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Overview of Tracking Proposals
Experimental physics goals for a future Linear Collider create challenges for charged
particle tracking, particularly in regard to momentum resolution, multi-track separation,
and the precise and efficient reconstruction of tracks at forward angles. The momentum
resolution is driven in part by the need to measure the di-lepton recoil mass spectrum in
the process e + e − → HZ , with Z → µ + µ − . With the small beam energy spread possible
with superconducting accelerator technology, the recoil mass spectrum resolution is
limited by track momentum resolution even at the previous aggressive baseline level of

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

Simulation

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

Silicon Central Trackers

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

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

TPC Central Tracker

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

Forward Trackers

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

.
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Development and Evaluation of Forward Tracking in the Linear
Collider
Classification (subsystem)
Detector: Tracking
Personnel and Institution(s) requesting funding
University of Oklahoma, Department of Physics: Michael G. Strauss (Associate Professor)
Collaborators
Post-doctoral Researcher (to be named)
Project Leader
Michael G. Strauss
Strauss@nhn.ou.edu
(405)-325-3961 ext. 36343
Project Overview
Traditional e+ e− tracking detectors have provided excellent track finding capability and track
resolution in the central region, but diminished performance in the forward direction, closer to
the beam pipe. However, forward tracking will be a critical component of the Linear Collider
(LC) physics program and the LC detector will require outstanding forward tracking to attain
the maximum physics potential.
There are important physics processes with enhanced cross sections in the forward region that
can only be effectively measured by having exceptional forward tracking. For instance, certain
production and decay modes of supersymmetric particles are peaked in the forward direction.
Some important Standard Model processes, like Higgs production via W W t-channel fusion
are also predominantly along the beamline. Quality forward tracking will be required to
maximize the ability to do certain physics. Because the colliding beams disrupt each other and
induce radiation, an accurate measurement of the differential luminosity requires an angular
measurement of Bhabhas with an uncertainty, ∆θ, of 100 µrad over polar angles of 100-500
mrad. The best algorithms for determining jet energies are particle flow algorithms which
require measurement of energy in the calorimeter as well as the momentum of charged tracks
in the same jet. Multijet events often produce jets in the forward direction. Consequently, to
measure jet energies in the forward region with good efficiency, quality tracking must extend
to small polar angles. Other physics considerations include the ability to efficiently measure
the charge of all tracks, not just those in the central region, and minimizing the material in the
forward region so that conversions do not cascade and disrupt tracking pattern recognition.
These physics goals can be accomplish by developing forward tracking that uses minimal
material in order to preserve momentum resolution of the order σ(1/pt ) = 10−4 GeV−1 ,
with polar angle coverage down to about 110 mrad. Many issues regarding forward tracking
need to be studied in detail now so that relevant questions can be answered and reasonable
technology choices can be made, particularly for the Silicon detector tracking option.
The tracking system must be able to maintain its superior resolution and pattern recognition
capabilities well into the forward region, for which backgrounds increase steadily while the
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mean pt , and the lever-arm available to reconstruct tracks and measure pt , shrink steadily. In
addition, good angular resolution must be maintained for the differential luminosity measurement. These issues present great challenges to the design of a forward tracking system, and it
is essential that a realistic simulation and reconstruction package that can easily investigate
alternate technologies and geometries be developed and utilized so that these questions can
be addressed.
At present, only a few studies have been done to choose tracking hardware options or develop
software algorithms to assure quality track finding and resolution in the forward direction.
The TESLA collaboration has done some simulation of tracking in the forward direction. The
default TESLA design uses seven layers of intermediate silicon disks and a forward chamber,
possibly made of straw tubes, behind the TPC. Studies show that TESLA gets a resolution of
∆θ ≈ 30µrad at a polar angle of about 120 mrad. Some other layouts of the TESLA tracker
have been investigated to determine if pattern recognition can be improved by eliminating
”ghost” hits. The TESLA studies show that reasonable tracking can be done in the forward
region with the level of realism modeled in their simulation. There have not been TESLA
studies that investigate alternate tracking geometries, technologies, and algorithms that might
improve forward tracking. Tracking options that might provide better resolution need to be
investigated. The U.S. LC tracking group has expressed their opinion that forward tracking
is at the core of the tracking program, and that simulation and software development is of
paramount importance to the LC tracking effort.
We propose a systematic software effort to understand tracking capabilities and develop tracking algorithms in the forward direction, to about 110 mrad from the beamline. These studies
will use the detailed Monte Carlo and simulation being developed by Norman Graf and collaborators at SLAC. A realistic simulation must include beam related backgrounds, accurate
simulations of charge deposition, full energy deposition from tracks and backgrounds, realistic detector response, digitization, cluster finding, merging and hit recognition algorithms,
detailed coordinate determination, and accurate track finding algorithms. Some of these parameters are not yet in the LC Monte Carlo simulation. We would make the Monte Carlo
more realistic and use the enhanced Monte Carlo to investigate the forward tracking potential. Such an effort will allow an informed choice for forward tracking technologies and design
parameters. We will help determine the essential hardware components needed to assure
quality tracking and physics capabilities in the forward direction, and to eventually develop
quality pattern recognition and tracking algorithms in the forward direction. The software
tools we develop will be used to facilitate future physics studies.
The program at the University of Oklahoma will continue to work in conjunction with the LC
community. We have been using the current simulation package developed by Norm Graf and
will continue to work closely with the existing LC tracking simulation groups. Some pattern
recognition tools have already been incorporated into the LC simulation. Using these tools is
a good place to start when studying forward tracking issues, but is insufficient to develop the
best algorithms for meeting the forward tracking physics issues. For instance, the strategy for
the current tracking algorithm in the Silicon detector is to first find tracks in the CCD vertex
detector then to extrapolate these tracks into the central and forward detectors. However,
there are very important questions that have not been investigated: (1) How well do five layers
of CCDs do at pattern recognition given realistic backgrounds and detector performance? (2)
What is the track finding efficiency and purity using this pattern recognition technique? (3)
Will the proposed thickness of the detectors cause so much showering that pattern recognition
is impossible? (4) Are there other algorithms that give better performance in the forward
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region?
We would like to concentrate on answering questions regarding forward tracking with the Silicon Detector (SiD) tracking option that have not been investigated. Many of these questions
are outlined in the document “Critical Questions for SiD” by M. Breidenbach, H. Weerts,
J. Brau, and J. Jaros. We would like to develop simple pattern recognition code that could
easily compare different designs in order to answer questions that have been raised by this
report. (1) What detector layout will will offer robust pattern recognition? (2) Should the
forward tracking depend on VXD pixel endplates? (3) How feasible is pattern recognition
in the VXD with pixel endplates? (4) How thick can the system be before it degrades the
calorimetry? (5) Does forward tracking need stand alone track finding capability, without
help from VXD endplates calorimetry pixels?
We will continue to work closely with groups developing hardware that might be used as key
components in the forward tracking of the LC. We have developed a working relationship
with the group at Louisiana Tech that is working on GEM technology that could be used in
the forward tracking region.
At the end of this project, we will know
1. The detector design that maximizes the forward tracking potential.
2. The detector technology that offers the best prospect for meeting the physics goals
outlined above.
3. Whether three-dimensional technologies are necessary for tracking in the forward direction.
4. Whether reasonable resolution and pattern recognition can be performed to 110 mrad.
5. How beam-related backgrounds interfere with tracking capabilities in the forward region.
Broader Impact
This entire proposal focuses on developing a broader impact by teaching and training a postdoctoral researcher in the area of tracking software. The requested funds will be used for the
salary of one researcher who will be learning from the principle investigator of this project
who has years of experience in developing tracking software. In essence, the entire request
for funds is for the purpose of education.
Results of Prior Research
We have not received any previous funding for LC projects. However, we have been involved
with the LC project by attending conferences and working informally with people involved
in the software effort at Stanford, and the hardware effort at Louisiana Tech University. We
have installed and run the standard Monte Carlo tools available for LC simulations.
Our current research at OU focuses on many areas that are directly related to this proposal.
We are funded from the Department of Energy, DE-FG02-04ER41305, “Experimental Physics
Investigations Using Colliding Beam Detectors at Fermilab and the Large Hadron Collider”
from May 1, 2004 until April 30, 2005, for $480,000. Part of this project funds work at the DØ
detector where the principle investigator is currently the convener of the tracking group. The
tracking group has developed a combined tracking algorithm that uses both a road finding
method and a histogramming method to find tracks in the DØ detector. The road finding

