Tracking

5.0.1

Tracking

5.0.1

332

Tracking

5.0.2

Tracking Table of Contents
Table of Contents and Overview .................................................................................... 5.0
42. Development and Testing Linear Collider Forward Tracking (LCRD; Michael
Strauss)............................................................................................................................ 5.1
43. Development of a GEM based Forward Tracking Prototype for the NLC (LCRD; Lee
Sawyer) ........................................................................................................................... 5.2
44. Straw Tube Wire Chambers for Forward Tracking in the Linear Collider Detector
(UCLC; Keith Baker)...................................................................................................... 5.3
45. Fabrication, investigation and simulation of Gas Electron Multipliers for charged
particle tracking (LCRD; Peter Fisher)........................................................................... 5.4
46. Studies of the Use of Scintillating Fibers for an Intermediate Tracker which Provides
Precise Timing and Bunch Identification: Progress Report and Request For Funds
(LCRD; Rick VanKooten) .............................................................................................. 5.5
47. Tracking Detector R&D at Cornell and Purdue Universities (UCLC; Dan Peterson)
......................................................................................................................................... 5.7
48. Tracking simulation studies and alignment system R&D (UCLC; Keith Riles) ...... 5.8
49. Tracking Software Optimization for the Silicon Detector Option (LCRD; Milind
Purohit) ........................................................................................................................... 5.9
50. R& D Towards a Low - Mass Silicon Strip Central Tracker for the LC (LCRD; Bruce
Schumm) ....................................................................................................................... 5.10
51. R&D towards a Silicon drift detector based main tracker for the NLC-SD option
(UCLC; Rene Bellwied) ............................................................................................... 5.11
52. Negative Ion TPC as the NLC main tracker (UCLC; Giovanni Bonvicini) ........... 5.12

5.0.2

333

Tracking

5.0.3

Overview of Tracking Proposals
Experimental physics goals for a future Linear Collider create challenges for charged
particle tracking, particularly in regard to momentum resolution, multi-track separation,
and the precise and efficient reconstruction of tracks at forward angles. The momentum
resolution is driven in part by the need to measure the di-lepton recoil mass spectrum in
the process e + e − → HZ , with Z → µ + µ − . Ensuring that the mass spectrum be limited
by the beam energy spread, and not by momentum resolution, requires that

σ (1 / pt ) ≈ 2 × 10 −5 GeV −1 [1]. The momentum-resolution target is also driven by the
need to measure high-energy isolated charged particles [2], expected to be prevelant in
new physical processes (supersymmetric interactions, heavy lepton production,
production of leptopquarks, etc.), as well as Standard Model processes with a propensity
to produce high-energy leptons ( tt , W +W − , ZZ , l + l − production). All in all, the
requirement on the precision of the momentum measurement is an order of magnitude
more demanding than that of existing collider detectors. Clearly, the full exploitation of
the physics potential of a Linear Collider places stringent demands on the performance of
the tracker.
The Linear Collider presents several other challenges that are more demanding than that
faced at previous electron-positron colliders. Linear Collider backgrounds are expected to
be somewhat worse than those experienced at previous high-energy electron-positron
colliders, while hadronic jets associated with underlying parton-level processes will be
denser and more energetic. Accurate reconstruction of hadronic jets in this environment
will be an essential tool in unraveling the physics of the Linear Collider. Particle-flow
algorithms, discussed in the section on calorimetry, are only effective to the extent that
charged tracks are individually accounted for and associated with discrete calorimetric
clusters. Achieving the jet-energy resolution promised by the energy-flow approach will
require excellent charged-particle pattern recognition, superior two-track separation
resolution, as well as the precise determination of particle trajectories as they exit the
tracking volume.
Forward (high cos θ ) tracking will be of particular importance at the Linear Collider.
Flagship supersymmetric processes (selectron and chargino production) have the
potential to exhibit forward-peaked cross sections. The process of diboson (WW and ZZ)
production, which may prove essential to uncovering the secret of electroweak
symmetry-breaking, is also increasingly forward-peaked at high energies, with the
corresponding jets more tightly collimated about the underlying parton trajectory. Finally,
adequate modeling of beamsstrahlung requires a precise in-situ differential luminosity
measurement, which in turn requires that the acolinearity of bhabha-scattered electrons be
measured to the accuracy of ~0.01 mrad.
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Overview of Tracking Proposals

Tracking proposals of the LCRD groups are coordinated with those of the NSF-based
UCLC groups, and cover three broad areas. Work on the simulation of physics processes
is oriented towards establishing tracker performance criteria that are required for the full
realization of the physics potential of the Linear Collider. Simulation of detector response
and performance is focused upon assessing the capabilities of specific tracking scenarios,
and of their ability to achieve the established performance criteria. The goal of research
and development work on instrumentation hardware is to provide a proof-of-principle for
the more promising of those tracking scenarios. All three of these components are
essential for the design and optimization of a tracker that will be capable of exploiting the
great potential of the Linear Collider physics program.
At this point, the choice of technology for the central tracker remains open. The most
mature candidates are a large-volume TPC, an axial drift chamber, and an all-silicon
tracker, although the axial drift chamber seems to be falling out of favor at this point. The
baseline designs, established in March 2001, employ disks of silicon strips in the forward
region. This choice, however, was not motivated by studies (other than closed-form
calculations of tracking errors expected under ideal circumstances), and a broad and
open-minded R&D effort is called for. Groups contributing to the joint LCRD/UCLC
proposal are considering, in addition to the basline choice of silicon strips, CCD and
active pixel layers, and both GEM- and straw-tube based forward tracking.

Physics Simulation
Physics simulations have clarified many of the design goals for the LC detector,
including the central tracker. Studies of sparticle production and decay are needed to
establish more quantitatively the physics requirements on momentum resolution,
including that of low momentum tracks (A).
A. UCLC Tracker simulation studies and alignment
5.8
system R&D

Keith Riles

U Michigan

Silicon Central Trackers
Silicon central trackers have the advantage of compactness, and may prove to be
particularly good at tracking particles in dense jets. Two groups plan to develop the
design for a low-mass silicon strip detector optimized for the environment and physics
context of the Linear Collider. One (A) will address pattern recognition in such a device.
They will start by developing stand-alone pattern recognition in a CCD vertex detector,
and then incorporate reconstruction algorithms for use with an axial-only silicon strip
tracker. Another group (B) will develop a long shaping-time readout chip that limits its
period of operation to the small fraction of time that beams are present in the machine,
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and work with an international group to develop and test a prototype two-meter-long
silicon detector ladder.
The silicon drift detector is an attractive option because it is compact and offers 3-D
space points, which should make pattern recognition more robust in the presence of
background. One project (C) will further develop this technology. The group will
continue developing the necessary simulation and reconstruction algorithms. On the
hardware side, they will work to increase wafer size, extend the drift length, reduce the
channel count and bring the wafer thickness to 150 microns. Finally, they plan to
develop a CMOS-based front-end chip.
Achieving the resolution goals with a relatively compact silicon central tracker requires
precise control of detector alignment and distortions. A “real-time” tracking device
alignment system will be important at the Linear Collider, particularly for a low-mass,
non-rigid silicon tracking system (A - listed in the section on Physics Simulation.)
A. LCRD
5.9
B. LCRD
5.10
C. UCLC
5.11

Tracking Software Optimization for the
Silicon Detector Option
R& D Towards a Low - Mass Silicon Strip
Central Tracker for the LC
R&D towards a Silicon drift detector based
main tracker for the NLC-SD option

Milind
Purohit
Bruce
Schumm
Rene
Bellwied

U South
Carlolina
UC Santa
Cruz
Wayne State
U

TPC Central Tracker
A TPC promises excellent momentum resolution and resilient pattern recognition. A
number of groups will work on TPC development. Two intend to improve fabrication
techniques for GEMs, and optimize GEM design for use in TPC readout. One of these
groups (A) will focus on photo-lithography and use simulation to optimize design. A
second group (B) will use prototype TPC’s with GEM and MicroMegas readout to
explore resolution, segmentation, noise, ion feedback, etc.
A novel alternative tracker is the Negative Ion TPC, whose hallmark is its very slow drift
velocity and limited diffusion. One group (C) plans both to simulate the performance of
such a tracker and to develop a prototype.
A. LCRD Fabrication, investigation and simulation of
5.4
Gas Electron Multipliers for charged particle
tracking
B. UCLC Tracking Detector R&D at Cornell and
5.7
Purdue Universities
C. UCLC Negative Ion TPC as the LC main tracker
5.12

Peter Fisher MIT

Dan Peterson Cornell
Giovanni
Bonvicini

Wayne State

Intermediate Trackers
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One group (A) will pursue its studies of a fast scintillating fiber intermediate tracker. The
group will establish the effect on momentum resolution and the impact of being able to
distinguish tracks produced in different NLC bunch crossings. They will also study a
prototype using cosmic rays.
A. LCRD Studies of the Use of Scinitillating Fibers for Rick Van
5.5
an Intermediate Tracker which Provides
Kooten
Precise Timing and Bunch Identification

Indiana U
Notre Dame

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. A
group (A) will develop the tracking simulation to allow for the evaluation of various
proposed forward tracking scenatios. In the domain of intrumentation, one group (B) will
explore the use of straw tubes for forward tracking, and a second (C) will study the use of
a GEM-based device.
A. LCRD
5.1
B. UCLC
5.3
C. LCRD
5.2

Development and Evaluation of Forward
Tracking in the Linear Collider
Straw Tube Wire Chambers for Forward
Tracking in the Linear Collider Detector
Development of a GEM based Forward
Tracking Prototype for the NLC

Mike Strauss U of
Oklahoma
Keith Baker Hampton U
Lee Sawyer Louisiana
Tech U

[1] “Impact of Tracker Design on Higgs Mass Resolution and Cross Section”, H. Yang
and K. Riles, presentation at the Santa Cruz Linear Collider Retreat, June 27-29, 2002,
http://tenaya.physics.lsa.umich.edu/~hyang/talks/trackres-ucsc.pdf; see updated report at
http://tenaya.physics.lsa.umich.edu/~keithr/LC/HiggsTrackSummer2002.pdf .
[2] J. Brau et al., “International Study on Linear Collider Detector R&D”,
http://blueox.uoregon.edu/~lc/randd.pdf; “The Detector List”,
http://blueox.uoregon.edu/~jimbrau/LC/rdpriorities .
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5.1. Development and Evaluation of
Forward Tracking in the Linear Collider
(LCRD)
Tracking
Contact person: Michael Strauss
email: mgstrauss@ou.edu
phone: (405) 325-3961

Oklahoma
Year 1: $40,670
Year 2: $42,698
Year 3: $44,832
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Project name
Development and Evaluation of Forward Tracking in the Linear Collider
Classification (accelerator/detector:subsystem)
Detector: Tracking
Institution(s) and personnel
University of Oklahoma, Department of Physics:
Michael G. Strauss (Associate Professor), Post-doctoral researcher (To Be Named)
Contact person
Michael Strauss
mgstrauss@ou.edu
(405) 325-3961 ext. 36311

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 WW t-channel fusion are also predominantly along the beamline.1 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.2 A systematic study of forward tracking
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algorithms and performance must be done, 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 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 be developed if these questions are to be addressed.
At present, 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, and there has been only a little effort in the U.S. program exploring issues
associated with forward tracking. In addition, there is minimal effort geared towards
developing simulations that can be used to develop or study various hardware options.
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.3 Studies show that TESLA gets
a resolution of ∆θ ≈ 30 µrad 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 need to 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. Many of these parameters are not yet in the LC Monte Carlo
simulation. There has been some effort to incorporate backgrounds in the forward
direction from photon-photon interactions in the simulation, but other low angle
backgrounds are not simulated at all. We would join the effort to make the Monte Carlo
more realistic and then to 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.
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The program at the University of Oklahoma will be properly coordinated with the LC
community. We will work closely with the existing LC tracking simulation groups and
use the tools that have been developed. 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: How well do five layers of
CCDs do at pattern recognition given realistic backgrounds and detector performance?
What is the track finding efficiency and purity using this pattern recognition technique?
Will the proposed thickness of the detectors cause so much showering that pattern
recognition is impossible? Are there other algorithms that give better performance in the
forward region? Some of these questions having to do with tracking in the central region
overlap with work being done by the group at South Carolina, and we will collaborate
with them in order to investigate those questions. Unfortunately, the level of detail in the
current simulation tools that have been developed for answering these questions is
inadequate since they do not produce a realistic enough simulation of the detector
environment, as discussed in the previous paragraph. Consequently, the development of
a realistic simulation, including adequate background modeling in the forward direction,
will be our first and foremost goal.
In addition, we will work closely with groups developing hardware that might be used as
key components in the forward tracking of the LC. For instance, we have already
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. In addition, the
University of Oklahoma (P.I. Patrick Skubic) has applied for an NSF grant to develop
VLSI design for the tracking effort, particularly focused on the forward tracking region.
These groups have focused on hardware issues associated with forward tracking, but have
not done much simulation work. To understand the tracking potential of these
technologies more simulation effort is needed. Close collaboration with others working
on tracking issues will assure that the hardware and software efforts are coordinated.
These collaborations will continue and grow as the effort to develop forward tracking
simulation and tracking algorithms increases at Oklahoma.
At the end of this project, we hope to answer questions such as:
1) What detector design maximizes the forward tracking potential?
2) What detector technologies offer the best prospect for meeting the physics goals
outlined above?
3) Are three-dimensional technologies necessary for tracking in the forward
direction?
4) Can reasonable resolution and pattern recognition be performed to 110 mrad?
5) How do beam-related backgrounds interfere with tracking capabilities in the
forward region?
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Description of first year project activities
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 tracking code labeled
“AA.” Tools and algorithms developed for DØ tracking can be used as a first test of
forward tracking in the LC environment. Some of these tools have already been
interfaced with the LC simulation packages using Gismo or Root that have been
developed at SLAC. However, many of the recent DØ developments in tracking, that
have dramatically improved forward tracking efficiency, have not been integrated into the
LC framework. We will help develop a realistic simulation of beam-related backgrounds.
Such a complete simulation of the beam line can then be incorporated into a realistic
simulation of the forward tracking. 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.
Other forward tracking options, like the combination of silicon and straw chambers
proposed for the TESLA detector, should also be considered. As technologies are
developed and proposed, we will coordinate our effort to test the tracking capabilities of
different techniques. We will also collaborate with groups developing tracking
algorithms for the central detector.
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.
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Subsequent years:
After one year, many of the tools to answer the questions outlined in the project overview
will be developed. It is possible, and even likely, that these tools and simulations will
still be inadequate to answer all of the questions listed above. Then, in collaboration with
the simulation group at SLAC, we will develop new tools, or add realism to existing
tools, that will be distributed to the Linear Collider community for further study. In one
year, we do not expect to have all of the answers to the questions outlined in this Proposal
Preview, to have developed mature tracking algorithms, or to have investigated new and
alternate tracking algorithms in the forward region. In particular, we expect that
hardware developments will require simulation studies of new technologies and
geometric configurations for forward tracking. In years two and three we expect to
complete a comprehensive study of tracking in the forward region. It is also possible that
in the latter stages of this proposal we may be able to contribute to some of the hardware
testing and development on CCD detectors that may be done at the University of
Oklahoma.

