruction of specific tau decay
modes (to enable final-state polarization measurement), to “track” photons (even if originating
from a vertex displaced from the interaction point), to track MIPS, and so forth. Figure 1 and
Table 1 provide some context for our ECal design within the SiD detector concept, along with some
main design parameters.

inner radius of ECal barrel 1.27 m
maximum z of barrel 1.7 m
longitudinal profile (20 layers × 0.64X0 ) + (10 layers × 1.3X0 )
silicon sensor segmentation 1024 hexagonal pixels
pixel size 13 mm2

readout gap 1 mm (includes 0.32 mm silicon thickness)
effective Moliere radius 13 mm
pixels per readout chip 1024

Table 1: Main parameters of the silicon-tungsten ECal for SiD.

The thrust of our R&D project is to integrate detector pixels on a large, commercially feasible
silicon wafer, with the complete readout electronics, including digitization, contained in a single
chip (the KPiX ASIC) which is bump bonded to the wafer. We take advantage of the low beam-
crossing duty cycle (10−3) to reduce the heat load using power cycling, thus allowing passive-only
thermal management. Our design then has several important features:

• The electronics channel count is effectively reduced by a factor of 1024.

• Transverse segmentation down to a few mm can be naturally accommodated (and the cost,
to first order, is not dependent on the segmentation).

• The readout gaps can be small (1 mm).

This last property is crucial for maintaining the small Moliere radius intrinsic to tungsten. For
example, the angle subtended by the Moliere radius for an ECal at radius 1.25 m with our design
is smaller than one with 3mm readout gaps at 1.7 m. This not only has a significant impact on
performance, but also on overall detector cost, since the solenoid coil, the HCal, and the muon
detector system would need to be pushed to larger radius.
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Figure 1: Silicon-tungsten ECal as envisioned for the SiD concept.

1.1 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 necessary flexible readout cables and interconnects
(Davis). The module would have 30 layers, as indicated in Table 1, each one sensor wide (possibly
two for a few layers).

2 R&D Progress

2.1 Overview of R&D Status

The main components of the R&D consist of custom silicon sensors (led by Oregon), 1024-channel
readout ASICs called KPiX (led by SLAC), and the interconnects (led by Davis). The sensor
design for the test module is complete and this proposal will allow the completion of this purchase.
There has been significant progress with sensor, ASIC, and interconnects during the past year.
The success of this proposal will make the fabrication of the test module possible, based on these
developments.

The development of the KPiX ASIC is the key to our R&D and most of the effort at SLAC and
Oregon during the past year has focused on this effort. A series of 64-channel prototypes has been
evaluated during the year, the latest being KPiX-v5. While convergence to a final 1024-channel
version is not yet possible, there has been steady progress, sufficient to demonstrate clear MIP
signals in a test beam at SLAC (see below).

A realizable time line would have the full 1024-channel KPiX available in summer 2008. With
this proposal, the silicon sensors and interconnect technology would also be ready at this time.
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This means that some additional attention will be required during the next several months on
mechanical design issues for the test beam module. Test beam is scheduled for the SLAC ESA in
late summer 2008. After this, the SLAC test beam schedule is unclear. In any case, we would hope
to take test beam at Fermilab after this, in conjunction with an HCal prototype.

2.2 Sensor progress - Oregon

Based on the lab measurements[2] performed on the version 1 silicon sensor prototypes, we have
developed a design for new (version 2) sensors which can be used to fabricate a full-depth (30-layer)
ECal module, as discussed in the proposal from a year ago. The new sensor design is depicted in
Fig. 2. The layout minimizes capacitive and resistive noise contributions from the signal traces,
especially in the vicinity of the KPiX chip. A typical trace contributes C ∼ 20 pF (dominated by
cross-pixel contributions) and R ∼ 300 Ω.

Figure 2: Schematic of version 2 silicon sensors. The central region includes a pad array to which
the KPiX ASIC is to be bump bonded.

2.3 Electronics progress - SLAC and Oregon

The readout of the Si pixels must accommodate a very large dynamic range. Based on EGS4 sim-
ulations, the largest signals in a single pixel—arising from 500 GeV Bhabha electrons—correspond
to about 2000 MIPs at shower max. At the low end, one requires measuring MIPs well above the
electronic noise (SNR≈ 7 or better). The KPiX design incorporates this large dynamic range in a
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novel way, using on-the-fly range switching. Figure 3 shows this range-switching function in action
in the lab. In the plot, as the injected charge is increased, we see the range switch at about 700
fC. For 320 micron silicon, 1 MIP is equivalent to about 4.1 fC. Thus the upper end of the plot
corresponds to about 2500 MIPs, more than the expected maximum.
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Figure 3: KPiX output as a function of input charge, showing the dynamic gain change at about
700 fC.

If the KPiX heat load is kept below about 40 mW, the temperature gradient across an ECal
module (≈ 75 cm) can be kept at an acceptable level (< 10◦ C) using only passive heat conduction
via the tungsten radiators. Clearly, this is desirable, and is achievable by taking advantage of the
beam-timing structure of the ILC, where beams are only present for 1 ms out of each 200 ms cycle.
By cycling off most of the (analog) KPiX power between beam-crossing times, lab measurements
of the prototypes confirm that the heat load of the full KPiX chip will be about 20 mW. This heat
is to be passively conducted to the module edges behind the ECal (see Fig. 1), where it can be
extracted.

Recently, a KPiX v4 prototype was connected to a spare CDF silicon-strip detector and placed in
a test beam at the SLAC End Station A (ESA). The data set is still being analyzed. A preliminary
result is given in Fig. 4, which shows the detected charge distribution. Since the beam rate averaged
0.25 electron per pulse, and the beam diameter was much larger than the active detector region, the
distribution is dominated by the electronic noise, which is gaussian over several orders of magnitude.
The single-MIP contribution is clearly visible.

2.4 Interconnect Progress - UC Davis

UC Davis is responsible for two critical interconnect issues for the Si-W calorimeter – the bump
bonding of the KPiX ASIC to the silicon sensor and the flexcable which carries the digitized data
from KPiX, as well as the delivery of power and control signals to KPiX.

For the latter, initial two-station flex cables have been designed, procured, and tested. This is
shown in Fig. 5. Similar, short cables will be used for the test beam module. In the meantime, R&D
has continued on longer cables which would be appropriate for reading out a full ILC ECal module.
The length will depend on the detector parameters, but would likely be ∼ 75 cm or longer. For a
cable with more than 5 stations, the length exceeds the standard panel size used in the flex-cable
industry and a custom fabrication process will need to be developed. We are working with overseas
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Measured charge (fC)

Figure 4: Distribution of charge collected by the KPiX v4 chip at the SLAC ESA.

vendors to achieve this in a cost-effective way. We would like our R&D to determine the maximum
practical length.

The interconnections in the readout gap are illustrated in Fig. 6. All of the components in
the figure must fit in the 1 mm gap. The default technology for the connections between the
array of sensor pixel traces and the array of readout cells has been 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.
However, because in this application the bump pad pitch and pad size do not push the technology
toward indium bumps, it may be possible to use a better-suited technology, perhaps giving better
performance and yield. One promising possibility is gold-stud bonding, which seems to match well
the relatively large pad pitch (200 µm × 500 µm) used by the silicon sensors and KPiX. UC Davis
is pursuing this technology with Palomar Technologies. Figure 7 shows gold studs laid on a sample
KPiX chip. The gold-stud bump bonding technology is particularly suited for attaching small chips
that are delivered as individual units. In production mode, when chips will be delivered on entire
wafers, the cost considerations will change. Cost of photolithography (for indium deposition) will
be competitive with the gold-stud formation process while the cost of flip-chip bonding may be
smaller for indium because the gold process involves an additional step of carefully dipping the
studs in epoxy. Besides these two technologies, we are also investigating new mass connection
technologies such as anisotropic conducting films.

3 External Reviews

Two external review processes evaluated our R&D program (along with others) in June 2007. The
first was commissioned by the World-wide Study and was held in conjunction with the LCWS07
meeting at DESY:
http://ilcagenda.linearcollider.org/sessionDisplay.py?sessionId=38&slotId=17&confId=1296
The second was commissioned by DoE and NSF and was held at ANL:
http://ilcagenda.linearcollider.org/conferenceDisplay.py?confId=1640
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Flex Cable Development (UC Davis):

• First prototype with 2 chip sta-
tions has been fabricated.

• Each cut-out has inner lips
which can be used for either wire-
bonding or some other Technol-
ogy.

• The layout has a buried layer

for signals, sandwiched between

power and ground layers.

LCWS07 19 31 May 2007 – David Strom – UO

Figure 5: Flexcable layout (lower) and photo (upper). This is the initial two-station version.

Both reviews were recently made public. They are very encouraging with respect to our R&D
project and strongly recommend that we complete the full module and test it in a beam(s). Both
reviews also encouraged us to cooperate fully with the CALICE collaboration, especially with regard
to test beam plans and sharing of data. We agree with this advice.

4 Plans for Year Two

In a nutshell, our plans for year two are to continue the year one work toward our goals. The year
two funds will allow this to happen. Below is an annotated list of 2006-7 main activities, copied
from last year’s proposal. For the annotations [comment], the comment “OK” just means that
this item is being addressed in a reasonable way, not necessarily indicating that it is completed;
“→ 2007” means this item is effectively deferred. There are currently no known “show stoppers”
for a 2008 beam test of the full module. Clearly, the development of the 1024-channel KPiX is the
critical item.
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Figure 6: Cartoon of the 1mm gap between tungsten layers in the vicinity of the KPiX chip. Several
interconnect options are indicated, both for the KPiX-sensor connections (analog inputs) and the
KPiX-flexcable connections (digital, power, and control).