440
120

method, is particularly good at finding tracks in the forward region of the detector. Lessons
learned from that algorithm may be applied to forward tracking at the LC.
Facilities, Equipment and Other Resources
This project requires only computing facilities and internet access. We have plenty of equipment available to complete the program. In fact, OU has both a supercomputing center and
a cluster of Linux computers available for High Energy physics applications.
FY2005 Project Activities and Deliverables
During the first year, we would hire a post-doctoral researcher who will increase the realism
of the Monte Carlo in the forward direction, develop and adapt tools for LC forward track
finding, and investigate the tracking efficiency and purity for various detector geometries.
There are a number of tools that have been developed within the high-energy community, or
are being developed within the Linear Collider community that can be adapted for the purpose
of understanding tracking in the forward region. For instance, very good forward tracking
has been attained by the DØ collaboration using the “AA” tracking algorithm. Tools and
algorithms developed for DØ tracking may be useful to compare with current forward tracking
algorithms in the LC environment. By integrating tools that have been developed within the
high energy community and current Linear Collider software tools, and by developing new
algorithms and tools, a comprehensive and precise understanding of forward tracking will
emerge.
Initially, we will characterize the efficiency and practicality of the currently proposed forward
tracking technology and geometry, such as the silicon detector default geometry using endcap disks with radially aligned silicon microstrips. We will also characterize other designs
being considered like the use of Gas Electron Multipliers (GEMs) as charge amplifiers and/or
collectors in the forward region as proposed by groups at Louisiana Tech and Hampton University. All our studies will be done in collaboration with other groups working on tracking
hardware and software. We will coordinate our efforts with the SLAC and LBNL simulation
and reconstruction groups, and will cooperate with universities that are developing hardware
that may be used for LC forward tracking.
After one year we expect to have (1) developed a realistic Monte Carlo including backgrounds
in the forward region, full energy deposition, and accurate detector response, (2) implemented
existing reconstruction tools into a unified package, and (3) determined tracking efficiency and
purity for the default detector technologies and geometries in the forward region. Further
work will need to be done to develop and optimize future algorithms, to develop mature
tracking algorithms, and to add more realism to the simulation.
FY2006 Project Activities and Deliverables
We will focus specifically on some of the issues dealing with the SiD tracker. The primary
questions about the SiD tracker involve pattern recognition. Finding actual tracks from
particles in a densely populated hit environment can be an extremely challenging problem,
even for conventional tracking systems that have many more layers than the SiD. The current
SiD baseline proposal has 5 layers of pixellated vertex detector followed by 5 layers of Si
strip detectors in the central region, but does not have a well developed baseline detector
for the forward region. One milestone that should be completed by the second year is to
develop a baseline detector that can accomplish the physics goals. Questions that have still
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not been answered about the central region will need to be addressed in the forward region,
like whether K 0 mesons and Λ0 baryons can be found with only 5 vertex layers and 5 silicon
layers. Answering questions about the track pattern recognition and track resolution with
the SiD detector will be the major focus both in the first and second year once the necessary
tools have been developed.
FY2007 Project Activities and Deliverables
The direction during the last year of this proposal will depend heavily on the findings during
the first two years. The final paragraph of the Project Description above lists the goals of
the three year project. At the end of the third year, we expect to have those questions
answered so that the LC detector collaboration will have the tools and information to answer
the important questions about forward tracking technologies and physics parameters.
Budget justification:
The budget is for supporting a post-doctoral researcher half time. The other half of the
time the post-doc will be involved in doing physics with DØ or investigating other aspects of
physics at the LC. The proposed tracking studies need manpower to use the available tools
and develop new tools to answer the relevant questions. Consequently, the most important
use of funds for answering these questions is to support people who can develop and run the
needed sophisticated simulations.
Three-year budget, in then-year K$
Institution: The University of Oklahoma
Item
One-half FTE Post-doctoral Researcher
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Total direct costs
Indirect costs
Total direct and indirect costs
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FY2005
$20,000
$20,000
$7400
$27,400
$27,400
$13,152
$40,552

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

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

Total
$63,050
$63,050
$23,329
$86,379
$86,379
$41,462
$127,841
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5.2: Development of a GEM based Forward
Tracking Prototype for the ILC
(renewal)
Tracking
Contact person
Lee Sawyer
sawyer@phys.latech.edu
(318) 251-2407
Institution(s)
Louisiana Tech
Funds awarded (DOE)
FY04 award: 35,000

New funds requested
FY05 request: 32,220
FY06 request: 30,420
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Development of GEM-based Forward Tracking Prototypes for
the ILC
Classification (subsystem)
Tracking.
Personnel and Institution(s) requesting funding
Lee Sawyer
Z.D. Greenwood
Center for Applied Physics Studies
Louisiana Tech University
Ruston, LA 71272
Collaborators
Tony Forest
Center for Applied Physics Studies
Louisiana Tech University
Ruston, LA 71272
Project Leader
Lee Sawyer
sawyer@phys.latech.edu
(318) 257-4053
Project Overview
We propose a research and development effort for the International Linear Collider, based
on our interest in forward tracking. We propose to study the need for additional tracking in
the region beyond the TPC endplate (in the ”Large Detector” scenario) and extending down
to the masked region (approximately 100 mrad from the beamline.) We will evaluate the
usefulness of an ionization chamber equipped with multiple gas electron multiplier (GEM)
preamplifiers in this region; as such devices offer a fast, radiation-hard, low material profile
tracking solution. Incorporating GEMs for forward tracking will also reduce the number of
heterogeneous detector technologies in this region, since GEMs will likely be used to readout
the TPC. This request is for renewal of current Department of Energy funding received
through the Linear Collider Research and Development (LCRD) working group.
Previous uses of ionization-based tracking systems equipped with gas electron multiplier preamplification stages have found that such systems can provide 50 microns level resolution
and radiation hardness up to 2Mrad. We intend to evaluate the system for use in the ILC by
constructing a prototype to confirm the above observations and work to improve the system’s
response time as well as further test the radiation limits of a prototype detector using a
high energy electron beam. We also propose a parallel program of simulations studies in the
forward region, with particular emphasis on the tracking needs for luminosity measurements.
We have made substantial progress in our first two years of activity in the LCRD working
group. This progress is described in detail in the later section on Previous Research.
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Forward Tracking Studies
Forward tracking will potentially be more important at the Linear Collider than at previous e+ e- colliders, as many interesting t-channel processes have differential cross sections
peaked in the forward direction, including WW and WZ production. For SUSY searches,
selectron pair production includes contributions from t-channel gaugino exchange. Other
slepton production channels may be characterized by very forward, low pT leptons due to
small slepton-chargino mass splitting for some regions of the SUSY parameter space NEED
REF! Detailed understanding of the Higgs boson can also potentially benefit from forward
tracking. It will also be important to accurately measure differential luminosity cross-sections
at the LC, with angular resolutions on the order of 0.1 mrad [1].
Several critical issues need to be addressed in determining the detector configuration best
suited for forward tracking. These include background radiation levels and overall rates, triggering, timing resolution, and hit resolution when the forward detector is used in conjunction
with other tracking elements.
We propose to address these issues through an integrated hardware and simulation effort.
We will devote part of our Linear Collider effort to understanding the specific physics issues
involved in forward tracking, and part to the development of a prototype tracking chamber
which uses a gas electron multiplier technology for pre-amplification. Based on the observed
performance of such devices, we feel this technology may be well-suited to the forward region
Gas Electron Multiplier-based Tracking
Several groups are currently exploring the fabrication of tracking detectors based on the use of
gas electron multiplier (GEM) foils [3]. This includes the proposed Time Projection Chamber
(TPC) which forms the central tracking component in the North American ”Large Detector”
concept as well as the detector outlined in the TELSA Technical Design Report [2]. Other
GEM detector projects include the digital calorimeter option for the hadronic calorimeter.
We propose to evaluate a forward tracking ionization chamber for the linear collider which
uses a GEM as a preamplifier and will permit single particle tracking. We are working in
close collaboration with others groups interested in applying GEMs to detectors for the ILC.
In the TESLA TDR, it is envisioned that there will be a layer of tracking between the TPC
endplate and the endcap EM calorimeter (see Figure 1). This is called the Forward Chamber,
or FCH, in the TESLA TDR and allows tracking segments in the central tracking volume to
be extrapolated to the calorimeter, particularly in the region where there is reduced coverage
or lever-arm for the TPC. As an application of GEM-based tracking, we are investigating the
design of an FCH using GEM tracking chambers. (Other proposed technologies include straw
tubes and silicon strips.)
A GEM is a perforated foil of insulating material approximately 50 microns thick and coated
on both sides with a thin conductor approximately 5 microns thick. The holes have a radius
on the order of 50 microns and are in a grid pattern in which the distance between adjacent
holes is on the order of 150 microns. The photo-lithography based technology to construct
this preamplifier was developed at CERN by Fabio Sauli and collaborators [4]. When used
as a preamplifier in front of a micro-pattern device, like a multiwire proportional chamber,
the signal is amplified 100 fold [5] and can operate in harsh radiation environments up to at
least 2 Mrad [6]. Charge multiplication occurs when the electrons pass through the foil holes
whose sides have had an electric potential difference applied to produce electric fields on the
order of 40kV/cm. A typical GEM detector electric field is shown in Figure 1. With multiple
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Figure 1: (left) A quarter view of the detector in the TESLA Technical Design Report. (right)
The layout of the tracking, showing the FCH between the TPC and EM calorimeter. (Both figures
taken from the TELSA TDR [2].).
GEMs serving as preamplifiers, the charge can be detected directly on a segmented printed
circuit board due to the large gains which approach 106 [7].
As an application of GEM technology in subdetector systems at the linear collider, we will
explore the use of GEM-based detectors in forward tracking. The GEM strategy offers the
possibility of achieving the necessary spatial resolutions with a detector that is radiationhard, high rate, and compact with a low material profile. This would fit the needs of an FCH,
which has to fit within a slim gap between the TPC and EM calorimeter, at possibly a much
lower cost than solid-state detector such silicon strips. Timing resolutions on the order of 14
ns have been measured with GEM detectors having a 3 mm gap. Research needs to be done
to understand if faster timing can be achieved.
An evaluation of GEMs for use in the inner tracking system of HERA-B concluded that they
are better suited for the harsh radiation environments of their experimental setup [8]. We
would like to expand on their work to determine if a GEM-based forward tracking system is
suitable for the ILC.
Detector Prototyping for the International Linear Collider
Outstanding issues to be addressed by this proposal involve a determination of the expected
rates, lowest achievable scattering angle, desirable tracking resolution, readout rate and acceptable radiation length for use of this device. Triggering in the forward region, particularly
with high backgrounds that are possible, may also be a significant technical challenge. We
have begun work on a current monitor for the GEM detector, which we plan to develop into
a differential current trigger. We propose to develop this current monitor trigger as part of
our GEM detector prototyping activities, and to test the current monitor triggering scheme
during an electron beam test of the GEM detector. (This differential current trigger may be
useful for other groups exploring GEM-based detectors.)
In the progress report attached to this proposal, we detail our work to date in establishing a
testing facility for the GEM based prototype tracking system. Briefly, an ionization chamber
with two GEM preamplification stages and a 2-D charge collector has been procured from F.
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Sauli’s group at CERN during the first year of funding. Front end amplification, pulse shaping
and 128 channel multiplexing electronics arrived during the first year of this work which were
based on the HELIX128 chip developed by the Heidelberg ASIC laboratory in collaboration
with a group from the MPI [8]. Students involved have been working on fabricating PC
boards to integrate the HELIX chip onto the detector’s charge collector, designing current
monitors, installing driver signals for the HELIX chip and setting up a cosmic ray test stand.
A data acquisition system is now in place with ADC and TDC readout electronics for 8
GEM channels. A second prototype detector, with three GEM preamplification stages, was
constructed by Louisiana Tech students during the second year of this work and is currently
operating in conjunction with our data acquisition. This prototype is shown in Figure 2