Qualifications of Personnel and Budget Justification
The contact person for this proposal, Michael Strauss, has significant experience
developing and testing tracking software. He co-authored the track finding and fitting
algorithms used in the original TPC detector at the PEP collider and developed and wrote
the tracking software for the SLD CCD-based vertex detector. The latter software linked
Central Drift Chamber tracks to CCD hits, and also found “stand-alone” tracks in VXD3. He has also been involved with the DØ tracking group and has knowledge of the DØ
tools and algorithms available. He developed code for determining tracking efficiency
and purity that was instrumental in cataloging the tracking capabilities of the DØ detector
and determining which tracking algorithms work best in the Tevatron environment.
Strauss expects to initially spend about 20% of his research time on tracking questions
related to the Linear Collider.
In addition to the expertise already available at the University of Oklahoma, funding this
proposal will bring a post-doctoral researcher into the LC program, working half time on
LC forward tracking. The post-doctoral researcher will be necessary in order to actually
implement and test tracking algorithms. The post-doc would initially become familiar
with the currently available LC simulation and reconstruction tools, with current designs
for LC forward tracking, and with currently implemented tracking code, like that already
developed by Strauss, and the DØ tracking code. In association with Strauss, the postdoc would then use these tools and packages to enhance the simulation programs and
reconstruction algorithms for the LC forward tracking. As these tools are developed,
feedback from within the LC tracking and simulation groups would provide additional
direction to the effort. The University of Oklahoma high energy physics group is an
active institution within the DØ experiment so the other half of the post-doc’s time would
be doing physics analysis as a member of the DØ collaboration. The post-doc will spend
a few weeks at SLAC interacting with the simulations group there to interact with the
people who have developed the simulation software. In the long term, the post-doc could
be located either at Fermilab or in Oklahoma. Either location would allow efficient
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communication with the American LC community and with those at Oklahoma who have
tracking expertise.

Budget
Institution Item
Oklahoma One-half FTE Post-Doctoral Researcher
Salary plus Fringe Benefits (37.4%)
Oklahoma Oklahoma Indirect Costs
Grand total

Cost
Cost
Cost
(year 1) (year 2) (year 3)
$27,480 $28,850 $30,292
$13,190 $13,848 $14,540
$40,670 $42,698 $44,832

1

Killian, Kramer, and Zermwas, “Higgs-Strahling and WW fusion in e+e- Collisions, Phys.Lett.B373:135140,1996.
2
Joint R&D Proposal for Linear Collider Tracking, B Schumm, et.al., May 1, 2001.
3
TESLA Forward Tracking and Measurement of Luminosity-Spectrum, Klaus Mönig, wwwlc.fnal.gov/proceedings/d3_vertex/moenig_tracking_2.ps.
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(LCRD)
Tracking
Contact person: Lee Sawyer
email: sawyer@phys.latech.edu
phone: (318) 251-2407

Louisiana Tech
Year 1: $36,290
Year 2: $36,190
Year 3: $32,890
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Project name
Development of a GEM-based Forward Tracking Prototype for the LC.
Classification (accelerator/detector:subsystem)
Detector:Tracking
Institution(s) and personnel
Louisiana Tech University, Center for Applied Physics Studies
Lee Sawyer (*), Z.D. Greenwood, Neeti Parashar (professors)
Contact person
Lee Sawyer
sawyer@phys.latech.edu
(318) 251-2407

Project Overview
We propose a research and development effort for the 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 preamplifiers in this region; as such devices offer a fast, radiation- hard, low
material profile tracking solution.
Although the previous use of ionization-based tracking systems equipped with gas
electron multiplier pre-amplification stages has 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 LC by constructing a proto-type to confirm the above observations
and work to improve the system’s response time as well as further test the radiation limits
of a proto-type 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 year of activity in the Linear Collider Research and Development group, despite
having only three months of Dept. of Energy support to draw upon. This progress is
described in detail in the attached Progress Report.
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
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exchange. 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 the 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 [2]. This includes the proposed Time
Projection Chamber (TPC) as well as the digital calorimeter option for the hadronic
calorimeter. We propose to evaluate a forward tracking ionization chamber for the linear
collider which uses a gas electron multiplier as a preamplifier and will permit single
particle tracking.
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 [3]. When used as a preamplifier in front of a micro-pattern device, like a
multiwire proportional chamber, the signal is amplified up to 102 [4] and can operate in
harsh radiation environments up to at least 2 Mrad. Charge multiplication occurs when
the electrons pass through the foil holes whose sides have had an electric potential
difference applied to produce electric fields on the order of 40kV/cm. A typical GEM
detector electric field is shown in Figure 1. With multiple GEMs serving as preamplifiers,
the charge can be detected directly on a segmented printed circuit board due to the large
gains which approach 106 [6].
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 radiation-hard, high rate, and compact. 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, possibly with microstrip gas
chambers using a GEM foil preamplifier.
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Figure 1 Left: Photomicrograph of a GEM foil . Right: Schematic of the electric field in a GEM
(figures taken from Ref. [3] and [5]).

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 [7]. We would like to expand
on their work to determine if a GEM
based forward tracking system is
suitable for the LC.
Detector Prototyping for the
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 the short crossingtime envisioned for the LC, may
Figure 2 CAD drawing of the layout of the GEM-based
also be a significant technical
prototype tracking chamber.
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.)
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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. Sauli’s group at CERN. Front end amplification, pulse shaping
and 128 channel multiplexing electronics have also arrived 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. 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. 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.
Expertise
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..
Currently the high energy physics group consists of Lee Sawyer, Z.D.
Greenwood, and Neeti Parashar. All 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, while
Dr. Parashar was involved with development of the CDF and D0 muon detectors, and the
proposed CDF fiber tracker. Dr. Sawyer has worked on the D0, SDC, and ATLAS
calorimeter systems, while Dr. Greenwood has built a number of neutrino detectors and is
currently involved in Run IIb upgrades to the D0 Silicon Tracker.
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.
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Description of Three-Year Project Activities
During the first year of funding we will build a forward tracking detector
prototype using GEM foils and perform the tests outlined above. We are collaborating
with other groups within the American Linear Collider Working Group, including the
University of Texas at Arlington, in identifying alternative domestic manufacturers of
GEM foils. Also, other groups (e.g. Purdue, MIT) are developing new GEM fabrication
techniques. As described in detail in our progress report, a preliminary design for a
prototype tracking detector has been completed, and a contract has been established to
construct a PCB charge collector that is used to transport the electrons created by the
ionization process and amplified by multiple GEM foils to the pulse shaping electronics
for readout. We will also begin simulations of the forward region of an LC detector, and
work in conjunction with other groups interested in GEM technology on prototype
trackers.
In year one of our renewal request, we will build a prototype GEM-based tracking
detector as well as test the detector using a 20 keV pulsed X-ray tube. 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. Our budget request for year one is based on the
purchase of an additional 3 GEM foils ($900), machining time for the prototype
components ($700), construction cost for additional readout plane construction ($1000),
and costs of prototyping the current monitor trigger electronics ($1000). We will also
need clean room time for GEM detector assembly, for which we request 20 hours at
$60/hour ($1200).
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
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impact of radiation damage. 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.
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 wall thicknesses on pulse risetime in the GEM. We request funds
for replacement GEM foils ($900), machining time for test chamber walls ($500) and
supplies.
We request funding in each year for a graduate student to work on testing the
detector prototype, travel to LC meetings, supplies, materials, and indirect costs. As
justification for the travel request, our current DoE grant travel budget is entirely
budgeted for trips for the D0 experiment at Fermilab. We plan trips to LC working group
meetings, as well as to other institutions working on GEM fabrication. These are beyond
the scope of our baseline funding. In particular, we will require additional travel funds to
Jefferson Lab in year two to test the prototype.
Budget –Year 1
Forward Tracker Construction:
Materials

$ 4,800

Testing and Detector Studies:
Graduate Student
$14,000
Fringe for student
$ 2,660
Supplies
$ 1,000
Miscellaneous:
Travel
$ 5,000
Indirect
$ 8,830
___________________________________________________________
TOTAL
$36,290

Budget –Year 2
Forward Tracker Construction:
Materials

$ 1,700

Testing and Detector Studies:
Graduate Student
$14,000
Fringe for student
$ 2,660
Supplies
$ 1,000
Miscellaneous:
Travel
$ 8,000
Indirect
$ 8,830
___________________________________________________________
TOTAL
$36,190
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Budget –Year 3
Forward Tracker Construction:
Materials

$ 1,400

Testing and Detector Studies:
Graduate Student
$14,000
Fringe for student
$ 2,660
Supplies
$ 1,000
Miscellaneous:
Travel
$ 5,000
Indirect
$ 8,830
___________________________________________________________
TOTAL
$32,890

Three Year Total
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Addendum: Progress Report
We report here on the progress made on the research and developments projects
detailed in last year’s proposal to the Dept. of Energy. In that proposal, we asked for
$37,490 in funding for LC-related research activities, broken down by category in Table
1. As our funding year at Louisiana Tech began in July, 2003, we can only report work
done for three months (July, August, and September) of the current funding year. We
have, however, 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 Ro hacell material for the
detector prototype, a TTL-LVDS converter for our readout electronics, machine time for
a prototype readout plane, and miscellaneous gas fittings and electronic components. We
are funding two graduate students on this project, with money from the Dept. of Energy
and matching university funds.
Table 1: Budget for Year 1 LC-Related Activities
Forward Tracker Construction:
Materials

$ 7,000

Testing and Detector Studies:
Graduate Student
$14,000
Fringe for student
$ 2,660
Supplies
$ 1,000
Miscellaneous:
Travel
$ 4,000
Indirect
$ 8,830
___________________________________________________________
TOTAL
$37,490

Detector Prototyping
We have received our first GEM equipped chamber from F. Sauli’s group at
CERN. This test chamber is 10cm x 10cm, consists of a double-GEM preamplifier, and
has a 2-D charge collector with a strip pitch of 400um. We have constructed a cosmic-ray
test stand with scintillator trigger, and are conducting performance tests.
A gas handling system, using 70% Ar and 30% CO2 , is in place along with
regulators, connections lines, and bubbler. We are using a Multi-Wire Proportional Drift
Chamber power supply made by Bertran, which should be sufficient to work with the
GEM detector. A current monitor is still being developed by our student to monitor the
power supply currents as well as lead into the development of a trigger system which
uses the primary GEM amplification stage. Measurements using the designed current
amplifier at 100 Volts illustrated the capability of measuring current of 7nA from the
power supply due to the factor of 300 in amplification without being overwhelmed by
noise. At least 6, 10-GigOhm resistors have been order which will allow one to monitor
currents from the 3kV GEM power supply at the 50 nA level.
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Figure 3 The measured current response of the GEM current monitor circuit, versus the predicted
output.

In the future, we will expand upon the current monitor to include a threshold
crossing detector, for fast triggering on the GEM foils themselves. During collider
operations, the GEM current will show a significant, flux-dependent, current draw which
can be detected by the current monitor circuit. This change in current can be used to
create a fast trigger signal. This may be crucial to triggering the GEM-based tracking
detectors in the high-rate forward region of the LC detector.
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 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 10 MHz and store the
information for 12 ? s in a pipeline [8]. The GEM connectors for this board have just
arrived from Felco Electronics. The next step will involve using a wire bonding
machining at the IfM to connect the Helix input pads to the detector output line.
Another student is working to provide the low voltage differential signals (LVDS)
to control the Helix chip. The initial attempt by the student was to use our in-house
function generators to create the LVDS signals . This was abandoned due to the high
noise levels (150 mV) on the function generator output. An LVDS signal converter chip
has been purchase to output 4 LVDS pulses from a single TTL input pulse. A data
acquisition system, based on the CODA system developed at Jefferson National
Laboratory, is now in place. Currently we are reading a LeCroy 1182 8-channel ADC.
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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 Cosmic-ray test stand at Louisiana Tech, with GEM chamber and scintillation counter
trigger components.

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. An Autocad drawing in "dxf" format has been created and taken to a local
vendor, JDW and Associates, for laser milling. The preliminary GEM chamber design is
becoming more refined with virtually all the pieces existing in Autodesk form. A gasket
system is being pursued which will allow the chamber to sustain high gas pressures (up to
10 atm) thereby increasing its quantum detection efficiency if necessary when fast gasses
are investigated. A test setup to evaluate pressure loads will be established to evaluate
each gasket system. Conflat gaskets are currently being considered. Rohacell backing for
the charge collector has been purchased. G-10 PCB will be used initially to test the
charge collector design and laser fabrication method.
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Figure 5 AutoDesk drawing of Readout Plane of Prototype Tracking Chamber

A pulsed X-ray tube will be used to perform detailed position resolution as well as
response time studies on the completed prototype detector. A 10 kV power supply has
been cannibalized for these tests, and a safe enclosure area is being constructed for the Xray source. A circuit is being built, based on a working prototype, to convert the 10 kV
DC power supply into a pulse with frequencies of a few kHz.
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 LC
detectors configurations, with a particular interest in tracking needs for luminosity
measurements.
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.
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Figure 6 2-D filed maps of a GEM foil, based on ANSYS finite element calculations.

Shown
with Argon
cells

Without Argon Cells

Figure 7 ANSYS 3-D mesh used for calculating the GEM field map.

Figure 8 Preliminary results from the 3-D ANSYS
simulation.
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The goal will be to generate an electric field map for use in a program which
simulates the gas ionization process. The program GARFIELD [9] is a popular
simulation program for drift chambers which we may borrow from for our needs. The
key ingredients are the function HEED [10], used to calculate energy loss due to
ionization in the drift chamber gas, and MagBoltz [11], used to track electrons in a gas.
A GEANT3 [12] 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. As seen in Figure 6, the angular resolution is degraded by
about 15% when a triple GEM ionization chamber is used to detect electrons emerging at
9 +/- 2 degrees from a hydrogen target.

Figure 9 GEANT studies of GEM detector angular resolution.

