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Introduction to Muon and Particle ID Systems R&D
The identification and precise measurement of muons is critical to the physics program of
the linear collider. The muons produced from decays of W and Z bosons and from Bhadrons are key parts of the signatures for the Higgs and hypothesized new particles.
Muons may also be produced directly from decays of new particles such as
supersymmetric scalar muons.
The linear collider detector design includes a sub-system that will identify muons, as
distinct from hadrons, primarily by their penetration through the iron flux return. This
muon system should operate over the widest possible momentum range with high
efficiency for muons and low contamination from pions. In addition, it may be used to
measure the leakage of hadronic showers from the calorimeter and hence improve the
energy resolution of hadronic jets.
Because the muon system is the largest one in the LC detector, it is important that a
realizable design, verified by prototyping, is established early, so that an optimal detector
is delivered on time and within budget. The muon system must maintain stable operation
with high reliability since the detectors are largely inaccessible. These are challenging
requirements for operation over a span of perhaps 20 years.
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Project Overview
The high-purity identification and precise measurement of muons is critical to the physics
program of the ILC. The muons produced from decays of W and Z bosons provide key signatures
for the Higgs and possible new particles, as well as identifying dominant backgrounds for these
new signals. Muons may be produced directly from decays of new particles. Muons are an
important part of flavor tagging of jets, which is crucial for distinguishing signal and backgrounds,
as well as for measuring branching ratios.
Our R&D project addresses three critical areas that have emerged from discussions inside the ILC
detector community.
1. What is the additional capability for muon identification that an instrumented iron magnetic
flux return can provide beyond that from a finely segmented particle flow capable hadron
calorimeter?
2. What performance for muon identification (efficiency and purity) can be provided by a strip
scintillator detector with barrel and endcap pieces combined with the hadron calorimeter?
3. What is the best candidate for photon detection for scintillator readout among the established
and newly developed devices: multi-anode photomultiplier, Geiger-mode avalanche photo-diode,
silicon photomultiplier and silicon avalanche photodiodes?
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Question 1 above is relevant to all of the detector concepts which include an instrumented flux
return muon detector. Scintillator technology is considered as a candidate technology in some of
the concepts, and in all cases provides a benchmark for comparison.
There are two main components of this project: simulation and detector prototyping. The
Fermilab group (Milstene and Fisk) does the simulation studies. Fermilab and the university
groups contribute to the prototyping effort. The major accomplishments in prototyping are the
fabrication and testing of three detector planes, two using multi-anode phototube readout and one
with silicon photomultiplier readout.
Two new groups have joined this effort since last year’s proposal. These groups are Indiana
University and Northern Illinois University. Both groups are already involved in ILC muon
detector development. The Indiana group has led the testing at Fermilab of the planes read out
with MAPMTs. The NIU group has developed and tested planes read out with SiPMs as part of
the Tail Catcher Muon Tracker project.
The major funding for this project has come internally from Fermilab and the participating
universities, not from the University of Oregon umbrella funding. For the universities, internal
funding is coming to an end. The university groups will not be able to sustain the current level of
activity on this project without a substantial increase in external funding.

Status Report
Fermilab
The Fermilab group has developed software for muon tracking, encompassing both the calorimeter
and muon systems. The tracking employs a Kalman filter which takes into account multiple
scattering, energy loss and magnetic field. Results on the efficiency and purity of muon
identification for the barrel detector were recently presented by Gene Fisk and Caroline Milstene
at the SiD meeting, Fermilab, 12/16/05. The Fermilab group coordinates the muon detector design
with the SiD detector collaboration [1].
The simulation is at the hit level for the hadron calorimeter and the muon detector. The simulated
HCal has 33 layers and 4.8 interaction lengths. It is assumed to be digital and capable of particle
flow algorithm reconstruction. The muon detector has 24 steel barrel absorbers each with 10 cm
thickness. Scintillator detectors are located in 23 gaps each with 5 cm thickness. An inner-toouter algorithm starts with charged particle trajectories measured in the tracker which are then
linked to hits in the HCal and Muon detectors. The algorithm used to separate simulated muons
from hadrons in the HCal relies on the fact that most hadrons begin to shower by the time they
have reached the middle of the HCal, while muons do not shower, but deposit minimum
ionization. Using 10,000 bb(bar) events, preliminary results for muon efficiency and purity versus
the number of interaction lengths are shown in Figure 1. These results show that the instrumented
flux return muon detector can achieve an efficiency of 93% while improving the purity from 69%
using the HCal alone to 88% when the muon detector is added. We expect that improvements in
the algorithm will further increase the purity and that average efficiency is higher when taking into
account that some muons range out in the muon detector.
The Fermilab group coordinates the fabrication and operation of the prototype detector. Fermilab
purchased commercially extruded scintillator, optical fiber and 10 64-channel MAPMTs, and
provides laboratory space, mechanical infrastructure and electronics instrumentation. The splicing
of WLS and clear fiber is performed at Fermilab.
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Figure 1. Simulation results (preliminary) using 10,000 bb(bar) events.