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

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

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

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

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

Figure 4: a) Design for GEM foil Set 2 to study the eﬀect of hole size on gain. The processing
(etching time, copper thickness, etc.) will be exactly the same as the reference GEM foil set in
order to allow direct comparison between the gain of Zone B in Set 2 and the reference set.
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Figure 5: a) Cross section of test chamber for triple GEM foils. b) Detail showing the spacing of
the detector components.
which allows the adjustment of foil and transfer voltages without opening the test chamber.
The test chamber has been built in our shop and vacuum tested. We are currently mounting
the reference GEMs in the chamber. for the initial tests, we plan to use Ar:CO2 (80:20) and
P10, which have well known characteristics. We will also carry out some measurements with
CF4 .
Coding and testing of our simulation is now complete and we have compared our simulation
results to data taken on an earlier single GEM setup Fig. 6 [9]. The simulation has two
parts: in the ﬁrst part, MAXWELL 3D (from Ansoft Corp.) computes the electric ﬁeld for a
speciﬁc geometry, producing an electric ﬁeld map. The second part is a single particle mover
which moves electrons along the electric ﬁeld lines, taking diﬀusion into account. Ionization
cross sections are used to compute probability distributions which we then sample to ﬁnd
the gain for each electric ﬁeld setting. While the agreement between the simulation and data
seems reasonable, we do not ﬁnd the simulation a useful tool for studying the impact of hole
geometries on gain and we have decided to direct the eﬀort towards the GEM foil testing.
Once we have good data from a number of geometries, we will resume our simulation eﬀort.
This work was carried out in collaboration with Prof. Sekazi Mtinwga, now at Harvard

459
139

Figure 6: Comparison of gain measurements for a single GEM in argon and neon based gas. The
measurements were only of relative gain and have been normalized to the simulation at 275 V.
University and Dr. Oleg Bouianov of SEFT in Helsinki, Finland.
Facilities, Equipment and Other Resources
This work has been and will be carried out in our detector lab which is supported by a detector
development contract from other DOE funds and MIT Kavli funds. The lab is fully equipped
with test equipment, gases, gas handling systems and electronics. There are two attached
machine shops: one maned by Mr. Michael Grossman (for whom we request approximately
20% salary to support this project) and the second is the Edgerton Machine shop, an institute
supported shop for students. The Edgerton shop is staﬀed by a full time machinist (Mr. Fred
Cote) who teaches a shop course and helps the students with basic machining tasks.
Our detector lab has a long history of gas studies, including a long standing systematic study
of gas mixtures documented at http://cyclo.mit.edu. Typically, six to eight undergraduates
work in our lab on a number of diﬀerent gas detector projects.
Undergraduate students run our lab under our supervision. Most students at MIT participate
in the Undergraduate Research Opportunities Program (UROP) and we expect two UROP
students to complete Senior Theses (which is required by the department) on the GEM
studies. Two students, Kasey Ensslin and Julie Wyatt, have completed Senior Theses on
earlier GEM studies. Our machinist, Mike Grossman, also provides support and supervision.
FY2005 Project Activities and Deliverables
In the early part of FY2005, we will complete the measurements of the performance of the
GEM foil reference set and begin the measurement of of the gain characteristics of Set 2, which
should be delivered in early March. We anticipate the mounting and acceptance testing of
the Set 2 GEMs will take several weeks and the gain measurements will begin in late spring.
Based on what we learn from Set 2, we will submit an order for GEM foil Set 3, which may
consist of
• Larger holes: in Set 2, the largest holes have an outer diameter of 90 µm and a pitch of
110 µm. If hole size leads to larger, more stable gains, we may try 95 µ holes with the
same pitch or larger pitch.
• Thicker Kapton: most GEM foils use 50 µm Kapton as the substrate. We may use a 75
µm substrate, which would imply stronger, more robust GEMs.
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We expect to place th order for Set 3 after our study of Set 2, which will be in early Summer
2006. Testing of Set 3 will extend into FY2006.
FY2006 Project Activities and Deliverables
In FY2006, we will continue testing Set 3 and, based on the results from Set 3, design two
further GEM foil sets for test, Sets 4 and 5. The designs will depend on what we have learned
with Sets 2 and 3, but will most likely include 100 µm thick substrate and larger pitch foils.
We will also use the extra foils from Set 2 to in a small TPC (which we are re-instrumenting
with readout electronics) for resolution studies using the Bates 1 GeV electron beam.
A TPC for a linear collider requires a detection region covering several square meters. Using
the extra GEM foils from Sets 2-3, we will begin designing a two or three layer two-by-two
array of 10 cm × 10 cm GEM foils in order to learn how to design and construct a much
larger array for an ILC TPC ampliﬁcation plane.
FY2007 Project Activities and Deliverables
We will conclude the systematic gain measurements of Sets 2-5. If appropriate, we will resume
the simulation studies.
The GEM foils produced at Tech-Etch are 10 cm × 10 cm, so we plan to investigate with
Tech-Etch the fabrication of larger foils and study how to tile these foils to cover a large area.
We plan to order 20 cm × 20 cm foils (or larger) with a geometry based on the outcome of
our studies from Tech-Etch and build a TPC detection plane of realistic dimension for use in
an ILC TPC.
A second study we may undertake is the question of registration of the GEM channels. In
a multiple layer GEM ampliﬁer, there is some idea that lining up the channels will result in
higher gain. We plan to address this my installing a micrometer and tension system in the
our test chamber which will allow us to move the GEM foils in the triple GEM system. A
back light will make measuring the alignment of the channels possible.
Budget justiﬁcation:
The amounts requested are as follows:
Other Professionals: the requested amount of $10,000 supports 20% of our machinist,
Mr. Michael Grossman, who fabricates the test chambers, GEM mounting frames and other
hardware used on our project. In FY2005, he will fabricate the GEM mounting frames and
a second test chamber. In FY2006, he will fabricate the GEM frames and parts for a multiGEM ampliﬁcation plane and in FY2007, he will fabricate a second ampliﬁcation plane using
larger GEMs. he also plays a major role helping and supervising our students.
Undergraduate Students: much of the work is a carried out by undergraduate students
as part of the Undergraduate Research Opportunities Program (UROP) at MIT. Almost all
undergraduate participate in the UROP and, in the physics department, a students UROP
project usually leads to a senior thesis. We request support for two full time students.
Equipment: covers the purchase of two sets of twelve GEM foils each year from Tech-Etch
($ 6,000, described above) along with materials for making the GEM frames, test chambers
and other test hardware. This also includes the purchase of gas used for testing.
Travel: covers two trips to ILC meeting to present results. One of us plans to attend the
meeting at SLAC in March.
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Materials and Supplies: covers the replacement of consumables in our lab such as electronic components, tools, test electronics, etc. The experience of the past ten years is that
each student uses, loses or breaks $1,000 of lab supplies each year.
Three-year budget, in then-year K$
Institution: MIT Institution 1
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Beneﬁts
Total Salaries, Wages and Fringe Beneﬁts
Equipment
Travel
Materials and Supplies
Other direct costs
Total direct costs
Indirect costs
Total direct and indirect costs