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, Silicon, and
Precision detector configurations. Currently, we are still in the process of installing
GEANT4 and the LCDROOT packages (along with other required software packages) on
our Windows 2000 cluster.
Personnel
In addition to Greenwood, Parashar, and Sawyer, several other members of the
high energy and medium energy groups are working on the development of GEM-based
trackers at Louisiana Tech. Beginning in September, we have two physics graduate
students, Midireddy and Narayanan, who are working on GEM readout with the
HELIX128 chip and the current monitor trigger described above. An undergraduate
physics student, Jeremy Dobbins, is working on the cosmic-ray test stand DAQ system.
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Also, three graduate students with the medium energy group, Kraft, Geunzel, and
Novo vic, are also working on GEM-related projects. In Table 2 below, we summarize the
Dept. of Energy-supported personnel and their efforts in LCRD:
Table 2: LC Group Personnel at Louisiana Tech University
Name
Title
Dr. Lee Sawyer

Associate Professor

Dr. Z.D. Greenwood

Assistant Professor

Dr. Neeti Parashar

Assistant Professor

Bharat Midireddy

Graduate Student
(Supervisor: Sawyer)
Graduate Student
(Supervisor: Sawyer)
Graduate Student
(Supervisor: Parashar)
Undergraduate

Subramanian Narayanan
Venkat Pramod Kum Emani
Jeremy Dobbins

Description
Project Management.
Simulation studies of forward
tracking at the NLC.
HELIX128 readout electronics.
Design and construction of X-ray
test stand for position resolution
studies.
Physics studies (Higgs and
SUSYacceptances, b-tagging).
Simulation of GEM detector
within the NLC detector
geometry.
HELIX128 readout.
Current Monitor and Current
Monitor trigger.
XML translation of detector
geometries.
CODA-based DAQ system for
cosmic-ray test stand.

References
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1991.

5.2.15

LCRD subproposal

359

44

5.3.1

5.3. Straw Tube Wire Chambers for Forward
Tracking in the Linear Collider Detector
(UCLC)
Tracking
Contact person: Keith Baker
email: baker@jlab.org
phone: (757) 727-5820

Hampton
Year 1: $5,000
Year 2: $95,337
Year 3: $99,792

baker1

5.3.1

1. title page; 2. UCLC project description

360

4.3

Straw Tube Wire Chambers for Forward Tracking in the Linear Collider Detector
Personnel and Institution(s) requesting funding
O. K. Baker, Hampton University K. McFarlane, Hampton University V. Vassilakopoulos, Hampton
University T. Shin, Hampton University
Collaborators
Hampton University: O.K. Baker, K. McFarlane, V. Vassilakopoulos, T. Shin
Other HBCU’s and personnel will be added as part of the Center for the Study of the Origin and
Structure of Matter (COSM), a NSF-funded Physics Frontiers Center.
Project Leader
O. Keith Baker
baker@jlab.org
757-727-5820
Project Overview Hampton University proposes to perform research and development of a strawtube based wire chamber for charged particle tracking in the Linear Collider Detector. One proposed
detector layout would use straw tubes for forward tracking at large radii. Such a layout is necessary (forward tracking) in order to ensure hermiticity and for luminosity measurement. The Forward
Chamber (FCH) would extend radially from the Time Projection Chamber inner radius to just below
the outer radius of a suggested Time Projection Chamber (TPC) field cage. There would be several
layers of straw tubes with several different wire orientations, including stereo wires.
Hampton University, a member of the ATLAS Collaboration at the LHC, is part of the US group
constructing the barrel Transition Radiation Tracker (TRT) for the Inner Detector. The TRT is a
straw-tube based gaseous wire chamber capable of handling event rates as high as 18 MHz per 0.75meter long (half-) straw. This system will be a charged particle tracking device as well as a particle
identification detector, especially for electron-hadron separation. There will be strong overlap and
synergy between the current LHC activity and the proposed NLC research and development. The
tools and techniques used in one case will benefit the other. The Hampton University group will
continue to work on LHC detectors and simulations during the time of this NLC activity.
Hampton University proposes to apply the experience and technical knowledge gained from this
project to the tracking working group of the Liner Collider community. We will extend the work
done for the LHC detector to tracking in the forward direction where the TPC and the LC vertex detectors performance would either not exist or be degraded compared to the central region. The use of
CF4 gas in tracking chambers serves two purposes: (1) It is a fast gas, that is the charged particle drift
velocity in a gaseous mixture containg this compound is approximately 100 µm/ns. Fast gas recovery
times in tracking chambers means higher rates can be handled. (2) It acts as a cleaning agent under
certain conditions. Chambers may be effectively regenerated by flushing with a mixture including
CF4 without having to physically remove the chamber to clean it of silicon deposits (silicon deposits
on wires degrade the chamber performance over time in a high rate environment).
In contrast to the benefits, there can be rather severe ageing effects on chambers that use CF4 in a high
rate environment; this has been seen in our development of LHC wire chambers. Recognizing that the
LC charged particle event rate will be a small fraction of that expected (and planned for) at the LHC,
there are still several outstanding tracking issues that need to be addressed for gaseous detectors. The
Hampton group proposes to study the following issues for LC tracking:
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FY2004 Project Activities and Deliverables
1. The effect of CF4 gas on detector components in the LC environment. These components include
(i) gold-plated tungsten wire, (ii) straw walls, and (iii) electronics boards that come into contact with
this gas This will have two phases. In Phase One (FY2004) we will bring the proposed system (gas,
irradiation, electronics, DAQ, test chamber) into operation and get results from short-term tests. We
will build a gas system capable of handling a two or three component mixture. The group will also
deliver a report on our experience (from ATLAS TRT development) with CF4 in a high radiation
environment. Although the rates at the LC will be lower than at the LHC, the work should be useful
to this collaboration for long term stability and efficiency issues for the LC.
2. The use of thin-walled straw-tube wire chambers for charged particle tracking, including an analysis of the requirements on a drift tube system for forward tracking. This would include estimates
of occupancy, and ionization current. Additionally, we will build and test a small straw-tube wire
chamber to be used with this gas system. It is expected that this work will carry over into the next
fiscal year. In order to carry out this work, the Hampton group proposes to build an irradiation system
providing high ionization currents, since the deleterious effects from CF4 show up only when high
ionization is present. The straw tube wire chambers that Hampton is helping to build for the LHC can
handle rates in excess of 10 MHz per one meter long straw. An X-ray system capable of providing this
ionization current will be purchased and assembled if funding levels permit it. (The reason for high
ionization is so that a 10-year or so LC run could be simulated in a six-month test run, for example.)
3. Detector simulations of forward charged particle tracking at the LC. The code will be a modification
of the LHC detector simulation software.
FY2005 Project Activities and Deliverables
1. Improved tracking algorithms for LC events. We will improve upon code already being used for
tracking using straw-tube based gaseous detectors.
2. Phase Two (FY2005) referenced above will be implemented. We will complete long-term testing
of the gas system and components under irradiation and report on the results. This activity will make
use of the Hampton University experience with the ATLAS TRT straw-tube modules.
FY2006 Project Activities and Deliverables
1. Define an initial detector geometry for a straw tube forward tracker;
2. Continue detector simulations of charged particle tracking at the LC. The code will be a modification of the LHC detector simulation software. LC tracking code based upon the initial forward tracker
design that can be used in physics studies will be developed.
Budget justification
In order to carry out this research and development program, we request funds to partially support
a single postdoctoral researcher for years FY005 and FY006. The postdoc will use facilities on the
Hampton University campus, in conjunction with the group of PhD-level researchers and students
already in the LHC group. There is no request for funds during the first year of the work, except for
a small amount to go towards equipment (standard laboratory equipment such as multimeter, scope
probe, etc). All other funds will be paid from COSM for the first year. The requested budget for a
three year period is shown below in thousands of US dollars:
The postdoctoral researcher will assist with detector research and development, detector simulation,
and code development for straw tube wire chamber tracking. There will be two undergraduate student
40
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workers for the duration of the research and development project. Student support for this project
will come from the Hampton University Center for the Study of the Origin and Structure of Matter
(COSM).
The indirect cost is 49% of all items shown, except for equipment.

Three-year budget, in then-year K$: Hampton University
Item
FY2004 FY2005
Other Professionals
0
50.000
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
0
50.000
Fringe Benefits
0
9.200
Total Salaries, Wages and Fringe Benefits
0
59.200
Equipment
5.000
0
Travel
0
0
Materials and Supplies
0.0
5.000
Other direct costs
0
0
Total direct costs
5.000
64.200
Indirect costs
0
31.137
Total direct and indirect costs
5.000
95.337

FY2006
52.500
0
0
52.500
9.700
62.200
0
0
5.000
0
67.200
32.592
99.792

Total
102.500
0
0
102.500
18.900
121.400
5.000
0
10.000
0
136.400
63.729
200.129
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Project Name
Fabrication, investigation and simulation of Gas Electron Multipliers for charged
particle tracking
Classification (accelerator/detector:subsystem
Detector:tracking
Institution(s) and personnel
Peter Fisher - MIT
Ulrich Becker - MIT
Sekazi Mtingwa - Harvard
Contact person
Peter Fisher
ﬁsherp@mit.edu
(617)-253-8561

1

Scope

Over the past ﬁfteen years, Time Projection chambers (TPCs) have developed
into robust tracking systems at both electron-positron and heavy ion 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 loss of resolution. Gas Electron Multipliers (GEMs) may provide a solution: as they amplify
electrons in a closed channel, the ions remain trapped in the channel where
they can be ejected in between bunch train crossings. However, current GEMs
ampliﬁcation systems need three layers of foils to attain suﬃcient gain. We aim
to investigate GEM designs which result in higher gain per foil allowing system
of only one or two foils to be used. This would reduce the complexity and cost
of TPC readout as well as improving performance by preventing charge buildup
in the drift region.
Over the next three years, we propose to continue our development of GEMs
for use in a large volume gas detector for a linear collider. The work builds on
three years of GEM study and is closely related to a long running gas detector
research and development project. Our proposal has three parts: fabrication
and testing of GEMs, simulation of GEM geometries and development of low
cost readout electronics for testing and trigger development. our primary aim
is to study the eﬀect of the hole pattern and GEM foil thickness to increase the
electron ampliﬁcation.
This work will be carried out in our detector lab which has been supported
by a DOE and university funds over the past years. The lab is a state of the art
research lab and also a teaching lab: it is staﬀed by four to eight undergraduates
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supported by two faculty (Profs. Becker and Fisher) and one half of machinist
(Mr. Grossman). We typically have one or two students who write a senior
thesis each year in our lab. The four graduate students in our group are also
actively involved in work in our detector lab. More information is available from
http://cyclotron.mit.edu.

2

GEM fabrication

The cornerstone of our project the design, fabrication and testing of GEMs. Our
early studies began with GEMs fabricated at CERN by Dr. F. Sauli. In the
past year, we have begun working with TechEtch of Plymouth, MA to fabricate
GEMs to our speciﬁcations. Our ﬁrst general GEMs were delivered in July 2003
and are currently under test in our small TPC. Our goal for the ﬁrst year is to
characterize the performance of these new GEMs and evolve a next design.
Our ﬁrst GEM is shown in Fig. 1a. The dimensions are 10 cm on a side and
the holes are 75 µm in diameter on a pitch of 120 µm. The substrate material
is 50 µm thick kapton with approx. 5 µm thick copper on each side. Our ﬁrst
visual inspection shows there are some defects: over the entire GEM there are
approximately 250 under-etched holes (Fig. 1b) and 60 over-etched holes. This
level of defects is somewhat better than the GEMs from CERN.

a)

b)

Figure 1: a) First GEM from TechEtch. b) over-etched holes in TechEtch GEM.
After leakage current measurements, this GEM will be mounted in our test
TPC in order to determine the GEM gain. Our test TPC consists of a 10 cm
drift volume with alpha and 55 Fe sources. The detection region has a grid, the
GEM under test, 25 µm ampliﬁcation wires alternating with 30 µm ﬁeld wires
on a 6 mm pitch with induction pads below. Both the anode wires and pads are
read out and the system may be triggered by either the sources or cosmic rays
(via an external scintillator trigger). The 4 cm alpha track is easily identiﬁed,
Fig. 2a. Gain results for a CERN GEM are given in Fig. 2b.
In addition to the GEM in Fig. 1, our current run at TechEtch (which has
been supported by other funds) will produce GEMs of several diﬀerent hole
2
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b)

a)

Figure 2: a) Reconstruction of alpha tracks from
gain from CERN GEM.

241

Am source. b) Measured

sizes and pitches and are summarized in Table 1. Our main eﬀort is to determine which of these geometries give the best gain performance while remaining
suitible for operation in a large TPC.
Understanding and characterizing this ﬁrst run of GEMs will take most of
the ﬁrst year. At the end of that time, we will use what we have learned to
make a second run with TechEtch. Currently, we are considering trying
• Thicker kapton substrate which should be able to support higher voltage
and hopefully higher gain per GEM.
• Larger more widely spaced holes.
2005-6 will be spent testing this second round of GEMs and a third and ﬁnal
run with TechEtch in 2006-7. GEM testing willing be carried out by students
from existing funds.

3

GEM simulation

In order to make good design decisions with TechEtch, we have developed a
series of simulation programs with which to characterize GEM performance.
The ﬁrst step is the modeling of the GEM electric ﬁeld using Maxwell 3D (from
Absoft Corp.). The electric ﬁeld map is then used in a single particle mover
(SPM) program which moves electrons through the GEM ampliﬁcation region
using the measured cross section information to compute the gain. Diﬀusion
is also taken into account. A ﬁeld map and particle trajectories are shown in
Fig. 3a,b.
Recently, we have been in touch with Oleg Bouianov of SEFT in Helsinki,
Finland, who has also developed a GEM SPM program. However, he uses
3
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Pitch
(µm)
1
2
3a

120
240
240

Hole diam.
(µm)
(Max/Min.)
70/40
140/80
140/80

Kapton
Thickness
(µm)
50
100
100

3b

240

140/80

100

4

240

140/80

50

double sided, hex array
double sided, hex array
double sided, hex array
Cu back 20 from hole
single sided, hex array
Cu back 20 from hole
double sided, hex array
Cu back 10 from hole

Table 1: Parameters for GEM designs under fabrication at TechEtch. “Double
sided” refers to GEM etched from both sides resulting in the narrowest part of
the hole in the middle. “Single sided” refers to etching from one side. Max.
hole diameter is the diameter at the Kapton surface.

a)

b)
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Figure 3: a) Potential map for the CERN GEM calculated by Maxwell 3D. b)
Electron trajectories through GEM hole as calculated by SPM.
GARFIELD, a custom written SPM program, with better results than ours.
Dr. Bouianov will visit MIT in November and we hope to form a collaboration
with his group in the future.
In the future, we plan to tune our program against our ﬁrst run TechEtch
GEM and then use it as a tool to optimize the design of new GEMs. Our
speciﬁc aim is to investigate how the shape and pitch of the holes inﬂuence the
gain with the aim of making a higher gain device. We are requesting support
for one undergraduate to work on GEM simulations.