Figure 7: Photograph of a trial for gold-stud bumps applied to a KPiX chip.
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4.1 2006 Project Activities and Deliverables (from 2006 proposal)

• Receive KPiX prototype chips and evaluate functionality (SLAC and Oregon). [OK]

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

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

• Design 2nd round of detectors to be used in full ECal module (Oregon). [OK]

• Design concentrator boards (boards downstream of KPiX) (SLAC). [→ 2008]

• Prepare for mounting of 1st round KPiX prototypes to 1st round detectors (Davis, Oregon,
SLAC). [OK]

• Mount (bump bond) a few KPiX chips to detectors (Davis). [→ 2007]

• Develop mechanical design for full ECal module (Annecy, SLAC, Oregon). [→ 2007, 2008]

4.2 2007 Project Activities and Deliverables (from 2006 proposal)

• Carry out full tests of a few layers in lab and electron beam at SLAC of KPiX-detector
prototypes (Oregon, SLAC, Davis). [OK and → 2008]

• Mount (bump bond) KPiX to 2nd round detectors for full-depth ECal module (Davis). [→
2008]

• Carry out mechanical and magnetic field tests of KPiX + detectors (Oregon, Annecy, SLAC).
[→ 2008]

• Order full 1024-channel KPiX chips (SLAC). [→ 2008]

• Fabricate full ECal module (all). [→ 2008]

• Put full module in electron beam at SLAC for determination of EM response and resolution
(all). [→ 2008]

4.3 2008 Project Activities and Deliverables

These are basically all of the deferred items above, as well as some additional items or considerations:

• The silicon sensors should arrive at Oregon in early 2008 and will need to be evaluated
(Oregon).

• The exploration of alternatives to indium bump bonding is a more recent development, so
was not considered above (Davis)

• Improve the yield of 2-station flex cables and fabricate all the necessary cables (Davis).

• Design and fabricate a peripheral bus to collect data from 30 layers of ECal module (SLAC,
Davis).
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5 Proposed budget

The first table below indicates the overall supplement budget numbers. We were asked to prepare
a budget for year two which has the same total as that awarded for year one. These proposed
budgets for Oregon and Davis are given in the tables and text which follow.

5.1 Budget Overview
Year One Year One Year Two

Proposed (k$) Revised (k$) Proposed (k$)
Oregon 78 45 47
Davis 72 45 43
Total 150 90 90

5.2 Oregon proposed budget (k$)

Item Year Two
Other Professionals 0
Graduate Students 0

Undergraduate Students 0
Total Salaries and Wages 0

Fringe Benefits 0
Total Salaries, Wages and Fringe Benefits 0

Equipment 47.0
Travel 0

Materials and Supplies 0
Other direct costs 0
Total direct costs 47.0
Indirect costs(1) 0

Total direct and indirect costs 47.0

5.2.1 Oregon budget justification

As stated in the proposal a year ago, we intended to use the entire budget for purchasing the
silicon sensors and the associated NRE (photomasks and their development) to outfit the test
module which is the main goal of this R&D. In early 2007 we received a quote from Hamamatsu for
40 sensors (92k$) plus NRE (64k$) for a total of 156k$. The 40 sensors would outfit the 30-layer
test module plus 10 sensors for separate tests, trials, etc. Our original supplement request was
intended to cover this purchase, in addition to the needs for the Davis developments. However,
the award was substantially less than our request. Fortunately, SLAC has put the purchase back
on track by paying for the NRE for the order. This contribution essentially offsets the difference
between our request and award. Hence, our 47k$ request for year two, combined with the 45k$ for
year one, provides the 92k$ to purchase the 40 sensors. We have secured an agreement from the
U. of Oregon to make a sole-source purchase. We expect to write the purchase order in November
2007, effectively pre-spending on the expected year-two award. This will keep the possibility of a
2008 beam test intact.

The Oregon indirect rate is 26%. Indirect is not applied to equipment for items costing more
than 5k$. So we assume there will be no indirect in this case.
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5.3 Davis proposed budget (k$)

Item Year Two
Other Professionals 0
Graduate Students 0

Undergraduate Students 0
Total Salaries and Wages 0

Fringe Benefits 0
Total Salaries, Wages and Fringe Benefits 0

Equipment 43.0
Travel 0

Materials and Supplies 0
Other direct costs 0
Total direct costs 43.0
Indirect costs(1) 0

Total direct and indirect costs 43.0

5.3.1 Davis budget justification

The NRE costs for gold-stud bonding, which amounted to about 6.5k$, were paid from the year
one funds. For bonding additional assemblies, the cost is $825 per assembly for small quantities.
Our need for bonding 33 wafers (30 plus 10% spare) does not cross the threshold for a price break
and we will need 27.5k$ for this purpose. There will be an additional 2.5k$ for NRE because we
will be bonding a larger version of the KPiX chip, which would require a new custom pick tool, dip
plate, and gold-stud placement programming. Hence, the budget for gold-stud bonding is 30k$.
For the short flex cables, we have a quote for $400 each, or 13k$ for 33 cables. These are the short
cables, appropriate for the test module, but not appropriate for a real ILC detector. The two items
together add up to 43k$ for UC Davis.

5.4 Budget impact on the R&D

In order to stay on track with the international development of detector concepts, leading to
collaboration formation and technical design reports, we need to have results from beam tests in
hand and understood before 2010. Without this supplement, we will not be able to achieve this
goal. As it stands, we currently have no funding to support a (part-time) research associate to help
outfit a beam test and analyze the resulting data.

References

[1] Our initial LCDRD supplement proposal:
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1. Project overview  
 
This section is abbreviated. For more details, please, consult last year’s proposal [1] for 
supplemental LCDRD funds. 
 
We propose to prove the viability of the concept of a digital hadron calorimeter 
(DHCAL) 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 detector design effort for the International Linear Collider 
(ILC) and is being carried out in the context of the CALICE collaboration [2]. The 
CALICE collaboration is currently testing prototypes of a Silicon–Tungsten 
electromagnetic calorimeter (ECAL), of a Scintillator-Tungsten ECAL and of a 
Scintillator – Steel hadron calorimeter (HCAL). Our contribution to the collaboration is 
the development, construction and testing of a digital hadron calorimeter using gaseous 
active elements.  
 
The CALICE collaboration develops calorimeters optimized for the application of 
Particle Flow Algorithms (PFAs) [3] to the measurement of hadronic jets. 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 to the 
resolution, commonly named the ‘confusion term’, small, the readout of the active 
element needs to be finely segmented, of the order of 1 x 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 calorimeter) and the subsequent validation of the simulation of hadronic 
showers.  
 
The electronic readout of the proposed HCAL 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 to the energy of incoming hadrons in a wide range of energies and b) a 
digital readout of finely segmented pads is able to preserve, if not improve, the energy 
resolution of single hadrons. The electronic readout system will be identical for both 
gaseous detectors, i.e. RPCs and GEMs, in this proposal. 
 
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 or together with a prototype of 
an electromagnetic calorimeter (not part of this proposal) placed in front of the DHCAL. 
The proposed technology of a DHCAL with gaseous active elements is equally applicable 
to all three ILC detector design efforts, namely the SiD [4], the LDC [5], and the GLD [6] 
concepts. 
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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 a) tests of a finely segmented calorimeter with RPCs 
(GEMs), b) tests of the novel idea of a digital hadron calorimeter, c) study of the 
calorimeter’s design parameters, d) precision measurement of hadronic showers, e) 
validation of Monte Carlo simulation programs of hadronic showers, and f) comparison 
of the performance with the scintillator-based HCAL, being developed by another group 
within the CALICE collaboration. 
 
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.  
 
 
2. Studies of the performance of a digital hadron calorimeter  
 
This section is also strongly abbreviated. For more details, please, consult last year’s 
proposal [1] for supplemental LCDRD funds. 
 
Detailed Monte Carlo studies based on GEANT4 have been and are being performed to 
understand the response of calorimeters, to develop PFAs and to optimize the design of 
an ILC detector for the measurement of hadronic jets. The studies are based on the SiD 
concept [4] whose baseline design features an RPC-Steel hadron calorimeter with 1 x 1 
cm2 readout pads. 
 
Several groups are involved in the development of PFAs using the SiD baseline design 
[3,8]. Currently the best performance reconstructs the Z0 mass, generated at rest and 
decaying into quark-antiquark, with a width σ90 = 3.8 GeV. This is already significantly 
better than what can be obtained by traditional calorimetry alone. 
 
 
3.  Description of the 1m3 Prototype Section 
 
This section is abbreviated. For more details, please, consult last year’s proposal [1] for 
supplemental LCDRD funds. 
 
  3.1 General description 
 
The prototype section features 40 active layers each with an area of 1 m2 and interleaved 
with 20 mm steel+copper absorber plates. The physical extent is approximately one meter 
in depth.  
 
  3.2 Mechanical structure 
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The mechanical structure consists of a movable table and 40 absorber plates. 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. The design and construction of 
the table and absorber stack was the responsibility of DESY in Hamburg, Germany, as 
part of their contribution to the CALICE collaboration [2]. Both were completed in 2007 
and were used in this year’s test beam at CERN. 
 
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 
University of Texas in Arlington).  
 
  3.3. Active medium I: Resistive Plate Chambers 
 
Resistive Plate Chambers (RPCs) with small readout pads are an ideal candidate for a 
hadron calorimeter optimized for 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 [8], 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.  
 
In the past the group performed a large number of measurements on individual RPCs. 
The measurements with analog readout have recently been published [9]. All 
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. 
 
  3.4. Active medium II: Gas Electron Multipliers (GEMs) 
  
The University of Texas at Arlington HEP group develops GEMs as active medium of a 
DHCAL. 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. The group performed a number of measurements on smaller sized GEMs as 
well as on prototypes with a 30 x 30 cm2 active area. Chambers were exposed to high 
current electron beams and showed no degradation in performance.  
 
All measurements so far are consistent with the performance requirements of an active 
medium of an HCAL. Differences in rate capability and pad multiplicity may make 
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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 electronic readout system [12] consists of several subsystems: a) the front-
end ASIC; b) the pad boards; c) front-end boards; d) the data concentrator; e) a VME-
based data collector; and e) a trigger and timing system. 
 
 
 
 
 
References 
 
 
[1] http://www.hep.anl.gov/repond/LCDRD_Supplement_2006-final1.doc
[2] CALICE home page, http://polywww.in2p3.fr/activites/physique/flc/calice.html
[3] See e.g. talks given in the PFA session at VLCW06, http://vlcw06.triumf.ca/index.htm
[4] SiD home page, http://www-sid.slac.stanford.edu/
[5] LDC home page, http://www.ilcldc.org/  
[6] GDL home page, http://ilcphys.kek.jp/gld/
[7] See e.g. talks given at LCWS07 in Hamburg, Germany: http://lcws07.desy.de/index_eng.html
[8] See e.g. Proceedings of the VII Workshop on Resistive Plate Chambers, Clermont-Ferrand,     

France (October 2003), Nucl. Instr. And Meth. A533,  (2004). 
[9] G.Drake et al., Nucl.Instr. and Method. A578 (88) 2007. 
[10] http://www.hep.anl.gov/repond/DHCAL_US.html
[11] R. Bouclier, et al., The Gas Electron Multiplier (GEM), IEEE Trans. Nucl. 