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

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

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

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

Tracking

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

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

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

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

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

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

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

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

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

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

Additional Budget Justification Discussion
The first year equipment budget for Cornell provides for an expansion of the DAQ for
use with a readout module with smaller pad pitch. The major expenditure is the FADC
modules. We can efficiently carry out the first year program with an increase to 96
channels. The budget reflects the purchase of additional flash-ADC units matching our
current units. These are expensive but provide dependability, low noise, and
measurements at zero drift time that are difficult with common start units. The 100 MHz
sampling rate will be useful in separating an inductive component of the signals. As an
alternative, we will investigate other units that may provide adequate performance at
reduced cost/channel and that are compatible with our VME DAQ.
The second year equipment budget for Cornell provides for further expansion of the
DAQ system, maintenance of existing equipment and/or the purchase of items not yet
foreseen. The Cornell budget includes funds for travel and other costs to cover
measurements in a test magnet at DESY.
The third year equipment budget can not be predicted until the responsibilities are
distributed among the collaborators in the world TPC study. Based on our experience, the
471
151

requested amount, $50K, would be suitable for construction of a composite field cage of
this size or some fraction of the readout modules. It is probably not a sufficient amount to
fabricate a lightweight endplate support frame. If we take this responsibility, it would be
necessary to share the cost of this component with another collaborator.
Purdue is requesting funding to support two undergraduate students each year at 20 hours
per week, 40 weeks a year. The students will work exclusively on this project. Benefits of
involving undergraduate students in the program are described under "Broader Impact"

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

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

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

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

FY2007

Total

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

{1} Energy flow analysis is further described in the "TESLA TDR",
http://tesla.desy.de/new_pages/TDR_CD/start.html, Part IV, page 2.
{2} “TPC Detector Response Simulation and Track Reconstruction”, D. Peterson,
ALCPG workshop, Victoria, 28-July-2004,
http://www.linearcollider.ca:8080/lc/vic04/abstracts/detector/sumul/
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0
0
48000
48000
189
48189
0
0
0
0
48189
25059
73248
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{10} "Charge Broadening and Ion Backdrift in a Triple-GEM Readout for a TPC",
Adrian Vogel, ECFA Study workshop, Durham, 1-Sept-2004,
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P. S. Barbeau, J. Collar, J. Miyamoto and I. Shipsey, Nucl. Inst. and Meth. A525 (2004)
33-37.
{41} "GEM operation in a negative ion drift gas mixture", J. Miyamoto and I. Shipsey,
C. J. Martoff, M. Katz-Hyman, R. Ayad, G. Bonvicini and A. Schreiner,
Nucl. Inst. and Meth. A526 (2004) 409-412.
{42} "1st Mass Production of MicroMegas", A. Irrgang, B. Hogan, J. Miyamoto,
I. Shipsey, (presented by M. Dixit)
http://www.linearcollider.ca:8080/lc/vic04/abstracts/detector/tracking/; to be submitted to
Nucl. Inst. and Meth. A.
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5.8: Linear Collider Tracker Simulation
Studies and Alignment System R&D
(renewal)
Tracking
Contact person
Keith Riles
kriles@umich.edu
(734) 764-4652
Institution(s)
Michigan
Funds awarded (DOE)
FY04 award: 45,000