4

Readout Electronics

As part of another project to study detectors with embedded processing, we
have developed a readout board for test TPC detectors. The board consists
4

5.4.5

LCRD subproposal

368

of two parts: a seven layer PC board and an Cygnal 8051 processor package.
The PC, Fig. 4a, has six TPC pads in a 2x3 arrangement on one side and the
complete readout chain (charge integrater, shaper, peak sensor and trigger) for
all six channels on the other side. The 8051 plugs into the PC board, Fig. 4b.
The entire assembly hangs below the detection region of the TPC with the pad
side of the of the PC board forming the pad plane. The six pad assembly is self
triggering: when the sum charge of the six pads exceeds a threshold (which is set
by the DAC on the 8051), readout by the 8051 is triggered. The 8051, depending
on programming, can either simply readout the six channels and pass them to
an external computer, perform simple centroiding or more complex operations,
including self-calibration. We are currently working on allowing neighboring
8051 processors to communicate with each other in order to form an ad-hoc
grid network of processors for event-building.
The applicability to GEM studies is that this system provides a low cost
electronic readout. Aside from the PC board/8051 assembly, the only thing
needed is a computer with a serial port. The programming of the 8051 is carried
out in using c and example programs have been worked out. The ﬁrst version
of the readout has been used to track alpha particles in P10; results are shown
in Fig. 4c. The system as it is will be used for GEM studies.

c)

a)

b)

Figure 4: a) Readout PC board top view. The six TPC pads are visible in the
center of the board. b) Bottom view. The Cygnal 8051 is mounted in the center
of the board. c) Centroid of ﬁrst and second rows reconstructed from collimated
241
Am source.

5

5.4.6

LCRD subproposal

369

In the coming year, we will have a second production run of readout boards
which will increase the electronic gas by a factor of about 50. This will enable
the system to detect Z=1 minimum ionizing particles. In the second year, we are
planning to make each system a stack of PC boards in order to be able to join
an array of systems to make a dense pad plane. This will allow the systematic
study of GEM performance over a large area using low cost electronics.
We have also requested funds to purchase roughly 100 channels of electronic
readout to upgrade our existing TPC. While our TPC works well for alphas,
MIPs are at the limit of the existing electronics which are based on the readout
of the L3 Barrel HCAL. Replacing the readout electronics will make use much
easier and turn-around much quicker and seems a sensible thing to do at this
point.
In addition to the purchase of electronics, we are requesting support for one
undergraduate to work with the group. One student, supported by other funds,
is already working on this project.

5

Budget

This project is part of our Gas R&D project and reﬂects incremental costs only.
The major costs are for undergraduate support, which is central to our project.
We expect GEM studies to result in two Senior Theses (required by the Physics
Department) over the next three years. Two students (Josh Thompson and
Kasey Ennslin) have completed senior thesis on GEM and TPC studies in the
past two years. Travel costs will come from existing funds; each of the three
faculty plan to attend one NLC meeting in the coming year. We also usually
send our seniors to report on their results at one conference which will also be
supported by existing funds.
The shop costs will support our one-man machine shop at a 10% level which
experience shows is about what we will use. GEM fabrication will be carried out
at TechEtch in two runs. We will be happy to provide GEMs to other groups
interested on an at-cost basis (about $250 per GEM). Electronics fabrication
will be done at commercial PC board and component stuﬃng houses we have
used before and have good experience with. We will be happy to provide our
readout circuits to other groups on an at-cost basis once the design is ﬁnal.

6

5.4.7

LCRD subproposal

370

Year 1 (2004-5)
Item
Undergraduate students (10h/wk)
Fabrication of 20 GEMS
Fabrication of high gain electronics
Purchase of electronics for 2nd TPC
Shop costs
Beneﬁts, vacation
Indirect costs
Total

Amount
$17,000
$5,000
$3,000
$3,000
$5,000
$ 1,500
$15,400
$49,900

Year 2 (2005-6) 2005-6
Item
Undergraduate students
Fabrication of ﬁnal version of electronics
Shop costs
Beneﬁts, vacation
Indirect costs
Total

Amount
$18,000
$6,000
$5,000
$ 1,500
$16,000
$46,500

Year 3 (2006-7)
Item
Undergraduate students (10 h/wk)
Fabrication of 20 GEMS
Shop costs
Beneﬁts, vacation
Indirect costs
Total

Amount
$18,000
$5,000
$5,000
$ 1,500
$16,300
$45,800

1 MIT, 1 Harvard
20 units, MIP sensitive
10% support
65.5% on a base of $23,500

1 MIT, 1 Harvard
20 units, high density
10% support
65.5% on a base of $24,500

1 MIT, 1 Harvard
9% support
65.5% on a base of $24,500

7
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Project Name
Studies of the Use of Scintillating Fibers for an Intermediate
Tracker which Provides Precise Timing and Bunch Identification :
Progress Report and Request for Funds
Classification (accelerator/detector:subsystem)
Detector: Tracking
Institution(s) and personnel
Indiana University (Bloomington), Department of Physics:
Richard J. Van Kooten (professor), Keith Turpin (undergraduate student),
50% LC postdoc (starting March 2004).
University of Notre Dame, Department of Physics:
Barry Baumbaugh (engineer), Michael Hildreth (assistant professor),
Randy Ruchti (professor), Mitchell Wayne (professor),
Jadzia Warchol (research professor)
Fermi National Accelerator Laboratory
Alan Bross (Physicist)
Contact person
Rick Van Kooten
rickv@fnal.gov
(812) 855-2650 Fax: (812) 855-0440

Project Overview
The performance and capabilities of the charged particle tracking in either a TPCbased large LC detector or silicon-based detector can be enhanced by the presence of an
intermediate tracker at radii just below the inside radius of the TPC, or in a silicon strip
device, particularly with long strips, either inside or outside the central tracker. In the
case of a TPC-based detector, such a device would link tracks between the vertex and
central tracking detectors, improve pattern recognition, and provide reliable and stable
measurement points close to the TPC for use in the calibration of the TPC and monitoring
variations of its characteristics with time. An intermediate tracker built from scintillating
fibers has the advantages of very compact radial extent, simplicity of operation, and good
single-hit resolution (80–100 mm). Possibly most importantly, in both tracking scenarios
a scintillating fiber tracker can offer high-precision timing of tracks in events.
The current NLC/JLC machine design provides beams composed of trains of
many (>100) bunches with bunch spacings of 1.4 ns. Large rates (10's of nb) of twophoton interactions are expected both from interactions of virtual photons from each
beam and virtual photons with real photons from beamstrahlung. During the crossing of
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each bunch train one expects many of these two-photon interactions that result in “minijets” of particles spraying into the detector. The overlap in the tracking devices of the
much more prevalent “mini-jets” with the e+e- interaction events of interest can be a
problem if bunches are not identified in time which would allow the removal of
extraneous particles from the analysis. Simulation studies already performed before the
initial proposal submission show significant impact on Higgs events with missing energy
when two-photon events from prior or subsequent bunches are overlaid on top of the
event of interest1. A good knowledge of this background and how tracks and soft jets are
distributed inside of detected events is needed. The planned resolution of a TPC tracking
subdetector would result in integration of these two-photon events over 4–5 bunches,
whereas a system with sub-nsec timing could identify from which individual bunch the
tracks have originated. Depending on the technology used (silicon strip or silicon drift), a
silicon based detector would integrate over even more bunches.
Using a scintillating fiber intermediate tracker coupled by clear fiber to light
detection elements (visible light photon counters (VLPC's), Si:As devices manufactured
by Boeing2 or hybrid avalanche photodiodes run in Geiger mode) read out by the SVXIIe
(or more recent versions such as the SVXIV) chip, it may be possible to achieve time
resolutions less than 1 ns to associate tracks with individual bunches as well as
complement time measurements in the TPC or silicon tracker. Dominant effects
determining time resolution should be light intensity and the fluorescence decay time of
the scintillator light, i.e., time dispersion of photons within the fiber is not as important.
Using the resources and expertise developed within our groups and the DØ
collaboration from working on the successful Scintillating Fiber Tracker3 in the DØ
detector at Fermilab, we propose to demonstrate the feasibility of sub-ns timing in a
scintillating tracker device. This project would answer important questions regarding the
impact of NLC/JLC beam structure and thus accelerator technology choice on detector
design.

1

R. Van Kooten, Studies of Event Overlap in Higgs Events: Need for Bunch ID, presented at Chicago
Linear Collider Workshop, Gleacher Center, Chicago, IL, 8 Jan. 2002 and available at

http://hep.physics.indiana.edu/~rickv/nlc/overlap_chicago.pdf.
2

Boeing Electronic Systems, 3370 Miraloma Ave., Anaheim, CA 92803; M.D. Petroff et al., Appl. Phys.
Lett. 51 (1987) 406.
3
A. Bross et al., The D0 scintillating fiber tracker, published in Proceedings of Notre Dame 1997:
Scintillating Fiber Detectors, World Scientific; B. Baumbaugh, IEEE Trans. Nucl. Sci.43 (1996) 1146.
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Progress Report of Partial First Year
After a positive review by the review committee of the U.S. Linear Collider
Steering group, funds were requested from the Department of Energy through a
supplemental proposal as requested by our DoE contact. Funds were available for the first
year starting June 2003. The report covers work starting in Summer 2003. Progress was
also reported at the meeting of the American Linear Collider Workshop at Cornell
University, 13–16 July 2003 and at the IEEE Nuclear Science Symposium at Portland,
Oregon, 20–24 Oct. 2003 (paper N36-14, to be published in the proceedings).
Plans for modification of an existing cosmic ray test stand4 at Lab 3 at FNAL
were started. This is a large structure that will remain at FNAL and will make it possible
to mount layers of prototype scintillating fiber ribbons from DØ on carbon fiber
scintillators approximating the inner radius carbon fiber structure of a TPC. External
precision position measurements will be provided by existing layers of proportional drift
tubes. As an initial effort, a modification of a more modest system was also investigated,
consisting of moving a radioactive source to known positions along a scintillating fiber
and reading out the fiber from both ends as shown in Fig. 1. This system is compact
enough to be operated at Indiana or Notre Dame University, and can study single
prototype fibers containing new dyes with larger light-yields and faster decay times from
Notre Dame University's SBIR and STTR projects5, in collaboration with the Ludlum
Corporation.

Figure 1: (a) Schematic of X-ray source scintillating fiber test setup being assembled; (b) existing X-ray
test setup scanning a scintillating fiber ribbon at Fermilab.

With this system, the timing resolution can be determined from the width of the
distribution of time difference measurements from the ends. Different light detection
technologies and their response to the scintillating light and typical number of photons
can be tested. Since pulse amplitude (i.e., resolving the number of photons) is not

4

Described in P. Baringer et al., Cosmic Ray Tests of the DØ Preshower Detector, Nuc. Inst. and Meth.
A469 (2001) 295.
5
R. Ruchti, et al., Waveshifters and Scintillators for the Detection of Ionizing Radiation, N36-2, to appear
in the proceedings of IEEE Nuclear Science Symposium, 20-24 Oct. 2003, Portland, Oregon.
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important in this application, hybrid avalanche photodiodes running in Geiger mode6
should be a less expensive alternative to VLPC's and don't require as complex a cooling
system. Engineering plans are complete to speed up an existing preamplifier card to be
able to resolve sub-nsec timing. Fast TDC's and discriminators have been purchased as
well as a 500 MHz oscilloscope with a PC interface. System-wide timing resolutions will
be explored using the cosmic ray test stand at FNAL.
Monte Carlo simulations were pursued to verify the expected behavior of the
scintillating fibers. Photons were generated from a Poissonian distribution along a
specified length of scintillating fiber, with an exponential time distribution according to
the scintillator and wavelength shifter decay times. Photons were ray-traced down the
scintillating fiber and then clear fiber, including helical modes, photons captured in the
cladding, and known attenuation lengths. The quantum efficiency of light detection
elements at the ends of the clear fibers was included. The existing DØ scintillating fiber
was simulated, with PTP and 3HF dyes for the initial fluorescence and wavelengthshifting, respectively, with a known decay time of tdecay = 8.2 ± 0.2 nsec. The time
difference between the first detected photon at each end was taken, and in the case of
using VLPC's for readout (~80% quantum efficiency) for 1 m of scintillating fiber
followed by 4 m of clear fiber on each end, a time resolution of s ~ 2.5 nsec was found as
shown in Fig. 2.

Figure 2: Monte Carlo simulation of the timing difference between the first photon detected at
each end of DØ scintillating fiber 1-m long with 4-m of clear fiber on each end.

Using the same simulation, the effects of having more photons make it to the light
detection element, i.e., using scintillators with greater light yield or shorter clear fiber
runs, were explored. As shown in Fig. 3(a), having brighter fibers or more efficient
transport of photons after emission would both improve the timing resolution. The plot
shows the goal of better than 1 nsec timing resolution, albeit on a single channel.
Fig. 3(b) shows how the timing resolution improves for different scintillator/wavelength
shifting decay times, in this case found using 10 photons at the end of the fibers.
6

J.C. Jackson, et al.,, A Novel Silicon Geiger-Mode Avalanche Photodiode, IEEE-International Electron
Devices Meeting (IEDM), vol. 32.2, December, 2002; J.C. Jackson, et al., Characterization of Geiger
Mode Avalanche Photodiodes for Fluorescence Decay Measurements, SPIE, the International Society for
Optical Engineering, Photodetector Materials and Devices VII, San Jose, CA, vol. 4650, January, 2002.
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Figure 2: Monte Carlo simulation of the timing difference between the first photon detected at
each end of DØ scintillating fiber 1-m long with 4-m of clear fiber on each end.

In the investigation of the integration of an intermediate layer of scintillating fiber
at the inner radius of a TPC, we have joined a consortium of American and Japanese
research groups working on TPC detector R&D (M. Ronan, LBL, contact person). Work
will continue on the impact of intermediate tracking on track pattern recognition and
track parameter resolution in both such a TPC-based detector and for one incorporating a
silicon tracking system.