Sci. NS-44, 646 (1997);  F. Sauli, GEM: A new concept for electron amplification 
in gas detectors, Nucl. Inst. Meth., A386, 531 (1997) 

[12] Conceptual design of the readout system for the Linear Collider Digital Hadron calorimeter 
prototype, http://www.hep.anl.gov/repond/dcal_sys_desc_113.pdf

  

12/3/2007

122

http://www.hep.anl.gov/repond/LCDRD_Supplement_2006-final1.doc
http://polywww.in2p3.fr/activites/physique/lfc/calice.html
http://vlcw06.triumf.ca/index.htm
http://www-sid.slac.stanford.edu/
http://www.ilcldc.org/
http://ilcphys.kek.jp/gld/
http://lcws07.desy.de/index_eng.html
http://www.hep.anl.gov/repond/DHCAL_US.html
http://www.hep.anl.gov/repond/dcal_sys_desc_113.pdf


 
 
PART I 
 
 
 
 
 
 
 
 
 
 
 

 Construction of an RPC-based DHCAL stack 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Argonne National Laboratory 
Boston University 

University of Chicago 
Fermi National Accelerator Laboratory 

University of Iowa 

  

12/3/2007

123



 
1. Achievements in FY2007 
 
The major achievement in FY2007 was the successful Vertical Slice Test (VST) of a 
stack of RPCs. The stack involved up to nine active layers interleaved with absorber 
plates. The system was exposed to both cosmic rays and particle beams and performed 
exceedingly well. 
 
  1.1. Preparation for the Vertical Slice Test 
 
1.1.1. Publication of measurements on RPCs with an analog readout system 
 
The R&D on the RPCs per se using a high resolution analog readout system was 
completed with the publication of the results in Nucl. Instr. and Methods. [1]. As an 
example, Fig. 1 shows the measured charge as a function of the distance from the pad hit 
by a cosmic ray for either low or high resistive coating on the glass plate adjacent to the 
pad board. In the case of higher resistivity, the charge radius is measured to be smaller.  
 
 

 

 

 

 

 

 

 

 

 

Figure 1. Measured charge as a function of the distance to the pad hit for the case where the readout 
pads are located either on the side with lower, R ~ 0.1 MΩ (RPC-2L), or higher, R ~ 50 MΩ (RPC-
2H), surface resistivity. 
 
1.1.2. Construction of ten RPCs 
 
In preparation for the VST we built ten RPCs. To maximize the exposure to the beam the 
chambers were built with an area of 20 x 20 cm2, rather than the 32 x 96 cm2 needed for 
the prototype section. Nine chambers were based on our default design with two glass 
plates and one chamber (based on our so-called ‘exotic design’) featured only one glass 
plate while the pad board provided the anode and closed the gas volume. Figure 2 shows 
a photo of one of these chambers. 
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Compared to our previous chambers the design of the channels, to enclose the gas 
volume on the sides, has been significantly simplified. The new design improved the gas 
tightness and reduced the inactive rim to only 4 mm. 
 
 
 
 
 
 
 
 
 
 
Figure 2. Photograph of an RPC built specifically for the VST. The picture shows the readout pads as 
viewed through the two glass plates. The fishing lines (used to keep the plates apart) are seen as two 
dark lines traversing the chamber from top to bottom.   

 
1.1.3. Construction of a cosmic ray test stand, a hanging-file test fixture and the 
beam telescope 
 
We built both a cosmic ray test stand and a hanging file test fixture. Each can 
accommodate up to 10 chambers, including the absorber plates.  Figure 3 shows a 
photograph of the cosmic ray test stand. The cosmic ray trigger consists of the 
coincidence of four scintillation counters. The acceptance covered an area of 
approximately 4 x 5 cm2. The fake trigger rate was negligible. 
 
 
 
 
 
 
 
 
 
 
Figure 3. Photograph of the cosmic ray test stand with five RPCs under test. 

 
The hanging file fixture provided access to each plane, such that if necessary a single 
plane could be removed/replaced without disturbing the remainder of the stack. In 
addition to the steel+copper absorber plates, we produced a set of PVC absorber plates 
with a hole cut out in the center. These plates were used specifically for the RPC rate 
measurements. 
 
The beam telescope consisted of two large scintillator paddles with an active area of 19 x 
19 cm2

.  In addition, we built three 1 x 1 cm2 finger counters. However, the latter were 
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soon removed from the test, since our imaging calorimeter by itself provided the 
necessary spatial information. 
 
1.1.4. Testing of the DCAL2 chip 
 
The DCAL chip serves as front-end ASIC and handles 64 input channels. The output of 
the chip is a timestamp (in 100 ns increments) and a hit pattern (single-bit or digital 
readout). The threshold is common to all 64 channels. The chip can operate either in 
triggered mode (with an external trigger) or in triggerless mode, which is particularly 
convenient for noise measurements. 
 
The first round of prototyping produced 40 packaged chips. The chips were extensively 
tested and performed according to expectation. Nevertheless a second round of 
prototyping was required, in order to decouple the internal clocks and to lower the 
sensitivity to a range appropriate for both RPCs and GEMs.  The second round of 
prototypes was received in Spring 2007 and was again tested extensively. Following is a 
short summary of these tests. 
 
Figure 4 shows a typical threshold scan using the internal charge injection of the DCAL 
chip.  A given channel is fired a hundred times and the threshold is swept from its highest 
value of 256 counts down to the noise floor, which is seen to be around 25 counts. Figure 
5 plots the threshold value for 50% efficiency for all 64 channels of the tested chip and 
the slope of the transition from 0 to 100% efficiency. The channel-to-channel variations 
are seen to be reasonably small. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Internal charge injection of the DCAL ASIC: threshold scan of a given channel. 

 
The threshold for 50% efficiency averaged over the 64 channels of the DCAL chip and as 
function of injected charge is shown in Fig. 6. The lower (higher) points correspond to 
the low (high) gain setting of the input amplifier. The ratio between the two settings is 
approximately 5, as expected. 
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Figure 5. Internal charge injection of the DCAL ASIC: points of 50% efficiency across the 64 input 
channels. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Average threshold as a function of injected charge for the low and high gain setting of the 
DCAL chip. The error bars indicate the RMS of the distribution for the 64 input channels. 

 
Using a calibrated pulser the full range of threshold settings was mapped out. Figure 7 
shows the threshold of 50% efficiency versus externally injected charge in low gain 
operational mode.  
 
Up to charges of about 200 fC the relationship between injected charge and threshold of 
50% efficiency is close to linear. Above this range the behavior is highly non-linear, with 
the charge increasing faster than the corresponding threshold. The chip is 100% efficient 
for charges above ~700 fC. 
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Figure 7. Threshold of 50% efficiency versus externally injected charge when operated in low gain. 

 
Cross talk studies showed a small effect in neighboring channels. The charge induced in 
neighboring channels is about 0.3% of the charge injected on a given pad. No noticeable 
effect is expected to be seen when operating with RPCs or GEMs.   
 
These tests utilized two out of the 40 chips available from the second prototype run. The 
remaining chips (plus some of the additional 65 chips received) were used for the VST. 
 
1.1.5. Design and prototyping of electronics board 
 
The remainder of the electronic readout system consists of the pad-board, the front-end 
board, the data concentrator, the data collector and the timing and trigger module. The 
design of all these components was finalized and first prototypes were produced in 
FY2007. Following is a short description of the individual subsystems. 
 
a) Pad-board 
 
The pad-board contains 16 x 16 pads, each with an area of 1 x 1 cm2. The signal from the 
pads is routed to so-called gluing pads on the other side of the board. The board features 
four layers and blind vias. An extension to 32 x 48 pads, as needed for the prototype 
section, is trivial, but costly. Fifteen boards were produced. 
 
b) Front-end board 
 
The front-end board features on one side the mirror image of the gluing pads of the pad-
board and on the other side houses four DCAL chips. Based on detailed noise studies the 
board was designed such as to minimize the cross-talk from the digital lines to the analog 
circuitry of the detector pads. Figure 8 shows a photograph of the assembled board. The 
board features 8 layers and blind vias. The board in its current design can be used for 
both the VST and the prototype section. 10 boards were fully assembled and tested. 
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Figure 8. Photograph of the top of the front-end board. 

 
c) Data concentrator 
 
For the VST each data concentrator is connected to a single front-end board. It provides 
the control signals, i.e. slow control, timing and trigger, to the front-end ASIC and pushes 
the data further to the data collector. Ten boards were fully assembled and tested. A 
redesign for the prototype section will be necessary to provide additional multiplexing. 
 
d) Data collector 
 
The data collector is a VME-based system to further multiplex the data and to provide the 
link with the data acquisition computer. Each board is conceived to read out up to twelve 
data concentrators.  Three boards were fully assembled and tested. The design of these 
boards will most likely not change for the prototype section. The link to the data 
acquisition computer is established by a commercial PCI-VME bridge from CAEN.  
 
e) Timing and trigger module 
 
The timing and trigger module provides all clock signals and, in case of triggered 
operation, the trigger signal to the data collector. The signals are passed on to the front-
end via the data concentrators. Three boards were fully assembled and tested. The design 
of these boards is final for the prototype section. 
 
Finally, we would like to note, that only first prototype boards were used for the VST. 
There was neither the time nor the need for a second round of prototypes. 
 
1.1.6. Development of a gluing procedure for the pad- and front-end boards 
 
In order to use this new scheme of separate pad- and front-end boards, we had to 
establish a gluing technique to connect the two. After several trials we were able to glue 
all 256 pads in a board without shorts or poor connections. Figure 9 shows the 
measurement of the resistance between the pads on one side and the corresponding input 
line of the DCAL chip on the other side. Only one pad showed a resistance of more than 
10 Ω. 
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Figure 9. Measurement of the resistance between detector pads and the corresponding input lines of 
the DCAL chip. The minimum measurable resistance was 0.1 Ω, due to the poor connection of the 
probes to the pad and signal lines. 