University of Notre Dame
During the past year the University of Notre Dame group successfully fabricated four prototype
muon detectors for a potential Linear Collider detector [2]. These detectors use long scintillator
strips read out by a combination of wavelength shifting and clear optical fibers to 64-channel
multianode photomultiplier tubes. The detectors are rectangular with total dimensions of 1.4 by
2.8 meters and 2.2 cm thickness. Each detector contains a total of 64 scintillator strips of varying
length which are oriented at ± 45o to the detector edge, as shown in Figure 2.. The first two
detectors constructed are read out at one end of the scintillating strip. These are currently under
test with cosmic rays and radioactive sources in the Lab 6 facility at Fermilab, as shown in Figure
3. The other two detectors are read out from both ends of the strips and are still at Notre Dame,
ready to deliver when needed at Fermilab.
The basic detection element in this design is the scintillator strip. These come to Notre Dame with
a uniform length of about 3.5 meters. Each strip is covered with a white, reflective coating and
has a groove cut down the middle of its length. To test the integrity of each strip we designed an
apparatus that injects ultraviolet LED light into the groove and measure the light detected by
photodiodes located 14 inches away, in both directions along the groove. This device is moved
along the entire length of the strip, giving a total of 10 pairs of data points per strip. These data
are analyzed for both an individual strip and compared over the entire sample of strips. While the
scintillators showed good uniformity at about the 95% level, we found a few with significantly
lower output in some regions – these were discarded. Once they passed the quality control test the
strips were cut to length and the ends were cut to the appropriate angle and covered with white
reflective paint.
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Figure 2. Simplified layout of a plane of scintillator strips, each read out at one
end.