Planned Activities
For the remainder of this year and Year 1 of this proposal, we plan to complete
the modifications to the radioactive source setup and the cosmic ray test stand. We would
then complete the testing of a variety of different scintillating fiber formulations with
different lengths of clear fiber in both setups. We plan to evaluate a number of different
light detection technologies in regards to sensitivity, timing resolution, and cost: visible
light photon counters, hybrid avalanche photodiodes operating in Geiger mode, and
multi-anode photomultiplier arrays. We will compare these measurements with results of
Monte Carlo simulations already started of the different fiber formulations, configuration,
and light detection devices.
In Year 1 and 2, in addition to these Monte Carlo simulations, we will also
continue simulations of the impact of overlapping events on the physics signal of Higgs
boson events in a linear collider detector as well as integrated simulations of an
intermediate layer of tracking in such a detector (for both cases of a TPC and siliconbased central tracker) in regards to track timing, track resolutions, and pattern
recognition.
5.5.6
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Although this effort has not yet begun, in Year 1 we still plan to exploit an
existing effort at FNAL aimed at using fast timing information in the DØ fiber tracker for
a z position measurement. Currently, a replacement7 for the CFT readout electronics is
being designed to allow the readout to proceed at the 132 ns Tevatron bunch crossing
interval which will occur in the latter stages of Run II. For as long as the collider runs
instead at the 396 ns crossing rate, the two extra data pipelines on the custom ASIC can
be used to provide timing information through a time-to-amplitude converter.
Simulations of photon propagation convoluted with the measured response of the
discriminators on these boards suggest that a timing resolution of 2 ns can be achieved
using only one end of each fiber (the CFT readout is at only one end of the detector; the
other end of each fiber is polished to provide reflected photons). Once these boards are
available, we can perform tests using the existing DAQ system without major
modifications, using both ends of the fibers to provide better resolution. Further
modifications to the design may be possible depending on our results.
From the results of Year 1 driving a decision for the optimal combination of fiber
formulation and light detection technology, a 1024-channel prototype system using the
chosen combination will be setup in Year 2. At the end of Year 1, four 256-fiber ribbons
will be constructed from the best fiber formulation available, trying whenever possible to
use existing D0 optical connectors, etc. Using the cosmic ray test stand, the system-wide
timing and position resolutions will be measured over this larger number of channels.
Through the collaboration with the consortium of American/Japanese TPC researchers,
the possibility of operating the fiber tracker prototype with a TPC prototype of another
group will be explored.
In Year 3, we will begin the additional research direction of the embedding of
such scintillating fibers and/or fast wavelength-shifting fibers into calorimeter systems
allowing or supplementing the precise timing of neutral clusters in a linear collider
detector. To begin, the chosen formulation fast fibers will be embedded in grooves of
small tile squares of scintillator plastic. Infrastructure established in the previous years
will be used to measure the timing resolution of the combination, both in the cosmic ray
test stand and in a test beam. Collaborations will be formed with existing calorimeter
groups to determine possible inclusion of fibers or fiber/tile combinations and tests with
existing calorimeter module prototypes.

Funding Request
A funding award of the previous year covered most of the equipment needed for
setting up and modifying the cosmic ray test stand and radioactive source system.
The funding request is shown below and is for equipment and materials only. The
50% salary for the fraction of a postdoctoral research associate has been committed by
Indiana University, as are travel costs.
7

J. Estrada, C. Garcia, B. Hoeneisen, and P. Rubinov, MCMII and the Trip Chip, DØ note 4009, August
2002.
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The request for Year 1 reflects the addition of the evaluation of different light
detection technologies. The ribbon purchase of Year 1 and the Year 2 request covers
equipment and material for the additional channels of a prototype tracker, and Year 3 for
explorations of this technology in calorimeters.

Budget
Item
Year 1
PC system for radioactive source setup and DAQ
interface cards
Geiger-mode hybrid avalanche photodiodes
64-channel fast timing multianode
photomultipliers: Hamamatsu H-8500 and Burle
85011 MCP-PMT
Ru-106 radioactive source
4 prototype fiber ribbons (256 fibers each, 60 cm
long); re-use of clear fibers, optical connectors;
test components (gas for PDT system; LNHe, LN
for VLPC cryogenics)
Indirect costs (N/A, equipment only)
Total Year 1
Year 2
Additional channels electronics and DAQ
Light detection devices (multi-anode PMT's or
Geiger-mode hybrid avalanche photodiodes, or
VLPC's)
Mechanical modifications, cosmic ray test stand
Computing upgrades
Indirect costs (N/A, equipment only)
Total Year 2
Year 3
Plastic scintillator tiles, wrapping, optical
connectors
Mechanical for integration into calorimeter
module
Clear and scintillating or wavelength-shifting fiber
Consumables, setup in test beam
Separate PC system and DAQ interface cards
Indirect costs (N/A, equipment only)
Total Year 3
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Cost
$3,500
$4,000
$5,800

$2,100
$30,000

$0
$45,400
$16,000
$24,000

$3,000
$3,000
$0
$46,000
$5,000
$5,000
$4,000
$4,000
$3,500
$0
$21,500
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4.1

Tracking
Tracking Detector R&D at Cornell and Purdue Universities
Personnel and Institution(s) requesting funding
D. P. Peterson, R. S. Galik, Laboratory for Elementary Particle Physics, Cornell University
J. Miyamoto, I. P. J. Shipsey, Physics Department, Purdue University
Collaborators
none
Project Leader
Dan Peterson
dpp@lns.cornell.edu
(607)-255-8784
Project Overview
Experimental physics goals for a future linear collider create challenging demands on a charged particle tracking detector in regard to both momentum resolution and multi-track separation. Anticipated
beam-related background rates place further demands on the detector segmentation. A time projection chamber (TPC) may provide the best combination of detector segmentation and continuous track
measurements which would lead to the optimum multi-track separation and noise immunity. However, the segmentation of current technology TPCs is still insufficient for precision reconstruction of
linear collider events. In addition, obtaining the spatial resolution necessary to meet the momentum
resolution goal is challenging with the current technology.
Events at the linear collider will contain jets with track density on the order of 100 tracks/steradian.
Events with this track density have been reconstructed at RHIC experiments and are expected at
LHC experiments. However, a tracking goal of the linear collider detector, as described in the “Linear
Collider Physics Resource Book” [1], is the precision measurement of jet energies. This measurement
requires aggressive multi-track separation in both azimuth and polar angle. TPCs with multi-wireproportional-chamber gas-amplification and readout, of which the STAR and ALEPH chambers are
typical examples, have pad readouts with a pad size on the order of 1 cm in the azimuthal direction.
This segmentation is too coarse to provide the multi-track separation required at the linear collider.
Other tracking goals, such as the precision mass resolution of di-leptons in Higgsstrahlung events and
the precision end-point momentum resolution in leptonic supersymmetric decays, lead to a desired
resolution of σ(1/pt ) of order 10−5 GeV−1 . This momentum resolution can be achieved only if the
TPC spatial resolution is of order 100 µm. This spatial resolution is very challenging with multiwire-proportional-chamber readout TPCs not only because it represents 1% of the pad size, but also
because the radial electric field in the vicinity of the amplification wires leads to a significant spatial
distortion.
A TPC readout based on a gas amplification micro-structure such as a GEM or MicroMegas 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
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to the reduced signal size and reduced E x B distortion of the drift path in the vicinity of the amplification. Operation in a high rate environment is simplified because these readout systems naturally
suppress ion feedback into the drift volume.
Significant development and operating experience are required before a full-size design for a detector
based on a GEM or MicroMegas amplification can be finalized. The physical width of the charge deposition is small compared to the typical readout pad size used in a traditional readout TPC creating
a condition where the signal is often observed on only one pad. Without signal sharing, the spatial
resolution is degraded. The use of smaller pads to provide signal sharing may require a prohibitive
number of instrumented pads and the signal measurement on each pad may then be limited by ion
statistics. Several alternatives have been suggested to optimize the charge deposition width for spatial resolution and segmentation, for example, increased spacing between the amplification elements,
resistive anode layers, and chevron shaped pads. Each of these may compromise the segmentation or
lead to other operational problems. These alternatives are largely untested. Even with many groups
working on these problems, the development will take several years and should not be delayed.
The development of large scale manufacturing of GEMs provides another motivation for initializing
TPC research as early as possible. As described below, Purdue is involved in several studies of
manufacturing techniques for the purpose of providing large scale production of reliable GEMs. It
is expected that the GEM manufacturing will require 3 to 4 years of development. A TPC testing
program that includes the capability of using interchangeable amplification devices is required as a
test bed for the manufacturing development.
We propose to initiate a program of gas chamber tracking detector development. We will study issues
of resolution, segmentation, channel count, signal complication, noise, cross-talk, and ion feedback
using various readout systems on prototype TPCs.
The TPCs, as well as drift chambers used for track definition, will be built at Cornell. We will test
both traditional TPC readouts using anode wire amplification built at Cornell, and alternative TPC
readouts using GEM and/or MicroMegas amplification built at Purdue. In studies of the anode wire
amplification readouts, we will investigate methods of optimizing the resolution and track separation while varying the wire spacings. These studies will also provide an understanding of the data
acquisition (DAQ) system and a baseline for the signal and noise characteristics of the alternative
amplification devices. In building and operating the tracking chambers the Cornell group will draw
on their extensive experience building drift chambers for the CLEO experiment [2, 3, 4].
GEM and MicroMegas readout modules will be built by the Purdue group who have many years
experience developing Micro Pattern Gas Detectors (MPGD) [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20]. 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 [16] and GEM+MicroMegas detector [17] have been built.
The latter has achieved the best signal-to-noise performance in a beam line of any MPGD to date [18]
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 LEM (large scale GEM) has been built
and successfully tested at Purdue. Electrode-less GEMs and MicroMegas, which have greatly reduced
material budgets, are also under development. Most recently, the Purdue/Chicago collaboration has
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worked with the 3M corporation to develop a less expensive, large quantity, manufacturing process for
standard GEMs. These have been delivered and tested at Purdue and CERN. Preliminary results indicate that the performance of GEMs manufactured by 3M is indistinguishable from the performance
of those manufactured at CERN.
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. 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 a TPC readouts. However, in the first instance we will use CERN built devices. This
will ensure that TPC readouts can be designed, tested, and will be operational during year one of this
proposal.
We also plan to study detectors in a magnetic field equal to that envisioned for the final detector and
in a high radiation environment. The Cornell accelerator group will provide a uniform-field, 4 Tesla,
superconducting magnet. The utilities to operate the magnet are available at Cornell.
FY2004 Project Activities and Deliverables
In the first year of a staged build-up of the detector program, we will build drift chambers for track
definition and a small TPC with anode wire amplification readout. We will install a limited, but
expandable, stand-alone DAQ system at Cornell to provide track definition over a small area and
readout for a limited number of TPC channels using commercial flash analog to digital converters
(FADC). We will demonstrate the resolution of the track definition system. We will use the initial TPC
test chamber to understand the FADC DAQ system, study the time evolution of the signals and make
limited resolution measurements. After completing measurements on the anode wire amplification
readout we will make similar preliminary measurements on a small TPC with GEM readout. First
year tests will be with cosmic rays.
The first year deliverable will be the successful operation of the initial TPC.
FY2005 Project Activities and Deliverables
In the second year, we will build a larger TPC which will accept interchangeable readout planes and
expand the coverage of the track definition system. We will expand the DAQ system for both the
track definition and the TPC to allow study of resolution and noise effects in larger systems. The
proposed DAQ system will provide readout for a 256 channel TPC which will allow us to measure
tracks in about 20 layers, each about 13 pads wide. The size of this detector will be sufficient for
cross-talk studies and to measure the track trajectory with less reliance on extrapolation of the track
from the drift chambers. Measuring the track trajectory internally in the TPC provides a more precise
determination of the resolution and will be particularly important when measurements are made in
a magnetic field. We will continue to use cosmic rays which will be sufficient based on previous
experience of making successful measurements of resolution and efficiency using test chambers with
smaller detector acceptance [4].
We will study resolution and track separation, as well as signal time development and noise characteristics with several different readout planes installed on the TPC. For the case of readout planes
with anode wire amplification, we are particularly interested in increasing the anode wire density
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while decreasing the anode-cathode spacing. For the cases of readout planes with multiple GEMs,
MicroMegas and hybrid amplification, we plan to vary the amplification-stage voltages and spacings
and the pad segmentation as a means of optimizing the signal separation and spatial resolution. We
will also study the effects of various methods of spreading the signals such as resistive anode layers.
Ion feedback suppression, expected to be superior in MicroMegas relative to GEMs, will be measured
for each amplification system using a common TPC. Measurements in a magnetic field may be started
in the second year but we defer that deliverable to the third year.
The second year deliverable will be a systematic study of the track separation and position resolution
with various readout planes.
FY2006 Project Activities and Deliverables
In the third year we will continue the detector studies in a magnetic field and will also make measurements with a large photon background.
The third year deliverable will be the continuation of the systematic study of the track separation and
position resolution in a magnetic field.
Budget justification
The first year equipment budget for Cornell provides for a minimal DAQ and HV system to operate
the track defining drift chamber and a small TPC. This includes some initial costs associated with the
expandable system: a VME crate and a HV frame and HV power supplies. The second year equipment
budget for Cornell provides for an expansion of the DAQ for use with a larger test device. The
major expenditure is in the FADC modules. As an alternative, it may be possible to use TPC readout
electronics developed for the STAR experiment for the readout of a larger test device. This system
would provide a reduction in cost and more channels. As the STAR readout is VME based; most of
the equipment purchased in the first year for the initial system would be used with this alternative.
We will fully investigate the feasibility of using the STAR electronics after the first year. The third
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 to Purdue as part of the collaborative effort.
Cornell will provide reallocation of resources to this this project in the form of support for research
staff (Dan Peterson) and technical staff and machine shop time to construct the chambers. Cornell
will provide the custom components to construct the drift chambers. In addition, Cornell will provide
the cost of designing and constructing the analysis magnet.
The yearly Purdue equipment budget provides for the purchase of unmounted GEM and MicroMegas
devices from CERN and 3M and the manufacture of printed circuit pad readout in the U.S. Purdue is
also requesting funding to support two undergraduate students per year at 20 hrs a week, 40 weeks a
year. The students will work exclusively on this project. Ian 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 publication [10, 14, 15, 16, 19].
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. Clean-room, testing, and assembly facilities at Purdue will be made available for this
work at no charge.
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Three-year budget, in then-year K$: Cornell University
Item
FY2004 FY2005
Other Professionals
0
0
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
0
0
Fringe Benefits
0
0
Total Salaries, Wages and Fringe Benefits
0
0
Equipment
52.000 121.000
Travel
2.000
2.000
Materials and Supplies
0
0
Other direct costs
0
0
Subcontract (Purdue)
34.320
34.320
Total direct costs
88.320 157.320
Indirect costs
1.160
1.160
Subcontract Indirect costs
6.500
0
Total Indirect costs
7.660
1.160
Total direct and indirect costs
95.980 158.480

FY2006
0
0
0
0
0
0
74.000
2.000
0
0
34.320
110.320
1.160
0
1.160
111.480

Total
0
0
0
0
0
0
247.000
6.000
0
0
102.960
355.960
3.480
6.500
9.980
365.940

Three-year budget, in then-year K$: Purdue University
Item
FY2004 FY2005
Other Professionals
0
0
Graduate Students
0
0
Undergraduate Students
16.000
16.000
Total Salaries and Wages
16.000
16.000
Fringe Benefits
0
0
Total Salaries, Wages and Fringe Benefits 16.000
16.000
Equipment
10.000
10.000
Travel
0
0
Materials and Supplies
0
0
Other direct costs
0
0
Total direct costs
26.000
26.000
Indirect costs
8.320
8.320
Total direct and indirect costs
34.320
34.320