New funds requested
FY05 request: 142,000
FY06 request: 127,000
FY07 request: 164,000
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Linear Collider Tracker Simulation
Studies and Alignment System R&D
Classification (subsystem)
Detector (Tracking)
Personnel and Institution requesting funding
S. Nyberg, K. Riles, H. Yang, Physics Department, University of Michigan
Project Leader
J. Keith Riles
kriles@umich.edu
(734) 764-4652
Project Overview
The University of Michigan group has a long-term interest in helping design and construct
the central tracking system for a linear collider detector. This interest is driven not by a
particular favorite technology, but by the critical importance of charged-particle tracking to
the physics processes we wish to investigate, which include Higgs production and decay, along
with certain Supersymmetric channels.
This project has two thrusts: 1) detailed simulation and evaluation of key physical processes
that govern the design of the tracker; and 2) R&D for a silicon tracker alignment system
based on frequency-scanned interferometry. The research proposed here builds on extensive
work by our group in both areas. While the R&D work is most closely relevant to a the
SiD detector, where silicon tracking will be pervasive, it is also relevant to the forward angle
silicon disks envisioned for the other proposed Linear Collider detectors. The simulation work
and benchmarking is relevant to all proposed detectors.
More detail is provided below under “Research Plan” and in the description of deliverables.
Broader Impact
Riles has worked closely with undergraduates for many years, both in high energy physics and
in LIGO-related research. Two undergraduates (Tim Blass and Sven Nyberg) have worked
on the alignment R&D work described below. Blass has graduated and is now a graduate
student in mathematics at UT Austin. Nyberg will be completing a senior thesis on the
work described here next year. Nyberg has received partial support from the NSF Research
Experience for Undergraduates (REU) Program. Two other undergraduates, Jennifer Lindahl
and Tim Bodiya (who have also received partial REU support), work with Riles in the same
laboratory on LIGO-related research. There is considerable cross-fertilization (and sharing of
equipment!) between the two research teams working on different interferometers on optical
tables only five meters apart. Undergraduates provided essential contributions to the PI’s
research.
More generally, Riles has served for many years as a physics department adviser to majors, has participated in high school recruiting programs, including helping organize Physics
Olympiads and rewriting a handbook for physics majors used in recruiting. As an adviser,
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he also meets with most of the entering freshmen with calculus-based Advanced Placement
Exam physics credit and advertises to them the opportunities open to physics majors. Riles
has given frequent presentations on frontier physics to a variety of student groups and will
deliver a pair of “Saturday Morning Physics” lectures to the general public in spring 2005.
Although these lectures will focus on LIGO research, his research group’s activity in linear
collider research will also be discussed. In recent years, the Saturday Morning Physics lectures have consistently attracted 300-500 persons each week. The lectures are videotaped for
web archiving and shown repeatedly on the local cable television channel set aside for the
University of Michigan.
Results of Prior Research
We have contributed extensively to linear collider simulation studies, both in technical tracking reconstruction issues and in evaluating physics analysis demands upon tracker performance. Riles has served as a co-convener of the linear collider central tracking working group
since 1998, sharing leadership responsibilities in different years with Dean Karlen, John Jaros
and Bruce Schumm. Riles has shared responsibility for organizing working group meetings,
evaluating baseline tracker designs, coordinating tracking simulations, creating & maintaining
the group web site, and assembling annual joint R&D proposals.
As part of the baseline tracker design optimization, Riles wrote a stand-alone Monte Carlo
hit generator and 3-d helical track fitter to study the effects of multiple scattering on particle
momentum resolution vs momentum and vs polar angle for various tracker configurations.
This work served as an independent cross check of the resolution studies carried out by Bruce
Schumm using an analytic Billoir approach.
Postdoctoral Fellow Haijun Yang began linear collider studies in fall 2000. He has been carrying out several related studies: 1) Studies of Higgs and Supersymmetry physics capability
and 2) influence of central tracking performance on Higgs and Supersymmetry physics. As
a member of the Higgs working group, he has evaluated the precision with which the Higgs
mass and cross section can be evaluated at 350 GeV and 500 GeV center of mass energies.
This study has used both the JAS fast Monte Carlo and the full simulation packages. Yang
has independently confirmed and improved upon preliminary findings by European groups
with the use of a more sophisticated and powerful fitting technique, based on Monte Carlo
event interpolation. In parallel, Yang has examined the influence of central tracker parameters on the precision of Higgs and slepton mass determination. In addition, he has assisted
the SLAC simulations group in comparing the tracker’s performance in full Monte Carlo
simulations vs performance in parametrized fast Monte Carlo simulations. He has given numerous presentations on Higgs physics, Supersymmetry and tracking at various linear collider
workshops[1, 2, 3, 4, 5, 6, 7, 8, 9, 10] and at the Snowmass 2001 meeting[11, 12]. Yang’s studies of the Higgsstrahlung process found that previous baseline tracker designs in the U.S. were
close to where improved resolution does not yield comparable improvement in Higgs recoil
mass resolution, because of expected intrinsic beam energy spread in the X-band accelerator
designs, but that further improvement could be attained with the smaller beam energy spreads
of S-band accelerators. His more recent work on slepton and neutralinos[7] indicates that in
large regions of sparticle mass parameter space, measuring lepton spectrum end-points to determine sparticle masses is less sensitive than was previously believed to degraded momentum
resolution[13].
The unprecedented excellent track momentum resolutions contemplated for linear collider
detectors demand minimizing systematic uncertainties in subdetector relative alignments. At
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the same time, there is a strong desire for a very low material tracking system (see discussion
below). In the case of a silicon main tracker and in the case of silicon forward disks (envisioned
in all linear collider detector designs now on the table), the low material budget may lead
to a structure that is far from rigid. The short time scales on which alignment can change
(e.g., from beam-driven temperature fluctuations) probably preclude reliance on traditional
alignment schemes based on detected tracks, where it is assumed the alignment drifts slowly, if
at all, during the time required to accumulate sufficient statistics. A system that can monitor
alignment drifts “in real time” would be highly desirable in any precise tracker and probably
essential to an aggressive, low-material silicon tracker. The tradeoff one would make in the
future between low material budget and rigidity will depend critically upon what a feasible
alignment system permits.
Within the last 18 months, we have begun investigating the capability of a novel precise alignment scheme based on Frequency Scanned Interferometry (FSI), first developed by the Oxford
group for the Atlas Detector[14]. The FSI system incorporates multiple interferometers fed
by optical fibers from the same laser source, where the laser frequency is scanned and fringes
counted, to obtain a set of absolute lengths. In order to explore this technique, we have set up
a bench test in our laboratory at Michigan. We have purchased, installed and commissioned
the components of a self-contained FSI system that operates at optical wavelengths. These
components include a Newport RS4000 optical table, a New Focus Velocity 6308 tunable laser
(λ = 665-675 nm), a high-finesse (>200) Thorlabs SA200 F-P Fabry-Perot spectral analyzer,
a Faraday isolator, several photodiodes with amplifiers, a femtoWatt photoreceiver, retroreflectors (both prism and hollow), a National Instruments data acquisition card with 4-channel
analog/digital conversion, steerable mirrors, beamsplitters, optical choppers, optical fibers,
fiber couplers, a microscope for inspecting fibers, and an array of thermistors.
With this apparatus, we have reached and extended the state of the art in precision distance
measurements at DC over distance scales of a meter under laboratory-controlled conditions.
We have attained precisions better than 100 nm, using a single tunable laser when air temperature is carefully controlled. Our preliminary results have been presented by Yang at three
linear collider workshops[8, 9, 10], and an article concerning our single-laser benchtop FSI
will appear soon in Applied Optics[15].
The research and results described above have been partly supported by the following NSF
and DOE grants:
• NSF Grant PHY-9984997 “Electron-Positron Collider Physics,” 6/15/00-2/28/05,
$695,661 (L3 & Linear Collider)
• NSF Subcontract 43422-7323 (Cornell U.) “Tracker Simulation Studies and Alignment
System Research and Development,” 9/15/03-8/31/04, $9,702 (Linear Collider)
• DOE Grant DE FG02 04 ER41345 “Linear Collider Tracker Simulation Studies and
Alignment System R&D,” 9/1/04-8/31/05, $45,000 (Linear Collider)
Research Plan
With the recent international decision on ILC technology[16] and efforts underway worldwide
to create conceptual design reports for at least two detectors (using large gaseous or silicon
central trackers), it is appropriate to narrow the focus of our work in two ways. In our
simulation studies, we will confront specific tracking system designs with realistic detector
and event reconstruction imperfections. In our detector R&D, we will address overall detector