Figure 3. Two, 2.5 m X 1.25 m, 64-strip planes under test at Fermilab. A
H7546B MAPMT (bottom plane) and a standard single anode PMT (top plane)
are used for initial tests.
.Every piece of optical fiber, both wavelength shifting and clear, was tested before assembly into
the detector. The fibers are first cut into the requisite number of pieces, all of the longest possible
length for the detector. The fibers are manufactured and stored on large spools, so they retain
some residual curvature. We remove this by gently heating the fiber’s end, which in turn
improves the quality of the fiber polish and subsequent splice. After a visual inspection, each
piece is measured for optical throughput by illuminating one end with a green LED and measuring
the light out the other end into a photodiode. The outputs are compared to a control standard and
pieces with low throughput are removed and replaced. The pieces are then cut to the appropriate
lengths and sent to Lab 7 at Fermilab for polishing and splicing. More specifically, for the two
single-ended detectors the “far” ends of the wavelength shifting fibers are coated with a thin
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aluminum mirror, and the “near” ends are thermally spliced to their mating clear fibers. For the
double-ended detectors both ends of the wavelength shifting fibers are spliced to clear fibers.
After the fiber combinations are spliced they are returned to Notre Dame for testing and
installation. Since one end of the single-spliced fibers is mirrored, we can no longer use our green
LED – photodiode test. Instead, we excite the wavelength shifting fiber with a UV LED and
measure the far end with a photodiode. Another complication is that the lengths of both the active
and clear fiber change from piece to piece. However, this change is gradual and the total light
output of the fiber combinations should follow a smooth curve. By comparing the measured result
to this curve it is fairly straightforward to identify poor splices and these are removed and
replaced. For consistency, we test the double-spliced fibers with the same method, comparing
each end and the sum from both ends with the expected curve.
The actually assembly of the detector begins with the outer frame constructed with 3/4 inch square
tubing. A 1/16 inch aluminum skin is riveted and glued to the frame, providing the surface to
which the 64 scintillator strips are glued. After that, the fibers are carefully laid out and glued into
the grooves in the scintillator. The mechanically sensitive regions where the fibers are spliced are
well-protected within the groove. The clear fibers are routed along an open channel along the
long edge of the detector and threaded into a Delrin connector. Once the connector is filled with
fibers they are glued into place and then optically finished with a diamond fly cutter.
The final step in the fabrication is the installation of the calibration and monitoring system. In
order to inject a controlled amount of light into each wavelength shifting fiber, a series of flat
optical panels are laid over a small, exposed length of each fiber. These panels are illuminated by
a single LED and produce a fairly uniform “ribbon” of light. There are 9 such panels in each
detector. The LEDs are wired to an electrical connector mounted at the far end of the detector,
next to the optical readout connector. In order to monitor the LED light, we added a photodiode
mounted on each flat panel. These are also wired to an electrical connector next to the LED
connector.
Finally, the second aluminum skin is riveted and glued into place, creating a light tight detector.
At this point the detector is ready for use. One additional step involves the precise alignment and
gluing of the Hamamatsu multianode PMT into a Delrin jacket. By doing this, we guarantee that
each PMT will be precisely aligned with the optical fiber connector, and any PMT can be used on
any of the completed muon detectors.
The work described above has been completed on schedule as described in our proposal of one
year ago. The fabrication and testing effort has been led by a technician, Mr. Michael McKenna.
We greatly profited from the help of two high school teachers and three students over the past
summer who worked with us as part of the Notre Dame Quark Net program. Clearly, the $4,500
in funding over the past year was nowhere near sufficient to support this effort, and a considerable
increase will be needed to sustain this work in the future.

Indiana University
The Indiana University group tests the prototype detector modules at Fermilab using a radioactive
source (Cs-137) and cosmic rays [3]. A recent (Fall 2005) result is from the operation of two 1/4
size prototype planes, shown in Figure 3. A cosmic ray trigger is defined by scintillator paddles
and absorbers above and below the planes.
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Figure 4. Response of prototype detectors to cosmic rays from two individual triggers. CH1 is the
signal from a single anode PMT. CH2 is from a single anode of a multi-anode PMT.
Figure 4 shows typical phototube anode signals from the prototype planes shown in Figure 3. CH1
corresponds to the plane where all fibers are routed to a single anode phototube. CH2 corresponds
to one fiber readout by one channel of the multi-anode phototube. The multiple peak structure is
due, in part, to the approximately 12 ns decay time of the wavelength shifting fluor. Reflections
inside the scintillator may also contribute to the multiple peak structure.
Northern Illinois University
The Northern Illinois University group is developing a tail-catcher, muon tracker (TCMT)
detector using silicon photomultiplier readout [4]. This effort will be integrated into the scintillator
muon project. The existing TCMT design has a fine and a coarse section distinguished by the
thickness of the steel absorber plates. The fine section, sitting directly behind the hadron
calorimeter and having the same longitudinal segmentation as the HCAL, will provide a detailed
measurement of the tail end of the hadron showers, which is crucial to the validation of hadronic
shower models, since the biggest deviations between models occurs in the tails. The following
coarse section will serve as a prototype muon system and will facilitate studies of muon tracking
and identification within the particle flow reconstruction framework. Additionally, the TCMT will
provide valuable insights into hadronic leakage and punch-through from thin calorimeters and the
impact of the coil in correcting for this leakage.
The TCMT design has 16 layers, each of active area 1m x 1m. Extruded scintillator strips are 5 cm
wide and 5 mm thick. Steel absorbers have thickness 2 cm (8 layers) and 10 cm (8 layers). There
is X or Y orientation of strips in alternate layers and Silicon Photomultiplier (SiPM)
photodetection.
The extruded scintillator strips will be produced at the Scintillator Detector Development Lab
(SDDL) extruder facility operated jointly by Fermilab and NICADD [5]. The extruder uses
polystyrene pellets and PPO and POPOP dopants to produce scintillator with good mechanical
tolerances and an average light yield that is 70% that of cast scintillator. The strips produced are
1 m long, 10 cm wide, 5 mm thick and have two co-extruded holes running along the full length of
the strip. A 1.2 mm outer diameter Kuraray wavelength shifting fiber is inserted in each of the
holes. Detailed studies of the strip-fiber system were carried out to converge on this solution [6].
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Not only was the performance of this novel fiber-coextruded-hole configuration better than
anything that could be obtained for a fiber-machined-groove geometry, it is also significantly less
labor intensive since no machining, polishing or gluing is involved. Due to the size of the die
currently available, the strips rolling off the extruder are ten centimeters wide. To have the
required five centimeter wide readout segmentation, each of the strips has a 0.9 mm wide epoxyfilled separation groove in the middle. All the strips needed for the TCMT have been fabricated
and have passed extensive quality control measurements. Photographs of extruded bars and
assembled arrays are shown in Figure 5.