 
 
1.1.7. Development of data acquisition software 
 
We developed the complete data acquisition system necessary for taking data with 
multiple chambers. The system consists of a slow control part and the actual data 
acquisition code. The former loads specific parameters for the operation of the front-end 
ASIC and the data concentrators into these devices. The latter formats the data for storage 
on a mass storage device and handles the data transfers to disk. Whenever possible the 
software was written in a way compatible with other data acquisition systems used within 
CALICE. This is to facilitate future combined tests with various ECAL prototypes.  
 
1.1.8. Noise measurements with and without RPCs 
 
The noise rate was measured as a function of threshold with an RPC operated at the 
default high voltage settings, see Fig. 10. 
 
  
 
 
 
 
 
 
 
 

 
Figure 10. Nois

 
e rate as a function of threshold in the DCAL chip.  
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The noise rate is seen to be well below 1 Hz/cm2. For the 400,000 prototype section this 
rate corresponds to one hit per 100 events. The hits are predominantly occurring at the 
location of the fishing lines, as seen in an x-y map of the noise hits. With the high voltage 
turned off, the noise rate is negligibly small, even at very low threshold settings. (Note 
that the noise floor with the DCAL chip mounted on its test board, as reported in 4.1.4., is 
somewhat higher than in this configuration). 
 
1.1.9. Commissioning of stack with cosmic rays 
 
After assembly the RPCs first underwent tests with a single pad and the analog readout 
system. This step helped define the ideal operation point for the chambers. It was found 
that apart from the first chamber, which had a somewhat larger gas gap, all chambers 
performed very similarly and could be operated uniformly using the same high voltage 
setting. 
 
The second test used the entire readout chain from pad board to data collector. This was a 
vital step to commission the stack for the data taking at Fermilab. In these tests events 
were recorded with up to six RPCs stacked on top of each other. A program clustering the 
hits and reconstructing tracks through a pair of chambers (to test either the adjacent or an 
intermediate chamber) was written. Figure 11 shows the preliminary measurement of the 
MIP detection efficiency as a function of threshold for all chambers tested. The different 
chambers show very similar behavior. A threshold setting of 110 DAC counts 
corresponds to a MIP detection efficiency of approximately 95%. 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Efficiency versu ferent colors correspond 
to different chambers. 

s threshold as measured with cosmic rays. The dif

 
Figure 12 shows the pad multiplicity versus MIP detection efficiency, obtained at 
constant high voltage, but with variable threshold settings. The results for the individual 
chambers are slightly different, possibly due to variations in the surface resistivity of the 
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paint (to be confirmed). The results are very similar to the measurements performed in 
the past with the VME-based digital readout system [2].  
 
 

 

 

 

 

 

 

 

 

 

 

Figure 12. Pad multiplicity versus efficiency as measured with cosmic rays. 
 
1.2. Data taking at Fermilab 
 
We drafted a Memorandum of Understanding with Fermilab to request beam time for the 
VST. The MoU was signed on July 16th, 2007. The experiment was labeled T970. 
 
1.2.1. Move to and setup in the MTBF area 
 
The equipment was moved to Fermilab on July 18th and setting-up began the next day. 
Figure 13 shows a photograph of the equipment in the Meson Test Beam Facility 
(MTBF). The stack was placed on a remotely controllable table. Up to nine RPCs took 
place in the tests. 
 
The setup was completed in the morning of the 19th and followed by an extensive safety 
review in the afternoon. We were approved for data taking by noon the following day and 
received our first beam later in the afternoon. Actual data taking started early on the 20th. 
 
1.2.2. Data taking 
 
As a rule, beam was delivered to us between 6:00 am and 6:00 pm, seven days a week. 
We made optimal use of the beam by scheduling the accesses during the times of no 
beam. Data taking lasted until August 4th, the official beginning of the accelerator 
shutdown period. 
 
Due to the long recharge time of RPCs, we requested substantial reductions in beam 
intensities. The reductions were achieved by closing the collimators and defocusing the 
beam close to the test setup. Apart from the runs dedicated to measure the RPCs rate  
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Figure 13. Photograph of the setup at the Meson Test Beam Facility.  
capability, typical rates were a few hundred triggers per spill. For each beam or detector 
setting we collected between 5,000 and 10,000 events. 
 
1.2.3. Data samples 
 
Table I summarizes the different data samples collected at MTBF. The initial 120 GeV 
proton run was used to commission the apparatus, the trigger logic and the data 
acquisition system.   
 
Beam Momentum Absorber Trigger Measurement 
Proton 120 GeV Fe+Cu SC1+SC2 Commissioning 
Proton + beam 
blocker 

Undefined Fe+Cu SC1+SC2 Calibration data 

Secondary 1,2,4,8,16 GeV Fe+Cu SC1+SC2+Č Positron response 
Secondary 1,2,4,8,16 GeV Fe+Cu SCI+SC2+Č veto Pion response 
Proton 120 GeV PVC  SC1+SC2 Rate capability 
 

Table I. Summary of data runs. SC1 (SC2) stands for scintillation counter #1 (#2) and Č stands for 
Čerenkov counter. 

 
The calibration runs were taken with a 3 meter steel block in the beam line, yielding a 
low rate of muons of unidentified momenta. With this setup runs were taken at different 
thresholds and high voltage settings. The secondary beams were used in conjunction with 
the Čerenkov signals to trigger on or veto positrons.  
 
For the rate capability measurements we replaced the steel+copper absorber plates by 
PVC plates featuring a hole overlapping with the active area of the chambers. This 
reduced the rate of proton showers in the stack significantly, a necessary requirement for 
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a clean rate capability measurement. The measurements were performed with rates up to 
10,000 triggers per second. 
 
1.3. Preliminary results from the Vertical Slice Test 
 
In this section we present preliminary results from the VST, as obtained quasi-online 
during the data taking. Due to the lack of convenient diagnostics tools at the time of the 
test beam, problems such as noisy channels, dead links etc. could not be identified easily. 
A more detailed data analysis, which corrects these problems, is underway, but has not 
yet produced final results. 
 
1.3.1. Calibration data 
 
The performance of RPCs with finely segmented readout pads is characterized by four 
quantities: i) the MIP detection efficiency, ii) the pad multiplicity for a single MIP, iii) 
the rate capability (i.e. the efficiency versus particle rate in Hz/cm2), and iv) the rate of 
noise hits. We used the primary 120 GeV proton beam with a 3 meter steel block in the 
beam line to measure the first two of these quantities. With the beam blocker in place, 
only muons (with unidentified) momentum reach the detector. 
 
Table II summarizes the calibration runs and the stack parameters. The runs contain 
between 5,000 and 10,000 events. The high voltage setting on all default RPCs was 
identical, only the ‘exotic’ chamber was operated at a slightly lower voltage. The 
threshold setting was common to all chambers, including the ‘exotic’ chamber. 
 

Number HV setting 
Default/exotic 

Threshold DAC setting 

1 – 3  6.2/5.9 kV 30, 50 , 70 
4 – 9  6.3/6.0 kV 50, 70, 90 , 110, 150 , 210 
10 – 15  6.4/0.0 kV 30, 50, 70, 150, 190, 210 
16  6.4/5.8 kV 110 
17 - 19 6.5/6.2 30, 120, 210 

 
Table II. Summary of calibration runs taken with a broadband muon beam. 

 
Figure 14 shows a clean muon event with nine active layers. In each layer one and only 
one pad fires. Notice the absence of any noise hits in this event. 
 
Figure 15 shows the number of hits recorded in each individual chamber for a high 
voltage setting of 6.3/6.0 kV and a threshold of 110 DAC counts. The events have been 
selected with minimal selection criteria: a) at least 4 out of the 9 layers recorded hits and 
b) at most one cluster in the first layer. The latter cut is to avoid multiple particles 
traversing the stack. 
 
Note that all distributions are very similar, apart from two. The higher pad multiplicity of 
RPC1 was due to some contamination of the Mylar surface. After cleaning the surface of 
the resistive coat, the chamber showed a similar behavior to the other chambers. RPC7 is 
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based on the ‘exotic’ design and shows a significantly lower pad multiplicity. This 
attractive feature had been noted previously in tests with cosmic rays. 
 

 

 

 

 

 

 

 

 

 

Figure 14. Event display of a muon traversing nine layers. 

 

 

Figure 15. Muon calibration run: number of hits as recorded in individual chambers. 
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The MIP detection efficiency measured versus threshold is shown in Figure 16 for a high 
voltage setting of 6.4 kV. The data at higher thresholds show some dispersion, most 
likely due to a slow control problem and possibly due to noise. Both problems were 
solved later in the data taking period. 
 
1.3.2. Positron scans 
 
Using the secondary beam and requiring a Čerenkov signal in the trigger we collected 
data with positrons with 1, 2, 4, 8, and 16 GeV/c momentum. At lower momentum the 
contamination from pions and muons appeared to be negligible. Due to the overall small 
rate of positrons at higher momenta, the 16 GeV data appeared to be contaminated with 
pions and/or event overlaps.   
 
The data were collected with six active layers. The overall depth of the stack 
corresponded to approximately six radiation length, entailing a large energy leakage, in 
particular at higher momenta. Figure 17 shows a typical positron shower in the stack. 
Notice the high density of hits in the core of the shower. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16. Muon calibration run: Efficiency versus threshold measured with a 6.4 kV high voltage 
setting. 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Typical positron induced shower. The beam energy was 8 GeV/c. 
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The response (total number of pads hit) for the different momentum settings is shown in 
Fig. 18. Due to both the leakage and the high density of electromagnetic showers coupled 
with a digital readout, the response is highly non-linear (Note that an analog readout of 
RPCs would not improve the linearity). Nevertheless, at low energies the resolution 
corresponds to about 30%/√E(GeV), which is surprisingly good. This result can be 
considered as the first validation of the DHCAL concept. Monte Carlo simulations to 
compare with the data are being performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 18. Response to positrons: number of hits in 6 layers. No corrections have been applied. 
 
1.3.3. Pion scans 
 
Using the secondary beam and vetoing on the signal from the Čerenkov counter we 
collected a sample of pion and muon data at 1, 2, 4, 8, and 16 GeV/c. Figure 19 shows the 
event display of a typical pion shower. Notice the lower density of hits compared to the 
positron induced shower of Fig. 17.  
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Figure. 19 Typical pion induced shower. The incident momentum was 8 GeV/c. 