481
161

constraints on alignment system design, including detailed layout of sensors and lines of sight,
along with the material budget.
1) Simulation Studies
In the coming years we wish to extend the ongoing slepton/neutralino studies to additional
Supersymmetry final states to understand quantitatively whether they impose more or less
stringent requirements than Higgsstrahlung on tracking resolution. We will begin by exploring
a larger parameter space in sparticle masses in the slepton production channel. The sharpness
of the spectral end-points is governed in part by track resolution. We have already shown
that for large regions in sparticle parameter space, track momentum resolution is not critical
because of more dominant degradation from initial state radiation and beamsstrahlung. But
it has been argued that the case of near degeneracy between very massive sleptons and
neutralinos deserves more attention. We propose to quantify, in the context of specific detector
designs (gaseous and silicon trackers), the influence of tracking resolution on sparticle mass
resolution, including examination of corners of parameter space previously ignored.
A longstanding question in the Linear Collider Detector community is the importance of
material burden in the central tracking system. One naturally wishes to avoid introducing
unnecessary material in the tracker because it creates multiple scattering, affecting momentum
resolution for low-momentum tracks, and because it leads to photon conversions and electron
bremsstrahlung, causing confusion in event reconstruction. On the other hand, as discussed
above, going to the extreme of an ultra-lightweight silicon tracker, to avoid material burden,
invites mechanical support and alignment troubles. We wish to quantify this tradeoff. Our
earlier work on slepton spectral endpoints indicates that one can, in fact, tolerate relatively
large material in the tracker, but the not-yet-addressed case of nearly denerate sparticle
masses could lead to final states of very low momenta, where the effects of multiple scattering
are more pronounced. We will carry out our Supersymmetry studies with a careful eye on
this issue.
We also propose to carry out more realistic analysis studies of a variety of Higgs and Supersymmetric final states, using information from both the central tracking system and the calorimetery in the new detector designs. Yang has developed with colleagues on the Mini-Boone Experiment at Fermilab a new general-purpose analysis technique called “boosting,”[17] which
allows the effective use of a large number of input variables for signal/background discrimination. Unlike a neural net approach, boosting is highly deterministic (minimal dependence on
arbitrary starting paramters), fast, and able to make good use of many dozens of variables.
Yang and collaborators in the Mini-Boone Experiment[18] have recently shown that boosting
gives better than a 50% improvement in signal detection efficiency (fixed background fraction)
compared to a mature neural-net algorithm that had been developed over several years for
that experiment. We believe the boosting method can be applied quite effectively in Linear
Collider studies too. As a pioneer in applying the boosting method to high energy physics
data analysis, Yang is well positioned to implement this powerful new method.
2) Alignment System
Now that we have commissioned a single-laser FSI system in our laboratory and achieved
better than 100 nm accuracy in position determination for distances of order (1 meter) under
carefully controlled conditions, we wish to proceed to address distance measurement under
poorly controlled conditions, such as we expect to hold in a Linear Collider Detector environment. Following the lead of the Oxford ATLAS FSI group, we have begun to study a
dual-laser FSI system that employs optical choppers to alternate the beams introduced to
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the interferometer by the optical fibers. By using lasers that scan over different wavelength
ranges in the same short time interval, we hope to identify and eliminate systematic uncertainties due primarily to temperature fluctuations of the air in the interferometer beam
path. We have temporarily borrowed from the manufacturer a second scanning laser for these
preliminary studies, but will need to return this “demo” model soon. In order to carry out
long-term development, we will need to purchase a second laser, and we request funds ($20K)
for this purpose in year 1. Our early studies already indicate significant technical complications in implementing the dual-laser system. The need for two different scanning ranges,
the reduction by half of the light seen by the interferometer photodiode from each chopped
beam, the reduction of usable Fabry-Perot transmission peaks, and the difficulty in handling
“edge effects” at chopped-beam transitions, all lead to increased statistical uncertainties in
FSI distance determinations, despite the decrease in systematic uncertainties. We believe we
can overcome these problems with more sensitive and higher-bandwidth photodiodes, more
sophisticated beam chopping, and improved analysis software, but much work will be needed.
At the same time, we wish to begin confronting the technical issues in constructing multiple interferometers fed by common lasers through an optical fiber fanout. We will need to
purchase fiber splitters and additional optical and photodiode components, along with more
DAQ channels, for these multiple interferometers.
For now, we have chosen to work with optical lasers and corresponding optical components.
For development of techniques on a benchtop, that choice has proven wise in dramatically
shortening the turn-around time on configuration changes, in allowing us to exploit existing
laser/optics infrastructure in our laboratory, and in fostering a safer work environment. In
the long term, however, in building a full alignment system for a Linear Collider Detector, we
expect signficant cost reductions to be possible by using mass-produced infrared lasers and
beam components, because of the prevalence of infrared devices, including scannable lasers,
in the telecommunications industry. Late in year 2 or in year 3 we expect to make a decision
on whether to continue working at optical frequencies or to switch to infrared. The decision
will depend not only on the relative speeds of commercial technology improvements at those
frequencies, but also on the status of the Linear Collider development itself. The faster the
ILC effort moves, the sooner we will have to confront this important technology decision.
It should be noted that the methods we develop for central and forward tracker alignment may
also prove useful for a vertex detector, where again, there is a strong desire for thin detector
material that may be subject to short-term position fluctuations. Similarly, our methods may
prove useful for alignment monitoring of accelerator components far upstream of the detector
(e.g., in the main linacs). Given the natural wide distribution of accelerator components
vs a relatively compact tracker system, however, it’s not clear that a tracker solution will
be cost effective for the accelerator. In any case, we will stay cognizant of vertex detector
and accelerator needs and explore these possibilities, as the tracking alignment system design
evolves.
Facilities, Equipment and Other Resources The University of Michigan provides strong
support for high energy physics reseearch. Within the last decade the University opened up a
new 70,000 square foot Physics Research Laboratory within which our group occupies a large
5-bay area. Our group has optical tables, a variety of lasers, and many optical components
(lenses, mirrors, polarizers, Faraday rotators, electro-optic modulators, photodiodes, etc,)
useful in interferometry. The department’s high energy physics electronics lab is a state-ofthe-art electronics facility, allowing in-house design of multi-layer printed circuit boards and of
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application-specific integrated circuit (ASIC) chips. Its facilities include regular and doubledensity, surface-mount assembly and test stands. The department maintains a machine shop
(and separate student shop) with computer-controlled machine tools. The department Computer Services Group provides maintenance support for PC’s and for our high-speed access to
the internet. The Michigan High Energy Physics group includes 15 faculty members working
on accelerator-based experiments at CERN, Fermilab, DESY, and Protvino.
FY2005 Project Activities and Deliverables
During the first year we will carry out simulation studies of the tracking performance requirements imposed by measurements of slepton production, specifically imposed by desired
precision on sparticle masses. We will write a detailed technical report on our findings in
which the new gaseous and silicon tracker designs are compared quantitatively. Presentations
will be given at Linear Collider Workshops. Our work will focus on the SiD detector design,
but we expect to address gaseous detectors in part too.
We will also continue tracker alignment R&D. Specifically, we will finish acquiring the components for and building a demonstration dual-laser frequency-scanned interferometer on an
optical bench. In parallel, we will come up with a conceptual design of an alignment scheme
for the new silicon detector baseline tracker design and the silicon forward disk trackers for
both the gaseous and silicon central trackers. We will write a general simulation program
that allows the performance evaluation of various layout schemes. It is envisioned that hundreds of absolute length measurements between pairs of reference points would be used in a
global fit to determine the local and global alignment parameters of the tracking subsystems.
An article describing findings with our dual-laser system will be submitted for publication
to a refereed journal (probabably Applied Optics), and presentations will be made at Linear
Collider Workshops.
FY2006 Project Activities and Deliverables
Simulation studies in the second year will depend on findings from the first year on slepton
production. We expect, however, to investigate other supersymmetry channels involving
isolated leptons whose precise measurement imposes stringent performance requirements on
the tracker. Chargino production is a natural channel to investigate. We will deliver a
technical report on our findings and make presentations at Linear Collider Workshops.
We will develop a multi-interferometer, dual-laser demonstration FSI system on our benchtop
to address remaining critical technology and methodology issues and begin work on miniaturization of the interferometer components. Specifically, we must design and prototype tiny
mounts for optical fiber beam delivery and return, including beam splitters and retroreflectors. We will take full advantage, however, of the considerable R&D already carried out by
the ATLAS FSI groups. An article describing this work will be submitted for publication to
a refereed journal (probabably Nuc. Inst. Meth.), and presentations will be made at Linear
Collider Workshops.
FY2007 Project Activities and Deliverables
We anticipate that our supersymmetry/tracking simulation studies will have been completed
to satisfaction by the start of the third year, but depending on what has been learned, we
may wish to pursue certain specific topics in further detail. If so, another technical report
will be written on our findings and presentations made at Linear Collider Workshops.
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We hope by the start of the third year to have a concrete design in hand for a full alignment
system and to have evaluated singly the primary issues affecting that design. At that point
we would wish to build a partial prototype of the system to test system integration issues,
including miniaturization. There is considerable uncertainty at this point, however, since we
may wish to switch to infrared lasers in Year 3, as discussed above. We assume for the sake
of budgeting that we will not make that switch in Year 3. A technical report will be written
on our design and prototyping work, and presentations made at Linear Collider Workshops.
Budget justification:
In the following budget, we request in all years half-time support for Postdoctoral Fellow
Haijun Yang, half-time support for a graduate student, and part-time employment of two
undergraduates. In addition, we request travel funds for Riles and Yang to attend two Linear
Collider Workshops per year. We also request funding for laboratory equipment. In Year 1,
we request funds to purchase a second scanning laser and additional optical and electronic
components. In Year 2, we request funds for optical and electronic components needed to
commission a multi-interferometer benchtop system. In Year 3, we request funds for prototyping a system with miniaturized elements appropriate for the inner regions of a Linear
Collider Detector, along with funds for quarter-time technician support.
Three-year budget, in then-year K$
Institution: University of Michigan