Figure 5. Scintillator bars extruded at the NICADD facility and assembled arrays.
The scintillator strips and their associated photodetectors in each layer are enclosed in a light tight
sheath which we refer to here as a cassette (see Figure 5). The top and bottom skins of the cassette
are formed by 1mm thick steel with aluminum bars providing the skeletal rigidity. The aluminum
bars also divide the cassette into distinct regions for scintillator, connectors, cable routing and
LED drivers such that they can be independently accessed for installation, maintenance or repairs.
We will use novel solid-state devices like SiPMs [7] or MRS (metal resistive semi-conductor) for
photodetection [8]. For the purposes of this discussion, we will refer to these devices collectively
as SiPMs. SiPMs are room temperature photo-diodes operating in the limited Geiger-mode with
performances very similar to conventional photo-multiplier tubes, i.e. they have high gain (~ 106)
but relatively modest detection efficiency (quantum x geometric efficiency ~ 15%). Not only is the
signal obtained for minimum ionizing particles with these devices large (> 10 photo-electrons for
our 5mm thick extruded scintillator strips), their small size (1mm x 1mm) and low bias voltage
(30-80 V) implies that they can be mounted in or very close to the scintillator strips. Consequently
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little light is lost since it does not travel large distances in the fiber to the photodetector, the need
for interfacing to a clear fiber (connectors, splicing etc.) is obliterated and the quantity of fiber
required is significantly reduced. Even more importantly, the generation of electrical signals,
inside the detector, at, or close to the scintillator surface, eliminates the problems associated with
handling and routing of a large number of fragile fibers. Our detailed investigations [9][10] into
the characteristics of these photodetectors confirms their suitability for a dual purpose muon
detector. Photographs of the silicon photomultiplier assembly are shown in Figure 6. While SiPMs
are our preferred solution for the TCMT prototype we will remain active in evaluating the
potential of new photodetector candidates such as the geiger mode avalanche photodiode [11]
under development by our Colorado State collaborators.

Figure 6. Photographs of the silicon photomultiplier assembly.
A plane of the tail-catcher muon tracker was recently operated (in October 2005) in an electron
beam at DESY. Data from beam scans and LED pulsing is under analysis.
Wayne State University
The Wayne State University group is developing test and calibration methods for multi-anode
photo-tubes and helps coordinate the work of the collaboration [12]. Light emitting diodes
provide an inexpensive, time-controlled source of photons for calibrating and monitoring the gain
of single-photon sensitive detectors. We previously showed [13] that MAPMT gain can be
measured from the anode charge distribution response to time-gated LED pulses. The charge
distribution is analyzed as a Poisson distribution. This technique requires no absolute calibration
of the light source intensity and hence is suitable for in-situ calibration and monitoring for a muon
detector system.
Recently, we tested a variety of LEDs for their suitability as photon sources. We used LEDs from
Panasonic and Nichia producing red, orange-red and blue-green wavelengths. We tested two of
each type of diode to look for manufacturing variations. A typical single-anode MAPMT
response, integrated over many oscilloscope sampling cycles, is shown in Figure 7. Note that for
about half of the samples, the MAPMT produces a fast rise-time, narrow pulse. However, for the
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other half of the samples, there is no response. We established that it is the LED that does not
respond. The average number of photo-electrons is of order 40, based on the mean and variance
of the MAPMT charge distribution. Thus, the Poisson probability for getting no electron is
negligible. All of the diodes we tested exhibited this behavior. Our conclusion is that we can use
Poisson statistics to analyze the charge distribution, providing we ignore the number of zero
counts. The fast pulse behavior we found for LEDs was a surprise to us and is apparently not
widely known.