 
In order to determine the pion content of the beam at 2 GeV/c we took data with and 
without an additional Iron absorber in front of the stack. The absorber was 50 cm deep, 
corresponding to about 3 interaction length, and covered the entire surface of the stack. 
We calculated that only 3% of the pions traverse the absorber without interacting. Due to 
ionization the muons lost in average approximately 600 MeV/c in the absorber.  Figure 
20 shows the number of hits in the stack with and without absorber. The data corresponds 
roughly to the same luminosity, as measured by a scintillation counter located upstream 
of the additional absorber. After scaling and subtracting the Fe-absorber data from the no-
absorber data a clear excess of events is observed. These are identified as pion induced 
events. They constitute about 50% of the triggers. This represents the first clear evidence 
of a significant pion content at low momenta in the MTBF beam. 

 

Figure 20. Left: number of hits in the stack with (red) and without (black) iron absorber. Right: red 
histogram indicates the Fe-absorber data scaled by luminosity to the no-Fe-absorber data. The black 
histogram indicates the no-Fe-absorber data after subtraction of the scaled Fe-absorber data.  
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The pion data will be used to provide first measurements of the radius of hadronic 
showers, to be compared with detailed Monte Carlo simulations based on various 
hadronic shower models. 
 
1.3.4. Rate capability measurements   
 
In order to measure the rate capability of our chambers, we replaced all steel+copper 
absorber plates with PVC plates with a hole cut out, roughly the size of the active area of 
the RPCs. In this configuration we collected 120 GeV proton data at various beam 
intensities, from 100 Hz/cm2 to several 10,000 Hz/cm2. This data will provide 
information on both the short and long term recharge time of the chambers. The former is 
defined by the efficiency drop after a single event (in the same location). The latter is 
defined by the efficiency drop as function of overall rate of particles. We saw indications 
of both effects. 
 
1.4. Detailed data analysis 
 
Since the end of the data taking period we have initiated a detailed data analysis. We 
scrutinize the data for possible error modes, correct errors due to noise and understood 
inefficiencies, etc. The group plans to write four to five instrumentation papers, to be 
published in refereed journals over the next half year.  
 
1.5. Activities beyond the VST 
 
We recently initiated the next and last round of prototyping before embarking on the 
construction of the prototype section: 
 
 -  The prototype section needs larger chambers with an area of 32 x 96 cm2. We are in 
discussion with glass vendors to obtain samples. We do not foresee significant problems 
with the construction of larger chambers, as we have already built and tested one 
successfully. 
 -  The pad- and front-end boards in the configuration used for the VST can be produced 
in the size needed for the prototype section. However, the cost is prohibitive, in particular 
for the large-sized pad-boards. We are, therefore, investigating ways to simplify the 
design by e.g. eliminating blind vias.  
 -  We are exploring the possibility to use a scanning table and glue dispenser to apply the 
glue dots to the pad-boards. 
 -  We are redesigning the data concentrator boards in order to provide a larger number of 
inputs, up to 48 per board. 
 
We expect to conclude this round of prototyping by the end of CY2007. 
 
2. Planned activities in FY2008 
 
2. 1. Completion of R&D in preparation of construction of prototype section 
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By the end of CY2007 we will complete the R&D still required in preparation for the 
construction of the prototype section. For details see 4.5. above. 
 
2.2. Construction of stack with Resistive Plate Chambers 
 
 2.2.1 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, if necessary, they can be easily removed. 
 
A quality assurance procedure to ensure the high quality of the chambers and the 
uniformity of the response has been devised. The procedure includes tests of the gas 
tightness as well as measurements of the single particle detection efficiency using cosmic 
rays and a single large readout pad read out with analog information.  
 
  2.2.2. Construction of the electronic readout system 
 
Table III 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 (already partly available).  

 
Component #/chamber #/plane #channels/unit Total # units 
Planes 0.333 1 9216 40 
Chambers 1 3 3072 120 
DCAL ASICs 24 144 64 5760 
Pad boards 2 6 1536 240 
Front-end boards 12 36 256 1440 
Data concentrators 2/3 2 4608 80 
Data collectors 1/6 ½ 55,296 7 
Timing & trigger 1/120 1/40 - 1 
VME crates - - 387,072 1 

 Table III. List of the components of the electronic readout system 

  
2.1.3. Responsibilities as assigned to institutions participating in the project 
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Table IV summarizes the responsibilities as assigned to the different institutions 
participating in the project.  
 
2.3. Analysis of test beam data 
 
We will complete the analysis of the test beam data collected in FY2007. We expect to 
write between four and five instrumentation papers, to be published in a refereed journal, 
such as Nucl. Instr. and Methods. 
  
2.4. R&D beyond the prototype section 
 

* not part of this proposal 

Argonne National Laboratory Coordination of project 
Construction of RPCs 
Quality control of RPCs 
Fabrication of pad boards 
Fabrication and assembly of front-end boards 
Quality control of front-end boards (with ASIC) 
Fabrication and assembly of data concentrators 
Testing of data concentrators 
Commissioning of electronic readout system 
Transportation of stack to test beam 
Development of data acquisition software 
Analysis of test beam data  

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

DESY* Mechanical structure (done) 
FNAL Production and testing of front-end ASICs 

Fabrication, assembly and testing of timing and 
trigger module (done) 

Iowa Testing of high voltage distribution system 
Design and construction of gas distribution system 
Analysis of test beam data 

UTA Fabrication of test beam trigger counters (done) 

Table IV. Summary of responsibilities ordered by participating institute 

 
Beyond the prototype section, further R&D on the chambers and the readout system will 
be necessary to eventually propose the best possible hadron calorimeter for the ILC 
detector. The following areas will need further exploration. 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 research program: 
 

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

3. Finer segmentation of the readout (if results from test beam show a need for this) 
4. Higher multiplexing of the readout system, to reduce cost and real estate. In 

particular, token ring passing will be investigated. 
5. Thinner readout boards, to reduce overall thickness of the active element. 
6. Power pulsing of the front-end to eliminate the need for active cooling. 
7. Anything else, which might be recognized as important from the experience 

gained in the test beam. 
 
These activities will start soon and are planned to proceed in parallel with the 
construction and testing of the prototype section. 
 
 
3. Planned activities in FY2009 
 
3.1. Measurements with the RPC stack in the Fermilab test beam  
 
Starting in late CY2008 the prototype DHCAL section (equipped with RPCs) will be 
tested in the MT6 test beam at Fermilab. Tests will be performed both in standalone 
mode as well as in combination with a prototype electromagnetic calorimeter, to be 
provided by the CALICE collaboration [3]. A tail-catcher, constructed 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: 
 
  3.1.1. 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)[13]. 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 preserve 
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.  
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 ▪ 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. 
 
  3.1.2. 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. 
 
 ▪ 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 late in CY2008 and will 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. 
 
4. Costs of prototype construction 
 

4.1 Cost of the RPC based DHCAL 
 

Table V. summarizes the projected M&S costs for the construction of the prototype 
DHCAL section with RPCs. 
 
The following choices have been made when compiling the costs in Table V: 
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- 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 
- The large contingency on the pad and front-end boards reflects the current 

uncertainty in the design. 
 
 

Item Cost Contingency Total
RPC mechanics 32,200 9,500 41,700
Front-end ASIC 220,000 11,600 251,600
Pad- and Front-end boards 200,000 200,000 400,000
Data concentrators 131,000 65,500 196,500
VME data collectors 10,000 2,000 12,000
Timing system - - -
Power supplies 10,000 5,000 15,000
Cables 27,500 13,800 41,300
Total 630,700 307,400 958,100

Table V. Summary of the M&S costs for the RPC based prototype section 
 
Table VI. 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
Gluing of pad and FE-boards 11,500 5,750 17,250
VME data collector 5,200 1,600 7,800
Total 213,075 92,625 305,700

Table VI. 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 $1,263,800. 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. 
 
 
5. FY2008 Budget and Schedule 
 
We plan to build the RPC stack in FY2008, such that the test beam program at Fermilab 
can commence in late CY2008. To this effect we request $245k for the construction of 
the RPC-based stack, with an allocation of $200k to Argonne and $22.5 to both Boston 
and Iowa.  
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The requested funds (together with the FY2007) will not be sufficient to complete the 
RPC-based stack. However, other potential sources of funding, such as (regular) LCRD 
funds, Fermilab and Argonne’s High Energy Physics Division, will be approached to 
provide the missing funds. 
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 Chamber Construction with Large Area GEM 
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1. GEM Chamber Beam Test Results 
 
The UTA GEM DHCAL team has successfully constructed several double GEM 
chambers using the 30  3M GEM foils. The chambers have been exposed to 
radioactive sources and cosmic rays for initial functionality and characteristics tests. 
However, in order to test the chambers with sufficient statistics, they need to be exposed 

to particle beams. For this reason, we performed two beam tests at Fermilab’s Meson 
Test Beam Facility (MTBF) in March and April 2007. In a one week run in March, we 
established the trigger timing and began to commission the detector system as a parasitic 
user with a low energy proton beam. The primary chamber commissioning was then done 
in the April run with a 120 GeV proton beam, when we were the primary user. 

30cm cm×

Figure 2 A schematic diagram (a) and a photograph (b) of the GEM beam test setup at MTBF 

 
The prototype chamber used in this run consisted of two layers of  GEM 
foils produced by 3M and was read out through the Fermilab QPA02 chip based preamp.  
The goals of the beam test were to measure rate capabilities, electron and pion response, 
chamber gain as a function of HV, pad occupancy and cross talk.  For these runs, we 
purchased a 100 channel PCI-based serial readout DAQ card from ADLink which came 
with DAQ software that interfaces to LabView.  We developed a LabView based data 
acquisition program and online analysis software that allowed us to monitor the data in 
real time.  Since the DAQ card required a sufficiently long signal for the ADLink DAQ 
card to sample, we developed a pulse shaper to stretch the signal to a suitable level.  We 
also used a commercial shaper for verification purposes. 

30 30cm cm×

 
Figure 1 shows the test beam setup at MTBF including three 1 1cm cm×  finger counters 
and two 19  trigger counters. The coincidence of these five counters formed a 
trigger that constrained the beam and allowed us to maximize the beam rate through the 
targeted single 1

19cm cm×

1cm cm× readout pad. In addition to the beam trigger, we employed two  
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Figure 2 (a) and (c) noise distributions with Gaussian fit (solid line) for channels 7 and 15
respectively.  (b) and (d) signal distributions from the chamber using Sr90 source for channels 7
and 15 respectively.  Purple line shows the result of Gaussian + Landau function fit, blue is
initial Landau fit and the black solid line is the noise subtracted Landau distributions.  

negative output from the QPA02 preamplifier, and the coincidence between the five 
additional triggers: a chamber self-trigger with a -30 mV threshold utilizing the unused 
 counters and a chamber pad signal above -30 mV to select events with beam constrained 
on the individual pad.  This trigger was used as the primary trigger since the setup did not 
include an independent means of constraining the beam position onto the target pad using 
the five fold scintillation counter trigger.  We performed a noise trigger rate measurement 
without beam and found that the rate is less than 0.2Hz with - 30mV threshold.   This 
shows that the trigger rate due to noise is negligible compared to beam trigger rates 
which typically were 10s of kHz. 
 