FY2006
0
0
16.000
16.000
0
16.000
10.000
0
0
0
26.000
8.320
34.320

Total
0
0
48.000
48.000
0
48.000
30.000
0
0
0
78.000
24.960
102.960
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Tracker simulation studies and alignment system R&D
Personnel and Institution(s) requesting funding
T. Blass, J. Deibel, S. Nyberg, K. Riles, H. Yang, Physics Department, University of Michigan
Project Leader
K. Riles
kriles@umich.edu
(734) 764-4652
Project Overview
Introduction
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.
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.
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 Higgs mass precision. 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] and at the Snowmass 2001 meeting[8, 9].
Yang’s studies of the Higgsstrahlung process are complete and find that current baseline tracker designs in the U.S. are close to where improved resolution does not yield comparable improvement in
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Higgs mass resolution, because of expected intrinsic beam energy spread in present accelerator designs. His more recent work on slepton and neutralinos[7] indicates that in some 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[10].
Research Plan
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. In particular, we will begin by exploring a larger
parameter space in sparticle masses in the slepton production channel. The sharpness of the spectral
end-points will be governed in part by track resolution. We wish to quantify the influence of tracking
resolution on sparticle mass resolution. We expect there to be two distinct regions of importance:
1) high-momentum end-points where the same effects seen in our Higgs analysis are expected to be
important; and 2) low-momentum end-points where multiple scattering may prove important.
One of the outstanding issues in comparing a gaseous central tracker to a silicon system is the importance of the greater material burden in the silicon design to low-momentum track resolution. It has
been suggested by members of the linear collider supersymmetry working group that for significant
regions of supersymmetry parameter space, momentum resolution in the 1-10 GeV range will limit
the precision with which supersymmetry particle masses can be determined. If true, then the desire for
precise sparticle mass determination may well govern the choice of barrel tracker technology. We wish
to explore this possibility more quantitatively, taking into account other known sources of sparticle
mass resolution degradation. The University of Colorado group led by U. Nauenberg has carried out a
series of studies of slepton final states for the linear collider supersymmetry group, including studies
of sparticle mass determinations. We have coordinated with the Colorado group in extending their
existing analyses to address tracking performance requirements quantitatively. In addition, we will
continue contributing to the tracking infrastructure development, where we have taken responsibility
for more sophisticated hit merging and for evaluation of track reconstruction performance.
Alignment System
We also wish to carry out R&D on precise alignment of the linear collider tracking subsystems. The
unprecedented excellent track momentum resolutions contemplated for a linear collider detector will
demand minimizing systematic uncertainties in subdetector relative alignments. At the same time,
for reasons discussed above, there is a strong desire for a very low material tracking system. 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.
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We propose to investigate the capability of existing precise alignment schemes and to develop a system
customized to the needs of a linear collider detector. Two natural candidate schemes to explore include
the Rasnik alignment system implemented for the CDF detector and the Frequency Scanned Interferometer (FSI) system being developed for the ATLAS detector[11]. Both are designed to achieve 1-D
or 2-D point resolutions of order 1 micron, which should be adequate for a linear collider tracking
system. The Rasnik system is based on many CCD cameras trained on 2-D images whose positions
are sensitive to relative misalignments. The FSI system is based on 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. Given the desire for low material burden in a silicon tracker, it’s not
clear that either system in its present design will be appropriate for a linear collider detector, although
the FSI method seems more promising in that respect and is the one we will at least initially focus
upon. As an active member of the LIGO Experiment since 1997 and leader of the LIGO Scientific
Collaboration’s Detector Characterization Working Group, Riles has acquired expertise in precise interferometry, including beam modulation techniques that may usefully enhance the FSI method. As
part of our R&D effort, we would explore these and perhaps other alternative methods of optical
metrology.
It should be noted that the methods developed 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, the methods developed here 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.
We have begun work on this alignment R&D using funds from other sources and have given a preliminary report[12]. We have purchased many of the main elements of a bench demonstration system,
including a dedicated optical table, the tunable laser, several high-bandwidth photodiodes, a spectrum
analyzer, and a variety of optical components, including a Faraday isolator. At present, two undergraduates (Blass, Nyberg) and a half-time graduate student (Deibel) work on this project, under the
supervision of Yang and Riles.
FY2004 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 gaseous and silicon
tracker designs are compared quantitatively.
We will also continue out newly started program of alignment R&D. Specifically, we will finish
acquiring the components for and building a demonstration-level frequency-scanned interferometer
on an optical bench. In parallel, we will come up with a conceptual design of an alignment scheme for
the American baseline silicon barrel tracker and the silicon forward disk trackers and write a general
simulation program that allows the performance evaluation of various 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. A detailed
progress report on this effort will be delivered at the winter 2004 American linear collider physics
group meeting.
FY2005 Project Activities and Deliverables
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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.
Using the FSI infrastructure put together in the first year, we will carry out measurements on the
bench of performance and explore modifications to improve absolute precision, robustness, and measurement speed. A technical report will be written on our findings.
FY2006 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.
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 of
the components tested previously on the optical bench. We expect to continue deferring the purchase
of a commercial laser with the frequency tuning range, stability and intensity envisioned for the final
system. If such a laser is indeed needed to satisfactorily address outstanding R&D issues, however,
we would expect to request a grant supplement when the time comes. We do not request funding for
its purchase here.
Budget justification
In the first year, we request funding here for a half-time graduate student, for employment of two undergraduates, for the purchase of the remaining components needed to build a bench-level frequency
scanned interferometer, and for travel to biannual linear collider meetings.
In the second year, we request funding for a half-time postdoctoral fellow, for two half-time graduate students, for employment of undergraduates, for additional optical equipment to enhance the
frequency scanned interferometer, and for travel.
In the third year, we request funding for a quarter-time technician, a half-time postdoctoral fellow,
for two half-time graduate students, for employment of undergraduates, for components of a partial
alignment system prototype, and for travel.
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Three-year budget, in then-year K$: University of Michigan
Item
FY2004 FY2005
Postdoctoral Fellow
0
21.000
Other Professionals
0
0
Graduate Students
6.900
14.352
Undergraduate Students
8.000
6.000
Total Salaries and Wages
14.900
41.352
Fringe Benefits (@28%)
4.172
11.578
Total Salaries, Wages and Fringe Benefits
19.072
52.930
Equipment
10.000
5.000
Travel
3.000
3.000
Materials and Supplies
0
0
Other direct costs (tuition)
6.200
13.144
Total direct costs
38.272
74.074
Indirect costs (@53%,excl. tuition/equipment) 11.698
29.643
Total direct and indirect costs
49.970 103.717

FY2006
22.000
15.000
14.950
4.000
55.950
15.666
71.616
25.000
3.000
0
13.950
113.566
39.422
152.988

Total
43.000
15.000
36.202
18.000
112.202
31.416
143.618
40.000
9.000
0
33.294
225.912
80.763
306.675
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Tracking Software Optimization for the Silicon
Detector Option
Milind V. Purohit (Prof., Contact Person),
Achim W. Weidemann (Research Professor),
1/2 time of one post-doc,
Univ. of South Carolina.
Overview:
Tracking is a crucial component of the Linear Collider Detector and the track
detectors must be optimized for cost, efficiency, size, robustness against beam
backgrounds and for minimization of fake tracks in reconstructed events. The
silicon detector option has 5 vertex CCD layers and outer silicon planes. Tracking
code already exists for 3D hits, but several optimization questions (described
below) need to be answered with existing code or code that may have to be
written.
Work to be Performed:
Software work will be done to address all the following questions and issues.
Development work underway is exploring very low-mass Si strip options for
the LC central tracker (see http://scipp.ucsc.edu/~schumm/nlc/adv_det_01.ps).
We want to explore whether this will work from standpoint of pattern
recognition. Several questions come to mind: is it necessary to have silicon drift
planes outside the vertex detector, or are silicon strip planes adequate? Can the
CCDs be used to find tracks using axial-only silicon strips to confirm them and
reduce fake track backgrounds? In the case of large beamsstrahlung background,
can we start the tracking with outer planes, using the vertex detector only for
vertex region track error reduction?
This work will be initiated and supervised by Purohit. Simulation software will
play a large role in this effort and will require communication and assistance
from the simulation group. A. Weidemann will serve as liaison with John Jaros,
Norman Graf and the informal SD Tracking Group at SLAC. In the last few
months he has investigated the evolving software framework set up for the Next
Linear Collider Detector simulation, and prepared a pedagogical web page on the
use of the latest version (version 3) of Java Analysis Studio for tracking studies.
The web page is at
http://www.slac.stanford.edu/~achim/nld/computing/myJAS3.html
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Weidemann will serve as liaison with Norman Graf (to help with software
troubleshooting).
For now, we will specifically focus on two issues:
1. Use of the existing 3-d pattern recognition code (i.e., code that relies on
hits from intrinsically 3-d detectors) to explore capabilties of the CCD
vertex detector for stand-alone tracking, as a function of background level.
2. Exploration of reconstruction algorithms for use with an axial-only silicon
strip tracker. This work will be informed by what is learned with the standalone CCD studies.
Future Plans:
Writing pattern recognition and track reconstruction code for many detector
options is a rather large task and will ultimately require the dedicated work of
many people over many years. Much of this needs to be done now, in order to
arrive at an optimum detector. As such, the software project is more than a year
long by itself.
Time permitting, Weidemann is interested in implementation of the
topological vertex reconstruction successfully used by SLD for CCD standalone
tracking (if it isn't being done by anyone else - see David Jackson, SLAC-PUB7215, A Topological Vertex Reconstruction Algorithm for Hadronic Jets,
http://www.slac.stanford.edu/pubs/slacpubs/7000/slac-pub-7215.html).
Mainly though, our plan in the long term is to focus on the impact on physics
studies: how would Higgs, SUSY etc. physics yields and resolutions depend on
the different trackers. The silicon strip code developed should be useful to
differentiate between strip, drift and TPC-based trackers.
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Budget Explanation:
While Purohit has tracking experience from silicon hardware and tracking
software on E791, he is constrained by time spent on BaBar and teaching. Ideally,
a postdoc working with him would be able to handle the burden best. Therefore,
we are asking for half a postdoc's expenses (the other half to come from existing
funds). We expect that the ½ post-doc salary at approximately $23,000 will be
the major expense. The post-doc (and the rest of us) may need to attend
approximately one meeting a year dedicated to Linear Collider work (travel to
destinations other than BaBar-related meetings). The costs rise somewhat with
year as the involvement grows. Finally, Purohit would like to hire undergraduates
at South Carolina to do some of the software work; typically the cost for such
work is low: about $2000 per semester but can be well worth it if a good
undergraduate can be found.
Budget Requested for FY 2004
Item
½ postdoc salary
Travel to LC-only meetings
Undergraduate for one semester
Indirect Costs
Total

Budget Requested for FY 2005
Item
½ postdoc salary
Travel to LC-only meetings
Undergraduate for 1.5 semesters
Indirect Costs
Total

Budget Requested for FY 2006
Item
½ postdoc salary
Travel to LC-only meetings
Undergraduate for two semesters
Indirect Costs
Total

5.9.4

Cost
$23,000
$3,000
$2,000
25%
$35,000

Cost
$24,000
$4,000
$3,000
25%
$38,750

Cost
$25,000
$5,000
$4,000
25%
$42,500
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Project Name
R&D Towards a Low-Mass Silicon Strip Central Tracker for the LC

Classiﬁcation (Accelerator/Detector:subsystem)
Detector:tracking

Institution(s) and Personnel
Santa Cruz Institute for Particle Physics and the University of California at Santa Cruz
Christian Flacco, Alex Grillo, Jurgen Kroseberg, Gavin Nesom, Hartmut Sadrozinski, Bruce
Schumm, Abe Seiden, Ned Spencer
LPNHE Paris
Jean Eudes Augustin, Michel Baubillier, Mikael Berggren, Christian Carimalo, Wilfrid Da Silva,
Frederic Kapusta, Aurore Savoy-Navarro
Stanford Linear Accelerator Center
John Jaros, Stephen Wagner
University of Michigan
Keith Riles, Haijun Yang

Contact Person
Bruce Schumm
schumm@scipp.ucsc.edu
831-459-3034

Project Overview
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, 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.
In this proposal, we request funding to further develop a proposed central-tracker design
involving ultra-long silicon microstrip sensors whose power is cycled on and oﬀ with the duty
cycle of the LC machine. 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 maintain
its superior momentum resolution at relatively low momentum and, as importantly, 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. The
proposed work would continue a program initiated on the Santa Cruz campus via funds from the
Department of Energy’s Advanced Detector Research and Development (ADR) initiative. This
initial award, in the amount of $95,000 for the two years 2002-3, will be exhausted by Spring
2004. Progress made under the ADR grant will be discussed below.

1
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Subsequent to the ADR award, the development of a long-ladder solid-state tracker for the
Linear Collider has expanded to an international eﬀort, involving several groups throughout North
America and Europe. The work of those presented above as collaborators (SLAC, Michigan, and
LPNHE Paris) will also be discussed below.

The Long Shaping-Time Concept
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.
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 would allow for the use of thinner sensors. Figure
1 compares the transverse momentum resolution of the baseline L (TPC-based) and SD (silicon
microstrip tracker with conventional readout) detectors to that of an idealized short-shaping
time detector, 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 lowto-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 percent 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% 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 problems associated with conversions
and interactions in the detector material.