Figure 7. MAPMT response (top) to LED pulse integrated over many samples. The bottom trace
shows the timing gate used for charge measurement by a QVT multi-channel analyzer.
Colorado State University
Associate collaborators from Colorado State University are developing a geiger mode avalanche
photodiode detector [11] in a package that will be compatible with the optical interface of our
prototype system.

FY2006 Project Activities and Deliverables
In the next year, we will continue fabrication of prototype planes and tests with radioactive
sources and cosmic rays. We plan to obtain a detailed understanding of the relative contribution to
the multiple peak signal structure from the fluorescence decay time in the WLS fiber and
reflections inside the scintillator. We will collect charge integral data from all the strips with
sufficient statistics to measure the distribution of the mean number of photoelectrons.
Furthermore, we will study the dependence of the mean number of p.e.'s on strip position and strip
length for single and doubled-ended readout. We plan to test whether it is possible to route two 1.2
mm diameter fibers to a single 2 mm X 2 mm photocathode cell. If detection efficiency is not
degraded by this scheme, we could halve the number of photo-detector channels needed for strips
with double-ended readout.
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We plan to operate the prototypes in a test beam at Fermilab, before the March 1, 2006 accelerator
shutdown, with additional operation after the shutdown. A Memorandum of Understanding [14] is
being submitted to Fermilab (concurrently with this proposal) for the 2006 Meson Test Beam
Program.
We plan to measure position and timing resolution using upstream tracking as a position reference
and upstream beam counters as a time reference. The tests are to study the performance of a set of
four prototype muon detector modules. The modules are each 1.25m x 2.5m and consist of 64
strips of scintillator oriented at +/- 45 degrees to the edges of the module. Thus far the group has
tested two of the modules in Lab 6 using radioactive sources and cosmic rays. The source does
not accurately reproduce the energy deposition of a muon in the scintillator, and the cosmic rate
rates are too low to map the response of the detectors at sufficient numbers of points on all the
strips. Thus we need to test in a beam to determine the strip-to-strip variation in efficiency and the
average number of photoelectrons from the modules. The test data will also provide important
information about the position-dependence of the response along the strips. Two of the modules
have readout at one side of the counter and the other two have double-sided readout. The tests
will provide a quantitative answer to whether it is necessary to use double-sided readout or not.
For the TCMT, the design of the absorber stack and table has been developed in collaboration
with Fermilab mechanical engineering. The design foresees the welding of the steel absorber
plates to a frame which also doubles as a lifting fixture. This structure will be then placed on top
of a table capable of forward-backward and left-right motion with the help of Hillman rollers. The
stack will have the capability of being rotated by 900 for taking normally incident cosmics during
beam downtime. The electronics crates will be attached to the stack to keep the cable lengths to a
minimum. The drawings for the absorber stack and table are ready and construction needs to
commence soon. We have already located (Fermilab scrapyard) and reserved most of the absorber
plates required for the TCMT. Significant processing in the shape of flame cutting, welding etc.
will however be required. Only a couple of plates will have to be bought outright. All sixteen
cassettes have been mechanically assembled and are waiting for photodetector delivery to be fully
instrumented. This is scheduled to happen in Spring of 2006.
We will develop an integrated design to allow placement in the stack of either SiPM or MAPMT
readout planes and their associated electronics.
We will calibrate the gains of all MAPMTs and develop a common calibration platform for
MAPMTs and SiPMs. Response of both types of detectors to WLS light will be compared.
We plan to investigate the properties of WLS fibers doped with newly developed fast decay time
fluors.
Simulation studies will continue towards establishing the efficiency and purity for a barrel
detector with and without an instrumented flux return detector. We would like to begin simulation
of the endcap detectors.