A significant portion of the run was spent debugging the setup and understanding the 
chamber response. Using the data obtained during this period, we were, however, able to 
determine the relative efficiency and cross talk of the chamber. In order to verify the 
benchmark functionality of the chamber, we also took data using a high intensity Sr90 
radioactive beta source during periods of no beam.  Figure 2.(a) and (c) show the noise 
distributions for two adjacent pads, 7 and 15, respectively. The noise data was taken with 
random trigger to avoid biases.  Figure 2.(b) and (d) show the signal distributions from 
Sr90 source for channels 7 and 15, respectively.  The output of the electronics has been 
converted back to the output charge of the chamber by correcting for the electronics gain 
which typically is on the order of 10mV/fC.    
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Figure 3 (a) and (c) noise subtracted pulse height distributions for pad 7 and pad 15,
respectively, from Sr90 source.  (b) and (d) show the individual channel absolute efficiency as a
function of threshold in fC.  

 
While the most ideal way of measuring absolute efficiencies is using an independent 
measurement of normalization samples, since we did not have such means, we used the 
data taken using the beam constrained trigger discussed above and the standard statistical 
method to fit the noise shown in Fig. 2.(a) and (c) to Gaussian distributions.  Retaining 
the shape parameters and floating only the amplitude, we fit the signal distributions 
simultaneously to this noise Gaussian and the Landau signal distributions. Figure 3.(a) 
and (c) show the noise subtracted signal distributions from Sr90 source and Fig. 4.(a) and 
4.(c) show those from 120GeV proton beams, for pad 7 and for pad 15, respectively.  
Figures 3.(b) and (d) show the absolute channel efficiencies as a function of threshold 
using Sr90 source and Fig. 4.(b) and (d) show those from proton beam for pad 7 and pad 
15, respectively.   
 
The source signal is consistent with the data taken at UTA. The absolute individual 
channel efficiency is about 98.5% at 4fC threshold measured with the source and over 
99% measured with proton beam. As one can see, the noise subtracted signal 
distributions from the beam are broader than that of the source. In addition, the efficiency 
drops more quickly with increasing threshold for the source data than the beam. We 
attribute these to sizable contaminations of events with more than one proton entering the 
detector within the 200 ns trigger gate.  The consistency of the efficiency curves for the 
two pads is indicative of uniformity of the chamber response, however, systematic studies 
with larger area exposure and an independent means of measuring absolute efficiencies 
are needed in order to firmly demonstrate and measure uniformity.   
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Figure 4 (a) and (c) noise subtracted pulse height distributions for pad 7 and pad 15,
respectively, from proton beams.  (b) and (d) show the individual channel absolute efficiency as
a function of threshold in fC.  

 

Figure 5 (a) and (c) pulse height distributions for pad 7 and pad 15, respectively, when the
proton beam was incident to the immediate neighbor.  (b) and (d) show the cross talk rates as a
function of threshold in fC for the same two pads.  
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In order to measure the cross talk rate, we read out the pad immediately next to the pad 
with the beam constrained trigger. Figure 5.(a) and (c) show the pulse height distributions 
when the beam enters onto the immediate neighbor for pad 7 and pad 15, respectively. 
The purple lines represent the normalized noise fit, and the black lines represent the 
Landau fit to the signal.  As expected the pulse height in pad 7 is very low when the beam 
is centered on pad 15. From these, we can extract the fractional cross talk rate on pad 
number 7 when the beam is on pad 15 as shown in Figs.5.(b). We investigated the reverse 
case as well, as shown in Figs. 5.(c) and (d), studying pad 15 and observed dramatically 
different cross talk rates. From these studies, while the probability of the cross talk is not 
negligible, it should be emphasized that given the size of the beam this distribution 
includes charge sharing between the neighboring pads and multiple proton events. 
Further analysis is in progress to take into account these effects. 
 
We also verified that the overall noise rate of the chamber is low, as a noise trigger rate 
measurement of a random pad away from the beam was less than 0.2 Hz for a 30 mV 
threshold. 
 
The measured chamber gain is using 80/20 ArCO( ) 41.16 0.024 10± × 2 gas and the voltage 
across each GEM foil maintained at 400V, after correcting for all electronics gains.  This 
is consistent with our previous measurement of 3500 using 70/30 ArCO2, taking into 
account the gain variation due to gas.   
 
In summary, the measured MIP values, taken as the most probable values in the noise 
subtracted Landau distribution to Sr90 source is about 10fC.   The MIP measured using 
120GeV proton in the same manner is 17 – 20 fC a factor of 2 large than that from the 
source.  We suspect that the beam had rather sizable fraction of multiple protons entering 
the 200ns trigger gate.  A correction for this effect is being developed.   The chamber 
individual channel absolute efficiency is found to be 98.5% at 4fC threshold using Sr90 
source and over 99% and using 120GeV proton beams.  Again the multiple proton 
entrance will impact the efficiency, although the impact would be small at this low 
threshold.   The multiplicity measured at the bench using collimated electrons from low 
intensity Sr90 source was 1.27.   The cross talk measured with beam was 28% - 72% at 
6fC threshold but this rate is extremely sensitive to multiple proton events. Therefore, a 
good correction factor is critically important for this measurement. The measured 
chamber gain is using 80/20 ArCO( ) 41.16 0.024 10± × 2 gas and the voltage across each 
GEM foil maintained at 400V, after correcting for all electronics gains.  The measured 
trigger rate at 4fC threshold was less than 0.2Hz. 
 
2. GEM Vertical Slice Electronics Test 
 
We constructed a chamber to test with the DCAL digital chip jointly developed by ANL 
and FNAL. The primary goal of the test was to exercise the newly developed readout 
chips.   The chamber was constructed with large Delrin spacers such that the area of the 
chamber to be exposed to beam would match the readout area of the chip, 16 x 16 cm2. 
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We tested the chamber with cosmic rays at the ANL test station.  Unfortunately, we saw 
no signal.  With the help of the ANL electronics team, we performed tests on the glued 
combination of the front-end and anode boards and the DCAL chip by injecting charge 
directly onto the anode pad.  Based on the threshold scans in these tests, we concluded 
that the DCAL chip is sensitive to 10 fC of injected charge, verifying that the readout 
system is functioning as designed. 
 
Since the symptoms for DCAL GEM chamber was the same as another chamber with an 
analog readout chip, we investigated possibilities that could cause these chambers to fail, 
while previous prototypes were successful. The first and most obvious one (other than the 
new readout chips) was the change of the chamber spacer. The hypothesis is that the 
dielectric material (Delrin) used as the spacer could make each gap of the chamber act as 
a large parallel capacitor, reducing the effective high voltage across the gap. Initial tests 
were inconclusive, so we have decided to build a new chamber with the previous spacer 
technology, and test it with cosmic rays and sources prior to the next test beam period. 
 
One other possibility is the difference in the bleeder resistor connection to the ground. 
The DCAL chip based readout system does not have such a resistor, while the old readout 
system employed a bleeder resistor to ground in each channel. The lack of a common 
ground might produce an efficiency loss, and we are in the process of testing this 
possibility also. 
 
3. GEM Digital Hadron Calorimetry – next steps 
 
3.1 Development of large area chambers 
 
The DoE/NSF review of U.S. ILC Detector R&D identified the demonstration of the 
scalability of GEM chambers as a priority area. Following the thorough testing of the 30 
x 30 cm2 chambers, the next step in GEM/DHCAL development will be the acquisition 
and testing of 1m lengths of GEM foils. The width is yet to be chosen but will be 
optimized to reduce dead space – we are in discussions with CERN over the manufacture 
of large area foils; the CERN shop can make widths up to 40cm. UTA has developed 
tools to handle large area foils, and present them flat for integration into a detector. We 
have also developed initial components for the detector walls (1 mm and 3 mm heights 
are required), gas in/outlets, and spacers to maintain the separation of the foils. The 
construction of chambers using these larger foils should present no major challenges. We 
will first carry out full high voltage testing of the new foils, then build a number of 1m 
chambers to test for gain, signal and efficiency uniformity,  and hit multiplicity.  
 
3.2 GEM – Construction of 1m2 detector planes and 1m3 stack 
 
3.2.1 Multi-channel Vertical Slice Testing 
We believe we have resolved the chamber construction issues that prevented GEM 
chamber from participating in the joint vertical slice test.  Thus, we plan to conduct a 
beam test using the DCAL digital readout system in late 2007 or early 2008. We are 
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discussing with the ANL RPC team to establish a test station using the full DCAL 
readout system at UTA for more efficient chamber construction and testing. 
 
3.2.2  
Following the assembly and testing of 1m long GEM chambers, the next step (subject to 
availability of funding) will be to construct the subunits for 1m2 planes, and verify their 
performance prior to their use in a 1m3 GEM/DHCAL stack. These subunits will be 
subjected to dimensional, gas volume integrity, and HV tests, verification of chamber 
readout, and source/cosmic testing for uniformity and efficiency.  
 
 UTA has a large clean area and 5,000 ft2 detector assembly area. As for past detector 
projects, we anticipate employing and training significant number of students in our 
work. This allows construction costs to be reasonably contained, while providing 
excellent opportunities for students to acquire new skills and take on responsibility for 
parts of an important project. 
 
4. Cost of 1m3 GEM DHCAL Stack Development and Construction 
 
 Table I 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. 
 Table II summarizes the expected postdoc and student labor costs at UTA for the  
development of large GEM foils and construction of the 1m3 prototype section. The total 
cost of the GEM DHCAL development and prototype construction is $886,160. 
 
5. FY2008 Budget and Schedule 
 
We plan to acquire and test 1m long GEM foils and construct unit chamber using the  

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 I Summary of the total M&S costs for GEM-based 1m3 prototype construction. 
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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 II Summary of labor costs for GEM DHCAL 

foils.  Table III shows only the minimal level of support needed in FY2008 to acquire the 
1m long GEM foils and for personnel support for their testing and use in large area GEM 
chambers.  The total requested here is $48,000. 
 