Progress to Date
The goal of the funded ADR proposal was to develop a detailed pulse simulation to aid the
design of a long shaping-time readout ASIC, and then to design, fabricate, and perform lab tests
on an initial prototype ASIC. The simulation was developed by Schumm and graduate student
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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% X0 per outer layer, and 0.2% X0 per inner
layer.
Flacco, and includes the eﬀects of Landau ﬂuctuations, diﬀusion, space charge, the Lorentz Force,
temporal signal development, as well as the full chain of electronic response: capacitive and shot
noise, as well as digitization and clustering eﬀects. Schumm and Flacco have used the routine
to demonstrate an operating point at 3 µsec shaping time that achieves 99.9% eﬃciency and
0.1% noise occupancy for a 167 cm ladder (the half-length of the outermost SD tracker layer).
They have also demonstrated that a dual-comparator time-over-threshold analog measurement
(high threshold comparator to limit noise occupancy; low threshold comparator with threshold
optimized to exploit charge-sharing between channels) can exceed the 7 µm resolution of the
baseline SD design, assuming strip pitch of 50 µm. The simulation developed by Flacco and
Schumm will soon be incorporated into the ALCPG SD full-detector simulation.
Informed by the results of the simulation, engineer Spencer has begun the detailed design
of the LST-FE prototype ASIC. The scope of the LST-FE design is to demonstrate minimumionizing sensitivity for long ladders, to demonstrate a 98% or better reduction in power dissipation
via the use of power cycling (estimates suggest this should be adequate to eliminate the need for
active cooling), and to achieve a dynamic range of better than 100x minimum-ionizing with the
time-over-threshold measurement (to allow for speciﬁc ionization measurements for the heavy
particles associated with a number of potential non-Standard-Model physics signatures).
To this point, Spencer has developed a full initial schematic of the LST-FE, including preampliﬁer, shaper, comparator, and driver stages. Spencer has identiﬁed the essential internal current
sources and developed circuitry to turn on and stabilize these currents within 80 µsec, and is exploring ways to speed this up. He has developed feed-forward circuitry between the preampliﬁer
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Figure 2: Response of preampliﬁer and shaping circuitry, in octaves from 1.2 to 1000 fC (minimum ionizing is approximately 4 fC). The line at 1.09 Volts represents the high-threshold comparator; the time-over-threshold (TOT) is given by the amount of time the pulse spends above
this line.
and shaper stages that will act as a ‘tail shaper’, allowing a monotonic relation of time-overthreshold to accumulated input charge, while achieving a return-to-threshold of better than 50
µsec for a dynamic range of 1000 fC (250 times minimum-ionizing). Simulated pulse shapes at
the input to the comparator, for a range of signals from 1.2 to 1000 fC, are shown in Figure 2. As
it stands, this circuit would achieve a 98.5% reduction in power dissipation from power cycling,
assuming that the chip is used at the 120 Hz repetition rate of the warm accelerator technology.
For an accelerator based on superconducting RF, which operates at a 5 Hz repetition rate, the
reduction would be greater than 99%.
Spencer will soon begin the process of laying out the ASIC in the TSMC 0.25 µm MixedSignal RF process. We expect to submit the LST-FE for fabrication towards the end of 2003,
with chips available for testing in Winter 2004.
On the hardware end, we have identiﬁed and tested GLAST ‘cut-out’ detectors to be used in
the construction of a 2 meter ladder, allowing us to begin initial bench tests when the prototype
chip is available. Post-Doc Gavin Nesom has developed a test-bench data-handling and acquisition system based on a XILINX ﬁeld-programmable gate array (FPGA) chip. In addition to
acquiring test-bench data, this system will act as a ﬂexible digital back-end to the LST-FE chip,
allowing us to program and explore various approaches to the eventual digital architecture of the
full readout chip. Nesom is now beginning the development of the physical long ladder based on
the GLAST cut-out detectors, and associated bench-test functionality.
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Proposed Work
To bring the long shaping-time tracker R&D program to fruition, we seek resources along
two independent avenues: an additional three years of support, at $75,000 per year, from the
Department of Energy; and the coherent eﬀorts of a larger international group with an interest
in the potential beneﬁts provided by a long shaping-time tracker.
While we are hoping to establish a proof-of-principle with the LST-FE chip, it is certain that
the front-end electronics will need to be reﬁned with further submissions, taking into account
real-world issues such as process variation and interfacing to the digital architecture as it is
developed. The process selected for the ASIC submission (TSMC 0.25 µm mixed-signal RF) has
yet to be used for analog applications in the noise/bandwidth domain we are targeting. Later
submissions will likely beneﬁt from re-optimization of the design based on the experience we gain
in working with the process.
We have deliberately limited the scope of the ADR-funded submission to the pre-ampliﬁer and
comparator stage, to focus on the detector and electronic front end issues that raise the greatest
questions in the long shaping-time tracker design. Nonetheless, there will still be substantial
R&D and engineering problems to solve, as well as software studies to undertake, in order to
fully ﬂesh out the design of the long shaping-time tracker. This will also be part of the focus of
further ASIC submissions.
An essential issue is the development of the digital architecture and data transmission. If not
done carefully, the digital and I/O stages have the potential to dominate the power budget, and
necessitate the use of active cooling, which would be undesirable from the point of view of both
engineering and the overall material budget. On the other hand, with relatively few channels to
read out, it may be possible to move much of the output processing (zero suppression, clustering)
away from the detector and into the oﬄine system, remediating some electronics engineering
issues, and allowing the greatest ﬂexibility in the handling of the front-end output. Under any
digital scheme, the choice of time-over-threshold for the analog measurement will limit the amount
of data that needs to be pushed oﬀ the detector, allowing for greater ﬂexibility in the digital
design.
We plan to play an active role in the development of the digital scheme, but will collaborate
with LPNHE Paris during the process, which experience suggests to us will require the collaborative eﬀorts of more than one institution (LPHNE has substantial depth in detector electronics,
and has contributed to the development of readout for the DELPHI, ATLAS, and BaBar silicon
trackers).
We have been working for some time at a low level with LPNHE. Contact person Schumm
has been working with LPNHE physicist Savoy-Navarro to develop the international SiLC group
of institutions interested in the general questions of silicon tracking for the Linear Collider, and
visited Paris in March 2003 to begin to establish the cooperative eﬀort on long shaping-time
tracking. LPNHE has undertaken a thermo-mechanical analysis, to be completed this fall, that
should allow us to reﬁne our duty-cycle and overall power dissipation requirements. They have
also constructed a long ladder of spare detectors from the AMS experiment, which they will use
to help test and characterize the LST-FE when it becomes available.
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Particularly in view of the interest in limiting the amount of material in the tracker’s space
frame, alignment and position monitoring will be a forefront issue in the design of a long shapingtime tracker. To this end, a group at the University of Michigan has begun to explore the use of
frequency-scanned interferometry to establish in-situ alignment and calibration data.
Another critical development avenue is that of the full-scale simulation of the long shapingtime tracker design. SLAC has begun the groundwork necessary to answer essential performance
questions (pattern recognition in dense jets and backgrounds, tracker/calorimeter interface, etc.)
associated with the design. The pulse-development simulation developed by Flacco and Schumm
will be used as a basic component of this simulation. SLAC has also begun to lay the groundwork
for organizing the full development of the long shaping-time tracking concept, with the goal of
producing a TDR-level report at the end of the three-year Linear Collider R&D phase. Although
the structure of this eﬀort is only now coming into place, our eﬀorts at Santa Cruz will be one of
the major thrusts of both the domestic and international development of the long shaping-time
tracking concept.
A testbeam run in a 3-5 T magnetic ﬁeld will be an essential component of the program.
The current LST-FE design is optimized for operation in a 5T ﬁeld, and many of the design
speciﬁcations (position and energy deposition resolution, noise occupancy, dynamic range) can
only be fully understood in this context. We envision a testbeam run sometime in 2005, in full
collaboration with SLAC and LPNHE.
Within the program, we see the contribution of UC Santa Cruz as follows. Engineer Spencer
will continue to design and lay-out further ASIC runs, as well as aid in the testing and understanding of the fabricated chips. We foresee one-fourth of his eﬀort (3 months per year) over
the next three years going into this work, requiring support of $35,000 per year, for a total of
$105,000, including beneﬁts and indirect costs.
We envision two additional ASIC runs - one before the testbeam run to take into account
experience with the TSMC process, and one after the testbeam run to execute reﬁnements and
implement the digital architecture. This will require $24,000 per run, for a total of $48,000,
again including indirect costs.
After the successful development of the pulse simulation algorithm by graduate student
Flacco, we would like to continue to engage graduate students in Linear Collider R&D. We
see the next major opportunity for this to be the preparation and execution of the testbeam run.
We are thus requesting two academic quarters of graduate student support in 2005 (preparation
and running), and one quarter in 2006 (analysis). Again including beneﬁts and indirect costs,
this requires $29,000 of support.
Finally, we have estimated our incidental costs, including CAD software licenses, construction
of ancillary hardware for the local test bench and for mounting the testbeam run, PC board runs,
and travel, including indirect costs, to be $43,000 over the three-year period.
Table 1 shows a year-by-year and total breakdown of our budget request.

Budget
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Table 1: Budget Breakdown
Electrical Engineer
ASIC Fabrication
Graduate Student Support
Mechanical/Software

Total

2004
$34,000
$24,000
$0
$17,000

2005
$35,000
$0
$19,000
$21,000

2006
$36,000
$24,0000
$10,000
$5,000

All
$105,000
$48,000
$29,000
$43,000

$75,000 $75,000 $75,000 $225,000
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4.4

R&D towards a Silicon drift detector based main tracker for the NLC-SD option
Personnel and Institution(s) requesting funding
Rene Bellwied, David Cinabro, Vladimir Rykov, Wayne State University
Collaborators
David Lissauer, Francesco Lanni, Vivek Jain, Brookhaven Physics Department
Veljko Radeka, Zheng Li, Wei Chen, Brookhaven Instrumentation Division
Project Leader
Rene Bellwied
bellwied@physics.wayne.edu
313-577-5407
Project Overview
During the past three years our group was partially funded by Fermilab Director’s funds and the NSF,
in order to develop a scheme in which Silicon drift detectors could be used for the main tracking
device in the NLC-SD option. We participated in the design study which led to the SD layout as
described in the Snowmass Resource Book. Our main effort during the past three years was two-fold:
a.) to perform simulations that show the physics capabilities of a Silicon based main tracker and
compare its performance to the gaseous tracker as proposed for the L-detector option.
b.) to further develop the necessary hardware in terms of the wafers themselves, the mechanical support structure and the front-end/readout electronics based on our original design for the STARSVT at RHIC
With respect to a.) Vladimir Rykov has worked with us for the 18 months on simulations and software development and is now employed by RIKEN in Japan. His work’s main emphasis was on
comparative performance simulations in the existing software framework and a study of the track
timing performance of SDD’s which can be used in order to distinguish between pile-up events in
the detector.Preliminary results show that the tracking efficiency, hit resolution, two-track resolution
and momentum resolution obtained with a silicon drift tracker is equivalent or superior to the gaseous
tracker option.
With respect to b.) Rene Bellwied and David Cinabro have mostly worked on a new detector layout
for the SD main tracker based on the successful STAR Silicon Vertex Tracker, which was constructed
and is operated under the leadership of Rene Bellwied. Based on these past projects we propose the
following steps for the future:
FY2004 Project Activities and Deliverables
We propose to continue our comparative study of the performance of a main tracker based on Silicon
drift detectors. We believe that the existing tracking and pattern recognition code, originally developed
for the Large detector (LD) TPC option, can be optimized and used for the 3d SD option. First
encouraging results were shown at the Chicago, Santa Cruz, Arlington, and Cornell LC meetings, and
can be found on our web-page. We have incorporated the proposed detector layout into the GEANT4
framework and we also intend to port a detector response code from STAR into the LC simulation
framework. Finally we would like to adapt a code recently written by a WSU led software group for
42

5.11.2

UCLC project description

407

STAR which allows track matching between the two main tracking detectors in STAR and the electromagnetic calorimeter in STAR. We believe that this integrated tracking code (IT) can be applied to
the SD design in order to simultaneously analyze the information from the vertex detector, the main
tracker and the calorimeter in order to optimize and test the energy flow paradigm.
Regarding hardware we propose to layout a first LC specific wafer design in collaboration with the
BNL Instrumentation division. In the second half of the year we will submit a prototype design for
production to the BNL production lab. Proposed initial changes to the existing SDD design will
include:
a.) increase the detector size by using six inch rather than four inch wafers
b.) operate wafers at higher voltage (up to 2500 V) in order to accommodate longer drift length
The first year deliverable would be a version of the LC tracking code fully optimized for an SD style
detector and a design and prototype of a LC specific wafer layout
FY2005 Project Activities and Deliverables
We intend to continue our simulation activity and add a testing component to the ongoing hardware
effort in order to produce a next generation of Silicon drift detectors. The testing will be performed
at WSU and BNL with the postdoc funded through this proposal and graduates students funded by
WSU. We propose to further optimize the design and produce a larger prototype batch (∼20) of new
Silicon drift detectors. The new iteration will address issues based on the following improvements:
a.) increase the readout pitch in order to reduce the channel count
b.) thin the wafer from 300 microns to 150 microns
The second year deliverables would be a new integrated tracking code for the SD detector option
(ITSD) and a second iteration on the LC specific Silicon drift detector prototypes.
FY2006 Project Activities and Deliverables
Our simulation effort and production of prototype improved detectors will continue. In collaboration
with the Instrumentation division at Brookhaven National Laboratory we propose to design and produce a new prototype of a CMOS based front-end chip. The major changes compared to the old STAR
design are:
a.) use deep sub-micron technology to improve radiation hardness
b.) reduce power consumption to allow air-cooling of the detector
c.) potentially include the ADC stage into the PASA/SCA design
d.) test tape automated bonding of the front-end to the detector rather than wire-bonding
We also propose to begin a design for the mechanical support of the Silicon ladders based on a design
used for the Silicon Strip detector layer in STAR.
The third year deliverables would be a final set of prototype detectors, some prototype front-end chips,
a conceptual design of a Silicon drift detector main tracker for an LC SD style detector (including
support structure and electronics integration), and simulation and reconstruction code for it.
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Budget justification
Throughout the three years the budget contains a sub-contract allocation in order to purchase specific
component orders produced by the BNL Instrumentation division. For some of these orders the initial
materials and supplies will be provided by WSU, and those items are listed under the appropriate
category. The collaboration with the BNL Physics department is not supported through this proposal.
BNL Physics provides manpower to the simulation and testing effort without financial support from
this grant. The WSU overhead rate is 51% for onsite manpower, material and supplies and the first 25
K of a multi-year subcontract (i.e. the contract provision for BNL).
The first year budget emphasises the continuation of our simulation and reconstruction effort. Continuing salary for 50% of a postdoctoral fellow and some travel money is requested. We also initiate
the subcontract with BNL for the development of a new wafer layout and electronics design.
In the second year the software and testing effort is increased by raising the postdoc contribution from
50% to 100%. In addition money is required for the purchase of Silicon starting material ($25K)
at WSU, continuing mask design ($10K) and the production of a large batch of prototype detectors
($40K) at BNL. More travel money is requested for trips between BNL and WSU related to prototype
production and testing as well as participation in LC workshops.
In the third year the software effort continues and additional funding is required for a second round
of mask design ($10K), production of the final batch of prototype detectors ($30K), and design and
production of prototype front-end chips ($50K) at BNL . More travel money is requested for trips
related to prototype production and testing.
Three-year budget, in then-year K$: Wayne State University
Item
FY2004 FY2005
Other Professionals
21.018
42.037
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
21.018
42.037
Fringe Benefits (23.7%)
4.982
9.963
Total Salaries, Wages and Fringe Benefits 26.000
52.000
Equipment
0
0
Travel
4.033
6.221
Materials and Supplies
0
25.000
Subcontracts (BNL)
25.000
50.000
Total direct costs
55.033 133.221
Indirect cost
15.317
42.443
Indirect cost on Subcontract
12.750
0
Total Indirect costs
28.067
42.443
Total direct and indirect costs
83.100 175.664