FY2007 Project Activities and Deliverables
On the time scale of 2-3 years, we hope to have well-established performance data from beam
tests as well as realistic estimates from simulation studies of efficiency and purity for both barrel
and endcap detectors.
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Also, on the time scale of 2-3 years, we want to compare the performance of multi-anode phototube readout with the emerging solid state technologies employing avalanche photo-diodes and
silicon photomultipliers. Of particular interest are the photo-electron yield, noise rate, and time
accuracy. Unique requirements on the WLS fiber may be required for each type of optical
detector.
We want to develop (or adapt) a dedicated readout chip (application specific integrated circuit)
that measures both time of arrival and integrated charge. The Fermilab schedule calls for test beam
operation in 2007 with a full EM and hadronic calorimeter with tail-catcher. We will explore the
possibility for a common readout architecture between the Si-PMT's used for the tail-catcher and
the muon system.
We expect to establish techniques for mechanical support systems, optical fiber splicing, routing
of fibers and the interface between the scintillator and the various types of photodetectors.
We plan to establish realistic cost estimates for construction, testing and installation of an ILC
muon detector system.
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Budget and Justification
Currently our progress is limited by lack of personnel. The university groups have no external
funding for students, support staff (engineers and technicians) or physicists (postdocs and research
scientists). The universities have provided personnel through their own, limited institutional
funding. We cannot answer questions 1-3 without enough personnel to operate the equipment,
analyze the data and perform computer simulations.
Indiana University
Funds are requested for 6 months salary each year for research physicist Robert Abrams. He will
lead the test beam effort at Fermilab. Travel support is requested for Abrams and P.I. Van Kooten
for trips to Fermilab and an ILC conference.
ITEM

2006

2007

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

$21,420

$21,956

$21,420
$ 6,623

$21,956
$ 7,008

$28,043

$28,964

$ 4,000

$ 4,000

$32,043
$ 8,331
$40,374

$32,964
$ 8,571
$41,537
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Northen Illinois University
In 2006, the major item requested is technician labor to assemble the absorber stack at the
Fermilab test beam. In 2007, the major item is support for a graduate student who will take major
responsibility for detector operation with the test beam and subsequent data analysis.
ITEM
Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

2006

2007

22,000
22,000

$ 5,000
$ 1,500

22,000
3,000
1,500

$ 15,000
21,500
4,300
25,800

26,500
10,500
37,000
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University of Notre Dame
Support is requested for 50% of the salary of one technician, Mr. Mike McKenna. Mr. McKenna
is a skilled technician with more than 25 years of experience working in particle physics. He has
worked the majority of his career (more than 20 years) at Fermilab and is now a member of the
Notre Dame HEP group. We also request support for 25% of a single graduate student to work
summers on detector construction, and later, data analysis. Equipment funds are needed to
constuct the various tables, jigs, transports and other apparatus needed for detector assembly.
Finally, a small amount of travel funds are budgeted to cover the cost of transportation of
materials between Notre Dame and Fermilab.

ITEM

2006

2007

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (20% of other prof.)
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

$30,000
$ 5,000

$30,000
$ 5,000

$35,000
$ 6,000
$41,000
$ 6,000
$ 2,000

$35,000
$ 6,000
$41,000
$ 4,000
$ 2,000

$49,000
$11,180
$60,180

$47,000
$11,180
$58,180
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Wayne State University
Salary support is requested for 2 months per year for Research Engineer Alfredo Gutierrez in
support of MAPMT and SiPM instrumentation and testing. He has 10 years experience with
computers and electronics for high energy physics experiments and has 3 years experience with
MAPMT work for this project.
Support is requested for a graduate student for 1 academic term and during the summer, each year,
to peform calibration measurements, take data using the prototype modules at Fermilab and to
analyze the data.
Travel support is requested for 2 1-week trips to Fermilab for the student, 4 trips of 2 days each to
Fermilab for the P.I. and for travel to a domestic and international conference for the P.I.
Funds are requested to purchase 2 MAPMTs and 2 SiPMs and associated electronics components
per year to develop calibration and monitoring procedures for the prototype modules. Minor costs
are also included for shipping of materials.