The requested funds will only support minimal development for large GEM unit 
chambers. However, other potential sources of funding will be pursued. 

Item Cost Contingency Total
Screen/tooling 4,350 1,000 5,350
20 1m x 32cm foils 24,654 2,739 27,393
Postdoc 3 months 7,930 - 7,930
Fringe Benefits 2,379 - 2,379
Indirect costs (48%) 4,948 - 4,948
Total 44,261 3,739 48,000

Table III  Summary of the requested costs for GEM large unit chamber development 
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I. Introduction 
 
Identification and measurement of muons is critical to the ILC physics program.  A cost-effecive 
design for a muon detector that will provide excellent operational performance and that will meet 
the physics requirements is a project that merits careful consideration.  Our collaboration has 
established over the last few years that a magnet with an iron flux return yoke instrumented with 
extruded plastic scinitllator strips is a leading candidate for a muon detector.  The strips are 
readout with wavelength shifting (WLS) optical fibers placed along the length of the strip.  The 
light from the WLS fibers is detected by solid state sensors which we generically refer to as 
silicon photomulitpliers (SiPM).  
 
This is the second year request for supplemental funds to our “base” program.  The supplemental 
funding is specifically to accelerate the acquisition and testing of scintillator strip prototypes with 
SiPMs, which have only recently become available from several commercial vendors and research 
institutes. 
 
At the time of this proposal, we are just now receivng the first year supplemental funds.  However, 
using LCRD base funding and other sources we have continued tests of the Tail Catcher Muon 
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Tracker (TCMT) prototype, using SiPMs from MEPHI (Russia), we have made first tests of strips 
readout with SiPMs from IRST (Italy), and we tested a a large area scintillator strip prototype 
using multi-anode photomultplier tube readout.   
 
In this proposal, we describe recent progress from these tests and our plans for testing strips with 
SiPMs from a variety of vendors, as well as continued analysis of the existing data.  We also 
describe our goals for simulation studies, although support for this work is not requested through 
this supplement.   
 
II. Project Status 
 
Our recent work has focused on beam tests at Fermilab and CERN.  This work was recently 
presented (Oct. 22, 2007) in a series of talks at the ALCPG07 Meeting at Fermilab [1].  A 
summary description is given below. 
 
Fermilab Beam Tests 
 
Introduction 
 
We exposed four 2.5 m by 1.25 m area ILC pre-prototype strip-scintillator planes to a +120 GeV/c 
hadron beam in the Meson area at Fermilab.  The objectives of the tests were to measure the 
response of the strip scintillator (1cm thick by 4.1cm wide) equipped with a 1.2 mm diameter 
green light collecting wavelength shifting (WLS) fiber glued in a longitudinal channel along the 
length of the strip. For readout purposes the WLS fiber was thermally fused to a clear fiber of the 
same diameter near the exit of the strip to transmit light pulses, generated by charged hadrons, to 
the multi-anode photo-multiplier that was used to convert the light pulses to signals that were then 
digitized.  
 
The parallel strip-scintillator that makes up the planes is oriented at ±45o relative to the boundaries 
of each plane.  Two of the four planes had a single clear fiber per strip to carry the light to its 
photosensor.  These planes are labeled S+ and S- to indicate single-ended readout strips.  
 
The other two planes have clear fibers fused to each end of the WLS fiber to provide dual paths 
for 
light to reach two photo-sensors. These two planes are labeled D+ and D-. The two ends of each 
D-plane fiber are labeled D(a) or D(b). Each plane has 22 full length strips (1.87 m) and 42 partial 
length strips, 21 to fill each of the two corners of a given plane. This geometry is chosen to limit 
the maximum length of scintillator bars, WLS fibers and consequent attenuation of scintillator 
generated light and the possible need for double-ended readout. 
 
Test-beam Set-up 
 
Figure 1 shows schematically the four planes of strips and beam defining counters.  The MTest 
(primarily) proton beam was approximately 1 cm FWHM in diameter.  The 2 cm x 2 cm S3A 
counter was mounted diagonally to define the fixed beam position.  The four planes were mounted 
on a movable cart so they could be positioned vertically and horizontally to put beam through one 
strip in each plane. The beam trigger required a four-fold coincidence of the counters as indicated 
in Fig. 1. The pulse height for S3B was digitized for use in the analysis to veto multiple beam 
particles during the ADC gate.  
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Figure 1: MTest beam setup of four planes of scintillator strips and the beam defining counters. 

 
 
 
The 64 channel multi-anode PMTs, Hamamatsu 7546B run at 970 V, were used to convert light to 
electrical signals.   The anode signals passed via a special printed circuit board from the MAPMT 
base to paddle cards that separated the output from16 channels into RG-174 coaxial cable that 
terminated at a patch panel.  From there RG-58 cables carried the signals to LeCroy X10 
amplifiers where they were split and delayed for timing purposes before they entered LeCroy 
2249A ADCs.  The LRS 2249A’s digitized the delayed signals that were contained in an ADC 
gate that was triggered by the four-fold beam coincidence. The ADC gate was 170ns to 
accommodate signals from any of the instrumented strips.  The digitized ADC outputs were read 
out with a standard CAMAC system at a rate that was restricted to about 50 Hz.  When we were 
the prime user we had low intensity beam, ~1000 p/sec, two 1 s spills per minute, 12 hours per 
day. Ten percent of the ADC gates contained additional beam particles, even at low rates.  This 
fraction was measured by digitizing the output of the SC3B counter for all recorded beam triggers. 
During the data analysis events, with a pulse height in SC3B that was more than a single minimum 
ionizing particle, were rejected from further analysis 
 
There were a total of 384 channels associated with the MAPMTs.  Due to our limited DAQ rate 
we used a total of slightly less than 40 ADC channels.  Each LRS 2249A ADC channel was 
separately calibrated.  The nominal calibration was 0.25 pC/count for this 10-bit system. Several 
channels were significantly different than this.    
 
Test Beam Data 
 
Measurements were done for a selected sample of points on the grid of intersections of positive 
and negative strips.  A total of 78 strips were selected for beam studies based on limited running 
time, our ability to position the strip intersection points in the beam and performance of necessary 
checks to qualify the data. We performed pedestal measurements for channels whose strips were 
not in the beam during beam spills. A typical set of pedestal subtracted histograms for the six 
channels with beam for strips +38 and -38 is shown in Fig. 2. 

 3
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Figure 2: Pulse height histograms for beam exposure of the four strips centered on the four planes: +38 and -38. 

 
The triggers for the data shown in Fig.2 depend only on the beam counters shown in Fig. 1.  None 
of the scintillator strips are included in the trigger. This allows for an independent measurement of 
the efficiency of any strip through which the beam is passing. For the plot shown there are 11,450 
events. A careful examination of the six plots shows that there are no events with a pulse height 
near zero. If there were a single event missing the inefficiency would be 1/11450 = 8.7 E-05.  
Assuming Poisson statistics, this inefficiency implies the mean number of photo-electrons is > 9.  
With this simple analysis the mean number of photo-electrons from light pulses produced at the 
far end of a strip would decrease the efficiency to about 99%, which seems tolerable since strip 
wrapping, etc. will introduce inefficiencies of a few percent. 
 
Another observation from Fig. 2 is that the mean pulse height for these six channels is quite 
varied. This comes primarily from the different responses of the multianode cells to light pulses. 
Other factors that affect the observed pulse-height distributions from different PMT channels, 
include the ADC calibration (# of pC/ADC count), variations in the X10 amplifiers, and the light 
transmission through the thermally-fused splice joint between the clear and WLS fibers. The 
latter, ~80%, has been measured for each of the 384 fiber splices but it has not been applied in our 
analysis. 
 
Measurement of MAPMT Relative Response 
  
Continuous Light Source 
 

 4

There are various schemes that can be used to measure the response of each MAPMT channel. We 
used a custom setup that mimics green light generated in strips.  It is a piece of scintillator that has 
two 1.01 m long, 1.2 mm diameter Kuraray Y11 fibers embedded in it, with a 5 mCi Sr-90 source 
(with housing) placed on top of it to produce light pulses. A precision-drilled template with 64 1.2 
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mm diameter holes was used to accurately position the free end of the WLS fiber adjacent to the 
Hamamatsu 7546B MAPMT photocathode window.  The assembled PMT with base voltage 
divider circuit, cables, and light source were operated in a light-tight box.  The output of the 
MAPMT channel that was illuminated was carried from the light-tight box to a commercial 
electrometer connected via commercial DAQ apparatus to a PC.  One of the two WLS fibers was 
connected to a given channel for monitoring purposes throughout the measurements [2,3].  
 
Each of six MAPMTs had their relative response measured with the HV set to 800V.  At this 
voltage the typical current was ~1 µA.  We also measured cross-talk, i.e. the output of physically 
adjacent channels when light was incident on one channel. The cross-talk varied from a maximum 
of 4.9% to an average of 3.9% for the four nearest channels to 1% for the next nearest channels. 
There was no saturation in the output of any channel as the voltage was varied between 600V and 
970V as evidenced by a linear dependence of the logarithm of the current as a function of the 
voltage. The variation in response over six MAPMTs that were measured is substantial.  For all 
tubes measured the maximum to minimum output varied by a roughly a factor of 5.  The 
mechanical structure of the MAPMT is reflected in a periodic variation in the relative output over 
the 64 channels, as seen in Fig. 3. 
 
Pulsed Light Source 
 
We also calibrated the MAPMTs using a light emitting diode (LED) excited with short (10 ns) 
pulses from an HP 8082A pulse generator.  The diode was connected to a short (few cm) clear 
optical fiber with the opposite end accurately positioned on a desired pixel of the photocathode 
using a delrin plate with 64 holes, matching the pixel positions, fitted onto the face of the 
phototube. The LED, fiber and MAPMT were housed in a light-tight, metal box providing 
excellent optical and RF shielding isolation.  The MAPMT was readout with a 50 ohm cable to a 
LeCroy 3001 QVT with a CAMAC interface to a PC for data acquisition. The QVT was gated 
with a 100 ns pulse coincident with the arrival of the MAPMT signal at the QVT charge input. 
 