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

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

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

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

Total
15
78
33
24
150
40
190
45
18
6
24
283
150
433
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schumm@scipp.ucsc.edu
(831)-459-3034
Institution(s)
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FY05 request: 75,000
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FY07 request: 0
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R&D Towards a Long Shaping-Time Silicon Strip Central Tracker
Classification (subsystem)
Detector:Tracking.
Personnel and Institution(s) requesting funding Christian Flacco, Alex Grillo, Jürgen
Kroseberg, Gavin Nesom, Hartmut Sadrozinski, Bruce Schumm, Abe Seiden, Ned Spencer,
Lucas Winstrom, Michael Young
Santa Cruz Institute for Particle Physics and the University of California at Santa Cruz
Collaborators Bill Cooper, Marcel Demarteau, James Fast, Michael Hrycyk, Kurt Krempetz
Fermi National Accelerator Laboratory
Collaborators Jean Eudes Augustin, Michel Baubillier, Mikael Berggren, Claude Chapron,
Jean Francois Genat, Didier Imbault, Frederic Kapusta, Herve Lebbolo, Francois Rossel,
Aurore Savoy-Navarro, Daniel Vincent
Laboratory for High-Energy and Nuclear Physics (LPNHE) Paris
Project Leader Bruce Schumm
email schumm@scipp.ucsc.edu
phone 831-459-3034
Project Overview
This proposal presents a request for continued funding for the development of a prototype
long-ladder silicon-strip tracking module to be deployed in a test beam in 2006. For the current
year, the program was funded from this source at a level of $72,000; we are requesting similar
amounts over each of the following two years. This should enable us, in collaboration primarily
with LPNHE Paris and Fermilab, to explore the feasibility and advantages of using such an
approach to central tracking for a Linear Collider Detector with a testbeam run in 2006. The
work described in this proposal, focussed on hardware development, will be complemented by
simulation studies undertaken at SCIPP, SLAC, and elsewhere, that will address the feasibility
and relative advantage of such an approach for reliable pattern recognition and energy-flow
calorimetry. This complementary simulation work, already underway, is not a subject of this
proposal.
As will be discussed below, current-year funding has been used to complete the design of a
front-end low-noise, long shaping-time analog ASIC, known as the ‘LSTFE’ (Long ShapingTime Front End) chip. The LSTFE design was submitted to the MOSIS fabrication consortium at the end of 2004, and is just now back in the SCIPP lab and being prepared for
testing. Most major components of the LSTFE test setup (LSTFE-specific PC test board,
calibration and readout capabilities, and analysis software) have been developed and are now
being deployed for testing. We expect to have first results to share by the International Linear
Collider Workshop in March.
The focus of the activity over the next two years will be to: 1) Re-optimize the LSTFE in order
to take greatest advantage of the recent accelerator technology choice (the first prototype was
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geared towards the most challenging scenario, which was the warm accelerator technology);
2) Develop a full readout system, including appropriate back-end ASIC implementations,
as well as an FPGA-based readout interface, that will be part of a mutual test-beam effort
between LPNHE and SCIPP, most likely to be mounted at the FNAL LC testbeam facility; 3)
Contribute to the design and construction of the testbeam prototype hardware; 4) Participate
in the test beam run and the analysis of data acquired from the run.
To exploit the tremendous potential of a high-energy electron-positron linear collider (LC), it
is necessary to develop a powerful central tracking system. This system needs to determine the
momentum of charged particles to unprecedented precision (better than 5 × 10 −5 in δp⊥ /p2⊥ ),
avoid the excessive use of material for support and readout, and be able to reconstruct tracks
in the notoriously noisy (at least by electron-collider standards) linear collider environment.
The work discussed here represents one possible implementation of central tracking for the
international ‘Silicon Detector’, which features an all-silicon central tracker, allowing for
a relatively compact design that should permit the use of silicon-tungsten electromagnetic
calorimetry at reasonable cost. As will be discussed below, the long shaping-time approach
promises to minimize the amount of material in the tracker, leading to superior momentum
resolution over the full range of track momenta, as well as limiting the degradation of charged
and neutral particles before their entrance into the calorimeter, particularly in the forward
region. The proponents of this proposal are in close and ongoing contact with the leaders of
the silicon detector design study group.
Due to the high precision of microstrip detectors, such a tracker would meet the LC momentum resolution goals. With long ladders, the detector would be burdened by a minimal
amount of readout servicing. By turning the power off when not needed, the detector could
avoid active, liquid-based cooling. As a result, the tracker would incorporate a minimum of
material, and thus maintain its superior momentum resolution at relatively low momentum.
As importantly, such a tracker would also impose a minimal amount of material between the
tracker and calorimeter, limiting the degradation of the calorimeter response, and the obfuscating effects of conversions and material interactions, particularly in the forward region.
We are proposing the long-ladder solid-state tracker as a specific implementation of the March
2001 baseline SD tracker design of the American Linear Collider Physics Group (ALCPG).
In this design, the five-layer central tracker extends between radii of 20 and 125 cm, with a
solid-angle coverage of | cos θ| ≤ 0.8, and is immersed in a 5T solenoidal magnetic field. We
are also exploring, through simulation, other detector configurations (such as an eight-layer
geometry) that may prove more optimal when aspects of pattern recognition are considered.
The keys to achieving the superior tracking performance discussed in this proposal are the use
of: (1) long shaping-time electronic readout to reduce voltage-referenced detector noise; and
(2) power cycling to eliminate the need for active cooling. We believe it will be possible to
exploit these techniques to eliminate everything except the material of the sensors themselves
and a minimal amount of support material from the active tracking volume; the detector
would be read out at its ends only. In addition, for the inner tracking layers, whose ladders
need not be as long as those of the outer layers, the reduced noise may allow the use of
thinner sensors. Figure 1 compares the transverse momentum resolution of the baseline L
(TPC-based; dashed trajectory) and SD (silicon microstrip tracker with conventional readout;
dotted ‘Thick’ trajectory) detectors to that of an idealized short-shaping time detector (‘Thin’
trajectory), for which the only material is that of the sensors themselves. Although not
completely realistic, the figure shows that substantial gains in momentum resolution in the
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Figure 1: Comparison of the expected momentum resolution at cos θ = 0 for the ‘L’ and ‘SD’
tracking options. The ‘SD’ option is further divided into two scenarios: a ‘Thick’ design with 1.5%
X0 per layer, and a ‘Thin’ design, with 0.3% X 0 per outer layer, and 0.2% X0 per inner layer.

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

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

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

1
τ
·
,
θ 1 − a/θ

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

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

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

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

5.13

Tracking

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

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

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

FY2006
23.4
7.8
31.2
6.2
37.4
2
3
42.4
21.2
63.6

FY2007
24.3
8.1
32.4
6.5
38.9
2
3
43.9
22.0
65.9

Total
70.2
23.4
93.6
18.7
112.3
6
12
130.3
65.2
195.5

5.14

Tracking

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

New funds requested
FY05 request: 39,997
FY06 request: 41,497
FY07 request: 43,055

5.14

503
183

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

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

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

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

5.15

Tracking

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

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

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

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

1

Project Overview

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

2

Broader Impact

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

3

Results of Prior Research

Prior research has focussed on the implementation of the Garfield tracking algorithm, a basic
reconstruction algorithm for long-lived particles with the SiD. A proof-of-principle version
was completed in the summer of 2004 and was presented at the ALCPG meeting in Victoria
and at several other occasions [4, 5, 6, 7].
The algorithm is comprised of about 5,000 lines of code and has been implemented as part
of the standard java-based reconstruction software (hep-lcd). Our code is available through
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CVS and through the package’s homepage [8]. Figure 1 shows a reconstructed event with
Garfield tracking and a reconstructed K0S decay.

Figure 1:

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

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

4

Collaboration with other LC groups

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

5

Facilities, Equipment and Other Resources

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

6

Description of project activities

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

7

Budget

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

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

References
[1] Silicon Detector Design study (SiD), http://www-sid.slac.stanford.edu
[2] See for example, John Jaros, plenary talk, ALCPG meeting 2004 in Victoria.
[3] K-State Quarknet center, http://www.phys.ksu.edu/∼evt/Quarknet/quarknet.html
[4] Kansas State 2004 DOE review, Presentation by D. Onoprienko,
http://www.phys.ksu.edu/hep/DoE-Review/
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TPC VLSI Readout R&D
Tracking
Personnel and Institution(s) requesting funding
M. Battaglia, University of California at Berkeley and Lawrence Berkeley National Laboratory
G. Abrams, J. Kadyk, M. Ronan and W. Wenzel, Lawrence Berkeley National Laboratory
M. Chertok, M. Tripathi, R. Erbacher, University of California at Davis
Collaborators
K. Einsweiler, Lawrence Berkeley National Laboratory
Project Leaders
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
and
Maxwell Chertok
chertok@physics.ucdavis.edu
(530) 754-7351
Project Overview
The proposed R&D program aims at a proof of concept and the development of a novel read-out
technique for a Time Projection Chamber (TPC) tracker, based on highly integrated VLSI electronics,
adapted from hybrid Si pixel detectors.
Significant R&D activity on a TPC based on Micro-Pattern Gaseous Detectors (MPGDs) is presently
being carried out worldwide to develop a large volume tracking chamber with three-dimensional particle track reconstruction, matching the challenging requirements of the ILC physics program. Not only
will the momentum resolution at the ILC need to improve by almost an order of magnitude compared
to the performances of detectors at LEP and SLC, small readout cells and large channel multiplicity
will have to be addressed. The Main Tracker device must also be light, so as not to degrade the calorimetric measurements of neutral electromagnetic particles and hadrons, thus restricting the amount of
electronics which can be installed at the chamber end-plates. The concept of a large detector based on
a 3D central tracker, providing continuous reconstruction of charged particle tracks, has been receiving significant support in the physicists community promoting the ILC studies. Designing a TPC, able
to provide the required momentum resolution with thin, highly integrated endplates is a centerpiece
of this concept.
Similar challenges have already been met, and solved, in the development of high resolution vertex
detectors. The R&D, initiated at LEP and SSC and continued in applications at experiments at the
LHC and BTeV at the Tevatron, has developed into a new paradigm for applying high-volume commercial CMOS processes to readout electronics for tracking in high energy physics. This approach
allows very complex system-on-chip developments through VLSI technology.
We propose to use a VLSI chip, developed for the readout of the charge carriers generated in a Si p − n
junction, to detect and digitize the charge generated in the sensitive volume of a TPC and amplified
through a MPGD layer.
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A European collaboration has very recently demonstrated this principle, obtaining 2D images of ionizing particles with the MediPix chip, developed for medical imaging, in a drift chamber (see below).
This proposal intends to follow-up on the path of work started by that group, build-up expertise on
this highly promising technique in the US and expand it into a pioneering study of TPC performance
and integrated 3D custom device design.
For the proof of concept of full 3D imaging, we propose to use the ATLAS pixel FE-I3 chip, developed
at LBNL and adopted for the ATLAS pixel detector at the LHC. The chip active size is 7 mm×11 mm.
The chip contains 2880 channels of charge sensitive amplifiers and fast digital readout operating at a
40 MHz clock. The pixel dimension is 50 µm high and 400 µm wide. The high gain preamplifier is
optimized for the typical signal of Si detectors, corresponding to ' 20k e− equivalent. Each time an
individual discriminator fires, the pixel address, time and charge information of the hit are generated.
The charge is determined by the time-over-threshold. The time is obtained in increments each 25 ns
for the 40 MHz cycle. Hits are stored on-chip until an external trigger prompts the readout. The FE-I3
chip is equipped with input pads in the form of 20 µm metal octagons with a 12 µm opening in the
insulating passivation layer. In order to avoid discharges in the high field between the MPGD and the
chip, the insulating material needs to be reduced by a post-processing in which a thin conductive layer
is deposited and the input pads are extended to cover the majority of the anode plane. The proposed
test will allow real 3D imaging of the ionization tracks in a small volume TPC.
Broader Impact
Detector development projects provide a very important component of a well rounded graduate student
training. The educational impact reaches far beyond the academic world because a large fraction of
the students find employment in industry. The activity described in the present proposal will be
carried out as a collaboration between two Universities (UC at Berkeley and Davis) and a National
Lab (LBNL). We plan to involve both graduate and undergraduate students in the activities. A group
of undergraduate students is already working at LBNL on ILC physics questions within the framework
of the Undergraduate Research and Apprentice Program (URAP) at UC Berkeley. The high energy
physics group at UC Davis participates in an NSF-sponsored REU program. This program is in
its second year and we will actively recruit undergraduate students during the summers. We plan
to extend these schemes to the TPC VLSI readout R&D program. This will enable undergraduate
students to learn about particle physics and advanced instrumentation while contributing to cuttingedge R&D and studies. We shall encourage women and students from minority-serving institutions
to join this program.
Results of Prior Research
The area of R&D we are proposing is quite novel. There has been one earlier attempt, carried out by a
collaboration between CERN, Geneva, CEA, Saclay and NIKHEF, Amsterdam. In Spring 2004 they
reported to have observed 2D signals from ionizing particles in a small drift chamber equipped with
a Micromega foil and readout by means of a MediPix2 chip as direct anode (M. Campbell et al., to
appear in Nucl. Instr. Meth. A).
LBNL has a long tradition of developing detectors and custom micro-electronics for trackers at both
lepton and hadron colliders. This tradition has relied on close collaboration between the Physics and
Nuclear Science Divisions and the Engineering Division to blend scientific direction and technical
expertise. Not only did the TPC concept originate at LBNL but also the VLSI chip, which we intend to
use was developed there. There is very significant expertise both in the construction, commissioning
and testing of gaseous detectors, in readout electronics and microelectronics development, which
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makes such a project particularly well adapted for LBNL. The Department of Physics at UC Berkeley
has very tight links to LBNL, but also profits from a mechanical shop providing low charge rates and
access to the facilities of the Engineering department in Cory Hall.
The UC Davis group has a long history of R&D in Si pixels starting with the SDC detector at the
SSC, followed by the development of generic data-push architecture readout chips and more recently,
in the forward pixel group of the CMS Collaboration at the LHC.
Facilities, Equipment and Other Resources
The proposed R&D will be primarily carried out in the newly setup ILC R&D laboratory at the Physics
Division of LBNL. The laboratory is presently focused on a Laboratory Directed R&D (LDRD)funded project on monolithic Si pixel sensors for application at the ILC Vertex Tracker. This laboratory provides basic infrastructure and dedicated space for the TPC R&D and is already equipped with
networked computing, gas system and DAQ facilities. The project will have access to the departmental mechanical and electronics shops located on the UC Berkeley campus and to the LBNL shops, as
well as technician support through the Physics division. A collaboration agreement with the ATLAS
group at LBNL (contact K. Einsweiler) will ensure the availability of a full DAQ chain for the ATLAS
pixel chips, several chips and the relevant software and support. This will minimize costs and risks
for the electronics and DAQ systems.
At UC Davis, the electronics shop has capabilities of designing, simulating and laying out circuits
using state of the art software tools. The test lab contains a full suite of instrumentation for high bandwith analog signal analysis and debugging of multi-channel digital logic. The labs are also equipped
with hardware and software for FPGA firmware development, VLSI chip design and probing of bare
ASICs. A clean room and an electromagnetically shielded room provide space for testing sensitive
components. A 32 node Linux cluster is available for large scale data analysis along with 5 TB of
data storage space. Computing will be also supported in part through NERSC, under the resources
allocated to the LBNL ILC project (ERCAP request 80938).
FY2005 Project Activities and Deliverables
The first year of the project will be devoted to design and proof of concept. The activity will start with
the design and construction of a small test drift chamber equipped with MPGDs. The test chamber will
be designed to be adaptable to the tests of various micro-pattern detector designs and configurations.
It will also be equipped with standard pad readout for functionality tests. After completion of the
construction and testing, studies with the ATLAS VLSI readout chip will start. The UC Davis group
will develop and fabricate a prototype board for use with the end-cap of the chamber. This board will
house all of the service circuitry for the pixel chips and also provide necessary back-end electronics
and data acquisition. VLSI chips will be sent to an external contractor for metalization of the bonding
pad and then tested. We envisage performing tests with the test chamber using a laser beam, a 55 Fe
radioactive source and cosmic rays.
FY2006 Project Activities and Deliverables
We expect to achieve a proof of concept for the readout using the ATLAS VLSI chip and 3D imaging
within one year from the start of the project. The second year will then be devoted to the construction
of the TPC field cage, definition of the custom chip specs and system design. Lab tests will include
studies of charge diffusion with different gases, aging tests and detailed electrostatic simulation of the
device which will be performed jointly by the Berkeley and Davis groups. This will make possible to
define specs for application of this readout scheme to a large scale device, such as the TPC at one of
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the ILC detectors. The system design activity will be carried out in collaboration with the Electronics,
Software and Instrumentation group in the Engineering division at LBNL (contact P. Denes) that is
already a partner in the R&D activity on monolithic Si pixel sensors. It will address issues such as
minimization of nearby pad crosstalk, input protective circuitry to eliminate discharge damage and
optimisation of dynamic range. Design for the inclusion of the MPGD mesh into a monolithic device
will also be carried out, with the aim of achieving a highly integrated device with single electron
sensitivity. We expect that significant collaboration with other institutions will be set up at this stage.
FY2007 Project Activities and Deliverables
The third year will be devoted to the engineering design of the TPC end-plates and to finalization
of chip design and submission of a first test chip. Engineering tests for the mesh integration will be
performed. The test chip will be characterized and tested in the TPC test chamber.
Budget justification:
Lawrence Berkeley National Laboratory
The budget request for FY05 covers the costs for the construction of the test chamber. We intend to
profit from our access to the mechanical shop at the Dept. of Physics on the Berkeley campus which
offers highly competitive charge rates. Additional items are the post-processing metalization of the
chip input pads and the customization of the single chip hybrid and PC board. While we are evaluating
the possibility to perform the lithographic metalization in collaboration with the Dept. of Engineering
at Berkeley, we cost it at the rate quoted by the MESA Research Institute of the University of Twente
in the Netherlands, which successfully processed the MediPix chip for the CERN+CEA+NIKHEF
group. The “Other Professionals” cost covers a technician for FY05 and the part of the cost of a
part-time micro-electronics designer from LBNL for FY06 and FY07. We expect to receive matching
support from the base program at the Physics Division at LBNL, through the ILC project in FY06
and FY07. Equipment costs include the estimated costs for the construction of the test chamber and
the high-precision MPGD and VLSI array holder for FY05, the construction of the TPC field cage for
FY06 and a fraction of the cost of the test chip submission for FY07. The requested travel funding
will cover participation to one topical conference or a dedicated working meeting per year and travel
costs to Davis. “Other direct costs” includes a visitor from Europe in FY05 to help with the setup of
the Micromega mesh.
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Three-year budget, in then-year K$
Lawrence Berkeley National Laboratory
Item
Other Professionals
Graduate Students
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel
Materials and Supplies
Other direct costs
UC Davis subcontract
Total direct costs
Indirect costs
Total direct and indirect costs

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

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

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

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

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

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

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

Total
0
50,356
8,700
59,056
882
59,938
0
14,800
9,000
14,839
98,577
21,811
120,388
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Tracking

5.17: Development of thin silicon sensors
for tracking
(new proposal)
Tracking
Contact person
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494-5197
Institution(s)
Purdue

New funds requested
FY05 request: 74,350
FY06 request: 72,630
FY07 request: 80,180
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Development of thin silicon sensors for tracking
Classification (subsystem) Tracker.
Personnel and Institution(s) requesting funding
Purdue University: Daniela Bortoletto (Professor), Ian Shipsey (Professor), Kirk Arndt, G.
Bolla and P. Merkel
Project Leader
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494 5197

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

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

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

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

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

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

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

Total
69.4
30.9
8.26
1.42
26.15
7.5
54.96
28.45
0.12
227.17
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