FY2006
44.462
0
0
44.462
10.538
55.000
0
10.168
10.000
90.000
165.168
38.336
0
38.336
203.504

Total
107.517
0
0
107.517
25.483
133.000
0
20.442
35.000
165.000
353.422
96.096
12.750
108.846
462.268
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Three-year budget, in then-year K$: Brookhaven National Laboratory
Item
FY2004 FY2005 FY2006
Other Professionals
0
4.556
9.112
Graduate Students
0
0
0
Undergraduate Students
0
0
0
Total Salaries and Wages
0
4.556
9.112
Fringe Benefits (38%)
0
1.763
3.526
Total Salaries, Wages and Fringe Benefits
00
6.319
12.638
Indirect cost on Salaries
0
3.679
7.361
Equipment
0
0
0
Travel
3.302
3.301
6.603
Materials and Supplies
6.603
9.905
9.905
Other
6.603
13.207
29.715
Total Equipment, Materials, Travel, and Other 16.508
23.112
39.620
Indirect Cost on Equipment etc.
8.492
13.589
23.778
Total direct costs
16.508
32.732
58.861
Indirect costs
8.492
17.268
31.139
Total direct and indirect costs
25.000
50.000
90.000

Total
13.668
0
0
13.668
5.289
18.957
11.040
0
12.906
26.413
49.525
75.938
45.859
107.801
56.899
165.000
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Negative Ion TPC as the LC main tracker
Personnel and Institution(s) requesting funding
Giovanni Bonvicini, Alexander Schreiner, Wayne State University
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Collaborators
D. Snowden-Ifft, Occidental College
Project Leader
Giovanni Bonvicini
giovanni@physics.wayne.edu
313-577-1444
Project Overview
The novel gas detector technology called Negative Ion TPC (NITPC) is a strong candidate as a main
tracker for the Linear Collider. The technique utilizes a special, electronegative gas (NIgas) mixture
to transport negative charge from track to detector plane in the form of negative ions rather than
electrons. The slow drift speed and strong thermalization of the drifting ions result in a number
of advantages important for an NLC tracker. A 1 m3 NITPC has been working for one year as a
directional Dark Matter detector, unattended for weeks at a time, providing proof that the concept
works in practice[1]-[2]. A new, larger Dark Matter NITPC was proposed this year. The NITPC has
also found applications in national security as a directional neutron detector. Further developments in
few-molecule mass spectrometry are also in an advanced state.
The NITPC option provides some unique options for the LC. With the simple geometry described
below, and the simulation results presented below, we can list a number of possible advantages for the
NITPC as a main LC tracker.
1. better momentum resolution than a regular TPC (e-TPC).
2. potentially less sensitive to space charge, and therefore potentially more robust calibration (this
will depend on the type of detector plane. We note below the higher capacitance and lower
ionization density of this device).
3. good enough resolution to use in a Small Detector configuration, should solid state options not
meet their R&D goals
4. far less material than a e-TPC in the endcap region, improving, for example, W/Z discrimination
in the forward region. There are further advantages in chamber thickness due to the low number
of channels and cables (a factor of 50 reduction), and lower wire pressure which implies a lighter
structure supporting the wire tension load.
5. low cost, due to low number of electronics channels.
The concept can work as well with any of the recently developed microchambers (e.g., GEM or MicroMegas). We note that the tendency of microchambers to spark is strongly suppressed by any NIgas,
so that a NIgas can be of practical great help in operating a microchamber. Our gas, CS2 , is also the
strongest UV quencher used in gas detectors. Our preliminary GEM tests (Table 1), showing strong
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gain and quiet operation at a very high voltage, certainly lend credibility to the idea of coupling microchambers and NITPC. Further, the sub-millimeter single electron resolution in the detector plane,
available in microchambers, is well matched to the sub-millimeter single ion resolution in the drift
direction, that the NITPC provides. Together they would provide extremely fine pattern recognition.
Ultimately, a figure of merit will emerge for the LC main tracker, addressing its cost, momentum
resolution and calibration, background tolerance, and radiation thickness. We note that the costs of
the device described below are expected to be low, the momentum resolution is certainly excellent, the
calibration is potentially more robust, the background tolerance is high (due to the geometry and the
light gas mixture) and can be further improved by the SD/ High B option, and the radiation thickness
is low and distributed reasonably well in θ.
In the last year extensive simulation has been performed and the results support the contention that a
NITPC is a superior tracker candidate[3]. The issue of background rejection was tackled by assuming
a worst case scenario (TESLA bunch train, low magnetic field, Table 2). At the NLC or JLC the
NITPC will always have lower backgrounds than a e-TPC, due to lower gas density (Tables 1 and 2).
The detector model we chose is particularly simple (likely, it can be improved), but we were able to
produce significant simulation in a finite amount of time. It is an unusual model compared to e-TPCs.
Its main features, and reasons for its choice, are summarized here:
1. the NITPC has 6 detector planes, and 12 drift gaps along the azimuth. Ion drift is not affected
by the magnetic field up to 6T, and azimuthal drift provides the best momentum resolution.
The axial NITPC showed good momentum resolution but very poor background tolerance. The
radial geometry has the same background tolerance as the azimuthal geometry but the worst
momentum resolution of the three geometries.
2. The detector plane, as simulated, consisted of a drift grid (not shown in Fig. 1), a set of sense
wires, and a double set of daisy-chained pads, one running NW-SE and the other running NESW. A hit is defined as a triple coincidence of wire, strip(s) NW-SE, and strip(s) NE-SW.
3. The NITPC was assumed to have 4 × 104 electronics channels, as opposed to 2 × 106 for the
e-TPC[4]. Also the sampling rate was assumed to be 10 MHz as opposed to 20 MHz[4].
The electronegative gas parameters are listed in Table 1. The detector parameters, for a NITPC and a
comparison e-TPC, are summarized in Table 2. The factor of 100 in longitudinal sampling, compared
with the e-TPC, is crucial to understand the difference in performance.
Besides regular backgrounds, the simulation had to address the possibility of combinatorial backgrounds. It was straightforward to show that these backgrounds are small[3]. Further algorithms,
currently under development, will optimize pulse asymmetry cuts between strip and strip and strips
and wire. We expect combinatorial backgrounds to be totally negligible with a large safety factor.
Background was supposed to be the make-or-break issue. The very slow drift time of the NITPC
integrates over the whole train. This is not a disadvantage at the NLC, compared with a e-TPC,
because both TPCs integrate over the train. At TESLA, however, there is a difference of a factor of 19
between the integrated flux of the NITPC and that of a e-TPC. This factor is mitigated by the lower
gas density (Table 2, factor of 2), and also by two other smaller factors, leaving a total factor of 6.
Table 2 also shows that the NITPC at 6T (Silicon Detector option) has a lower background rate than
the e-TPC (Large Detector option), while having approximately the same momentum resolution (cfr.
with Fig. 2 below). Still, a typical NITPC event raw size was 1GByte for TESLA.
The detector underwent a full GEANT4 simulation, using the chamber parameters of Table 2. The
backgrounds were simulated using the programs available at[5], and the NLC photon rate was multiplied by 6.0 to obtain the TESLA photon rate.
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Parameter
Electron capture
cross section
vd (E=0.2 kV/cm)
vd (E=0.4 kV/cm)
vd (E=0.8 kV/cm)
Diffusion, σl ∼ σt
Negative Ion stripping
mean free path
Gain
Gain
Gain

Value
80 MBarn

Comment
-

430 cm/sec
860 cm/sec
1500
cm/sec

0.07mm L(cm)/E(kV /cm)
∼ 10µm

mobility decreasing toward saturation

7700
20000
4500

At 100µm from
wire center
Sense wire voltage (SWV) 2730 V
SWV 2750V, He/CS2 83/17, P=0.92 Atm
GEM at 580V, He/CS2 83/17

Table 1: He/CS2 80/20 parameters measured in a mini-NITPC with 9 mm pitch and 5 mm gap in endcap
MWPC. From dE/dx to avalanche, we list electron capture probability, drift velocity and diffusion, ion
stripping probability, and gain.

Figure 1: The detector surface layout scheme. The wires are strung vertically, and readout pads are daisychained to form strips. Black pads are chained along the NE-SW diagonals, and white pads are daisy-chained
along the NW-SE diagonals.

A pre-filter was used to reduce data. Background events fall mostly in two categories, single “dots”
of ionization (expanded by diffusion) and longer electron tracks nearly along the z−axis. In both
cases, in our geometry, they tend to illuminate a single wire, making the pattern distinguishable from
a genuine track. Clusters of “good” hits were further compacted into a “macro-hit” which was the
center of gravity of many hits. The reduction factors due to the pre-filter are summarized in Table 3.
With the backgrounds under control, one should be concerned with space charge effects. We note that
this detector has not only a lower ionization density, but also a capacitance 12.5 times larger than the
e-TPC (Table 2). Under all the background scenarios considered in Table 2, and assuming similar
detector planes, the NITPC will suffer less space charge effects than a e-TPC.
A Helix finder, like that of BaBar, was used in the NITPC to reconstruct the tracks. The momentum
resolution is shown in Fig. 2. It is better that that of a e-TPC due to a combination of higher spatial
sampling and lower longitudinal diffusion. Its average efficiency for tracks of pt > 0.5 GeV and
cos θ < 0.8 was 0.975. Some high-pt tracks lying in the read-out planes are poorly reconstructed, as
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can be seen in figure 3. The algorithm was never improved to account for these tracks, though it can
be at a further stage of development. Excluding those tracks, efficiency becomes as high as 0.995.
Concluding, we would like to also point out a negative issue that needs to be addressed. There is no
time information about the tracks, from the NITPC itself. The NITPC would need the information
from outside devices to address this problem. These include the vertex detector, the calorimeter, and
also a possible Scintillating Fiber system located between tracker and calorimeter. Such a system is
part of the current LC R&D program. More simulation will have to be undertaken to fully address
this point.
FY2004 Project Activities and Deliverables
With most of the simulation behind us, we wish to concentrate on building a viable prototype to show
that the resolution and background tolerance are as advertised. In year 1, we will make some preliminary tests of other known electronegative gases, and measure the ageing properties of electronegative
gas mixtures. We will advance the simulation on issues of timing resolution, and improve the tracking
near or inside the detector planes of the azimuthal NITPC. We will also design a prototype for test
beam purposes.
FY2005-2006 Project Activities and Deliverables
In year 2 and 3 we will build and operate a 30X30X30 cm3 prototype. There are several important
goals here. What is the optimal working point of the chamber? We need to extract the CS2 concentration, gain and drift voltages, and FADC rate. Given the working point, what is the ultimate tracking
resolution? By using a X-ray tube, we will also probe tracking in a high background (a very important
test), space charge effects (also an important test), and probe possible ageing effects.
Budget justification
The design, building and operation of a one cubic foot module will require 1/4 of a postdoc, one
graduate student, and undergraduate help. We assume that we will not buy all the needed electronics,
to reduce costs, and will use a multiplexing scheme to read the whole chamber. Parts of the device
will be built in the WSU machine shop.
Three-year budget, in then-year K$: Temple University
Item
FY2004 FY2005
Other Professionals
0
13.000
Graduate Students
18.000
19.000
Undergraduate Students
8.000
8.000
Total Salaries and Wages
26.000
40.000
Fringe Benefits
6.000
7.000
Total Salaries, Wages and Fringe Benefits 32.000
47.000
Equipment
0
5.000
Travel
2.000
2.000
Materials and Supplies
1.000
1.000
Other direct costs
0
0
Total direct costs
35.000
55.000
Indirect costs
17.500
27.500
Total direct and indirect costs
52.500
82.500

FY2006
13.000
20.000
8.000
41.000
7.000
48.000
7.000
2.000
1.000
0
58.000
29.000
87.000

Total
26.000
57.000
24.000
107.000
20.000
127.000
12.000
6.000
3.000
0
148.000
74.000
222.000
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Figure 2: Momentum resolution versus momentum, as produced by our simulation, for the e-TPC and the
NITPC. Red triangles: NITPC. Blue squares: e-TPC.
Three-year budget, in then-year K$: Wayne State University
Item
FY2004 FY2005
Other Professionals
0
0
Graduate Students
0
0
Undergraduate Students
2.000
2.000
Total Salaries and Wages
2.000
2.000
Fringe Benefits
0
0
Total Salaries, Wages and Fringe Benefits
2.000
2.000
Equipment
0
0
Travel
3.000
3.000
Materials and Supplies
5.000
5.000
Subcontract (Temple)
52.500
82.500
Other direct costs
0
0
Total direct costs
62.500
92.500
Indirect costs
5.100
5.100
Subcontract Indirect costs
12.750
0
Total Indirect costs
17.850
5.100
Total direct and indirect costs
80.350
97.600

FY2006
0
0
2.000
2.000
0
2.000
0
3.000
5.000
87.000
0
97.000
5.100
0
5.100
102.100

Total
0
0
6.000
6.000
0
6.000
0
9.000
15.000
222.000
0
252.000
15.300
12.750
28.050
280.050
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efficiency vs phi (theta<0.8)
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Figure 3: Helix finder efficiency vs. φ. The φ points of low efficiency coincide with those of read-out planes.

Parameter
Mag. Field
average drift dist.
N of samples/track
N of el./sample
transv. diffusion, σt (µm)
long. diffusion, σl (µm)
TPC surface charge (nC)
TPC cage
Detector membranes
Endcap material
NLC background density (a.u.)
TESLA background density (a.u.)
NLC background density (a.u.)
TESLA background density (a.u.)

e-TPC
3T
1.35 m
100
200
680
 680
0.4
N/A
0
N/A
1
0.05
1
0.05

NITPC
3T
0.33 m
104
1
400
400
5
N/A
0.5% X0
0.5% X0
0.5
0.3
0.05
0.03

Comment

Ne for NITPC
σt  = (2/3)σmax
accounting drift distance
space charge distortion par.
thicker in NITPC
for perp. tracks
No endcaps in NITPC
LD, lighter gas mixture
LD
Small Detector, 6T
Small Detector, 6T

Table 2: A comparison of parameters of a state-of-the art e-TPC[4] and a preliminary design for the NITPC.
For the purpose of comparison, an azimuthal NITPC is considered with 6 × 2 segments. For the last two
rows, the comparison is between a LD e-TPC and a SD NITPC.
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performance parameter
background suppression factor
data reduction factor
after clusterization
efficiency for signal
output number of hits
S/B

value
20
1000
0.92
7 × 104
0.2

Table 3: Data reduction software performance.
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