The gain of each channel was determined from a Poisson analysis of the charge distribution using 
about 10,000 events per channel collected in a few seconds.  An example of the calibration is 
shown in Fig. 3 for all 64 channels of a tube measured using the continuous and pulsed light 
source methods described above, and using a continuous tungsten lamp source provided by the 
manufacturer, Hamamatsu.  The measurements are consistent to within about +-10%, with the 
variation apparently due to systematic differences in the methods.  We also compared gain 
measurements using two different pulsed LED setups – one at the University of Bern, which was 
used for the OPERA experiment, and one at Wayne State.  The results, shown in Fig. 4., show a 
consistency at a level similar to that shown in Figure 3.   
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Figure 3. Comparison of MAPMT gain measured for all 64 channels using three 
different methods: radioactive source (diamonds), light-emitting diode 
(squares), tungsten lamp (triangles). 
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Figure 4. Comparison of gain for 64 MAPMT channels measured using a pulsed LED light source at Univ. of Bern 
(diamonds) and at Wayne State Univ. (squares). 
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Test Results 
 
Figure 5 shows the calibrated response of several channels in pC as a function of distance from 
beam intersection with a particular strip to the WLS-to-clear splice joint. Included are the ADC 
calibration and the MAPMT channel’s relative response.  The data show that when both ends are 
readout the summed signal is larger by 30 – 50% than that of a strip with single ended readout.   

 

Figure 5: Signals from scintillator strips after corrections for relative response of different 
MAPMT channels. The data points connected by dashed (solid) lines are for strips with single-
ended (double-ended) readout. 

 
 
This is about what was expected based on the attenuation length for green light in the WLS fiber 
and the reflection coefficient for the mirrored surface that was sputtered on the polished far end of 
each WLS fiber of the S-planes.  
 
 
 
Testing Si Photo-sensors 
 
Near the end of our MTest running the Udine group attached a few of their IRST photo-sensors 
[3] to strips that were essentially the same as those tested with MAPMTs.  Their installation at the 
test beam was relatively simple as we were able to attach them on the front face of our movable 
array of four MAPMT planes.  The outputs of the photo-sensors were sent to X10 amplifiers and 
then to ADCs for digitization.   An example of the digitized output is shown in Fig. 6 below.  
 

 7
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Figure 6: Test results from an IRST photo-sensor optically coupled to a WLS 
fiber embedded in an extruded scintillator bar. 

 
Individual photo-electron peaks are clearly visible.  The beam was primarily 120 GeV/c protons 
with the intensity similar to running with the MAPMT tests.  Discriminator thresholds were set 
above electronic noise but below the single photo-electron amplitude; the dark count did not 
exceed 1.5 KHz. Data were taken with a trigger based only on beam line scintillation counters as 
were used in the MAPMT tests.  The Si photo-sensor gain is estimated to be 1.6 E+06; the 
efficiency is 99% and the mean number of photo-electrons is ~ 6.5. 
 

TCMT CERN Beam Test 
The CALICE tail-catcher/muon tracker (TCMT) is the first scintillator-steel muon detector 
prototype using Silicon Photomultipliers as photodetectors. The TCMT prototype has a fine and 
coarse section distinguished by the thickness of the 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 deviation between models occurs in 
the tails.  The following coarse section serves as a prototype muon system for any design of the 
ILC detector and will facilitate studies of muon tracking and identification within the PFA 
reconstruction framework. Additionally, the TCMT will provide valuable insight into hadronic 
leakage and punch-through from thin calorimeters and the impact of the coil on correction for this 
leakage. 
 
The active layers of the TCMT consist of 1m long, 5 cm wide and 5 mm thick extruded scintillator 
strips. A 1.2 mm outer diameter Kuraray WLS fiber is inserted into the co-extruded holes that run 
along the length of the strips. The strips and their associated SiPMs in each layer are enclosed in a 
light tight sheath or cassette. The top and bottom skins of the cassette are formed by 1 mm thick 
steel with Al bars providing the skeletal rigidity. The cassettes are inserted, alternately in the X 
and Y orientation, in a steel absorber stack which has a fine and coarse section. The upstream fine 
section consists of eight 2 cm thick steel plates while the coarse section is comprised of 10 cm 
thick steel absorber for a total of approximately six interaction lengths. 
 

 8
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As part of the CALICE test beam program a fully instrumented TCMT (320 channels) took beam 
in the H6B area at CERN in summer/fall of 2006 and 2007 (see Fig. 7). Millions of electron, pion 
and proton events in the 6-120 GeV/c momentum range were collected. Also written to disk were 
millions of muons of determined and undetermined momenta (see Fig. 8). For calibration and 
monitoring purposes pedestal and LED events were taken at regular intervals. Analysis of this 
huge amount of data is proceeding and the results, as far as the potential of using SiPMs as the 
photosensors in a scintillator-based muon system are concerned, look very promising (see Figs. 9 
and 10). Details can be found in [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: The TCMT in the H6B area at CERN. 
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Fig. 8: Online event display of a muon going through the TCMT. 
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Fig. 9: (a) Noise spectra in MIP units (b) MIP response in ADC counts (c) Calibrated MIP response (d) Efficiency vs. 
Noise Rejection for a typical TCMT strip. 
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Fig. 10: Combining TCMT response to previously combined ECAL+HCAL data for 20 GeV pions. Data 
is from the 2006 test beam in which the TCMT stood behind a 30 layer Si-W (~1Λ) ECAL and a 30 layer 
(Scint.-Steel) (~4Λ) HCAL. 
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III. Goals and Deliverables 

Our prototype tests, described in the previous section, have firmly established that a scintillator-
based muon detector with wavelength-shifting fiber and either multi-anode phototubes or silicon 
photomultipliers can meet the performance requirements of an instrumented iron flux return muon 
system of an ILC detector.  We now want to show that a cost-effective system can be built and we 
want to optimize its design for ILC physics.  

The clear-fiber cable plant required for use with MAPMTs would be a substantial additional 
expense, not required if using SiPMs, which can operate in strong magnetic fields.  Thus, we will 
concentrate future studies on a design using SiPMs.   

Our primary goals are as follows. 

Hardware: 

1) Test SiPMs from different vendors (source, cosmic and beam measurements) using 3 m long 
strips with a co-extruded hole for the WLS fiber.  SiPM vendors are Hamamatsu (Japan), IRST 
(Italy), MEPHI (Russia), SensL (Ireland) and possibly others. 

Deliverables are test results showing pulse height spectra, noise rates, channel-to-channel 
uniformity, and variation with signal source location along the strip length.  

2) Demonstrate electronic readout that can be the basis for a next generation prototype. A single 
SiPM will be mounted on a small board located at the end of each scintillator strip.  The board will 
provide filtered DC bias and a transformer interface to a 50 ohm cable for signal output.  The 
signal will be received at a remote concentrator board with multiple (12 to 16) channels of 
amplifier/discriminator, based on an existing design for MAPMT readout for the MINERVA 
experiment at Fermilab.   

Deliverable is a working system with of order 1024 channels to be used for data acquisition for the 
tests described in 1).  This will provide a solid cost-basis for a large scale design.   

Analysis and Simulation: 

3) Continue analysis of existing and new source/cosmic/beam data to achieve the goals described 
in 1).  This work includes channel-to-channel calibration and comparative performance under 
different operating conditions for SiPM bias and ambient temperature. 

Deliverable is a statistical characterization of performance of many channels for a given strip 
geometry, SiPM type and operating condition. 

4) Simulate inclusion of muon system measurement in PFA analysis of jets ("tail-catching"); use 
Kalman filter reconstruction of muon tracks using calorimeter and muon detector hits.   

Deliverable is an estimate of improvement in jet energy resolution and its dependence on key 
event characteristics such as jet-pT, polar angle, and physics process and dependence on detector 
parameters such as longitudinal and transverse segmentation of the muon detector system. 

5) Optimize iron return flux gap sizes and filling factors for muon efficiency and hadron-rejection. 
Assess performance in central and forward regions using the physics benchmarks being developed 
by the ALCPG working groups. Deliverable is the result of these simulation studies.    
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IV. Institutional Responsibilities and Budgets 

Northern Illinois University   
The personnel funds are for 4 months of a grad. student for continuing analysis of the data 
collected at the CERN test beam and for participation in the Fermilab test beam starting in spring 
2008.  Equipment funds are for purchase of SiPMs and readout electronics. 
 

ITEM Amount 
  
Other Professional   
Graduate Student (4 months) $  6,000 
Total Salaries and Wages $  6,000 
Fringe Benefits  
Graduate Student Tuition  
Total Salaries, Wages and Benefits $  6,000 
Equipment $10,440 
Total Travel  
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $16,440 
Indirect Costs (26% of MTDC) $  1,560 
Total Direct and Indirect Costs $18,000 
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Wayne State University  
WSU will assist in procurement of SiPMs, installation of the SiPM readout electronics and detector 
operation with cosmic rays and/or a particle beam.  Travel is for Research Engineer Alfredo Gutierrez 
and a graduate student to come to Fermilab for planning, installation and operation activities. 
 

ITEM Amount 
  
Other Professional (research engineer), 1 
month $  4,597 
Graduate Student (2 months - summer) $  4,651 
Total Salaries and Wages $  9,248 
Fringe Benefits $  1,759 
Graduate Student Tuition $  1,164 
Total Salaries, Wages and Benefits $12,171 
Equipment  
Total Travel $  2,355 
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $14,526 
Indirect Costs (26% of MTDC) $  3,474 
Total Direct and Indirect Costs $18,000 

 
 
 
Total Project Cost 
 

ITEM Amount 
  
Other Professional (research engineer), 1 
month $  4,597 
Graduate Students (6 person-months) $10,651 
Total Salaries and Wages $15,248 
Fringe Benefits (see institutional budgets) $  1,759 
Graduate Student Tuition $  1,164 
Total Salaries, Wages and Benefits $18,171 
Equipment $10,440 
Total Travel $  2,355 
Materials and Supplies  
Other Direct Costs  
Total Direct Costs $30,966 
Indirect Costs (26% of MTDC) $  5,034 
Total Direct and Indirect Costs $36,000 
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Appendix: Participation Data 
 
 

 
 
 
 

Number of projects in this document N 
Luminosity, Energy, Polarization total 1 
Vertex Detector total 2 
Tracking total 2 
Calorimetry total 2 
Muon system total 1 
Total 8 

 
 
 

Participation by institutions N 
U.S. Universities 17 
National and industrial laboratories 4 
Foreign institutions 14 
Total 35 
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