ITEM

2006

2007

Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (26.4%)
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

$ 8,843
$12,239

$ 9,020
$12,484

$21,082
$ 5,566
$ 3,948
$30,596

$21,504
$ 5,677
$ 4,027
$31,208

$ 6,500
$ 8,300

$ 6,500
$ 8,300

$45,396
$10,776
$56,172

$46,008
$10,915
$56,923
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Project Total Cost
ITEM
Other Professional
Graduate Student
Undergraduate Student
Total Salaries and Wages
Fringe Benefits (26.4%)
Graduate Student Fee Remission
Total Salaries, Wages and Benefits
Equipment
Total Travel
Materials and Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (26% of MTDC)
Total Direct and Indirect Costs

2006

2007
$60,263

$60,976

$17,239

$39,484

$77,502

$100,460

$18,189

$18,685

$3,948

$4,027

$99,639

$123,172

$11,000

$7,000

$14,000

$14,000

$8,300

$8,300

$15,000
$147,939

$152,472

$34,587

$41,166

$182,526

$193,640
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Continuing Studies of Geiger-Mode Avalanche Photodiodes
for Linear Collider Detector Muon System Readout:
Status Report and 2nd Year Continuation
Classification
Linear Collider Detector Muon System Readout

Institution and Personnel requesting Funding
Colorado State University
Robert J. Wilson, Professor
David W. Warner, Engineer
Wilson and Warner have worked with photodetectors for many years at various levels including
for: the SLD experiment Cerenkov Ring Imaging Device (CRID); BaBar Detector of Internally
Reflected Cherenkov light (DIRC); Pierre Auger Observatory; GPD applications for detection of
Cerenkov and scintillation light.

Collaborators

Stefan Vasile; President, aPeak Inc.
Scintillator Based Muon Detector Collaboration (E. Fisk, P. Karchin et al.)
Tail Catcher / Muon Tracker Collaboration (V. Zutshi et al.)

Project Leader

Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033

Project Overview
Continuation Summary In this document we present a status report of our investigation of
Geiger-mode Avalanche Photodiodes (GPDs) as a potential readout for a scintillator-based muon
system, with potential applications to other Linear Collider Detector (LCD) systems. The
majority of funds for the investigation are provided by a sub-contract from aPeak Inc., but this
work was supplemented by $13,500 awarded in 2005 as a result of the International Linear
Collider University-based Linear Collider Detector R&D (LCRD) initiative. These funds have
allowed the group to ensure that the substantial industry R&D project is more tightly coupled to
the requirements of Linear Colliders detectors. Collaboration with aPeak Inc. through this LCRD
project allows the investigator formal access to the proprietary devices and evaluation results
being performed under the SBIR sub-contract. Release of this information at LC meetings and
workshops is negotiated with the company on a case by case basis to protect their intellectual
property rights, but our experience in this regard has been good in each of the past two years of
the collaboration.
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In the remainder of this section we provide a short overview of the project to provide a context
for the status report that follows.
Wavelength Shifting (WLS) fiber readout of scintillator strips remains the primary candidate for
at least one US Linear Collider Detector (LCD) concept. Indeed, two proposals to continue
developing this technology for LCD applications are being submitted in response to this
solicitation. These proposals envision using multi-anode PMTs and SiPM/MRS photodetectors
for fiber readout. Multi-anode PMTs are an improvement over traditional single-anode PMTs for
this application, but they are still expensive, in large part due to the need for relatively
sophisticated electronic readout with amplification, as well as high-voltage supply requirements.
We believe this is sufficient motivation for further investigation of alternative photodetectors.
Geiger-mode Avalanche Photodiodes (GPDs) are an interesting candidate photodetector to
replace PMT read-out of WLS fibers. We have been working together with aPeak Inc., a small
firm in the Boston area that develops novel photodetector devices, to contribute to the
development of GPDs specifically for this application. GPDs have several features that are
important for these types of applications: relatively high detection efficiency at typical WLS
light wavelengths (compared to typical PMTs); high gain; acceptably low dark count rates (for
gated operation) with modest cooling; low sensitivity to magnetic fields; and greatly simplified
readout electronics, supply voltage requirements, and cable plant. The GPD is intrinsically a
digital device, but a certain degree of photon-counting capability could be achieved by multipixel readout of each fiber (similar to the principal of the Si-PM) - such a configuration could be
self-triggering by incorporating multiplicity logic in the readout.
GPDs have generated significant interest in the HEP community over the past year.
Presentations were made at the Snowmass conference detailing the operation of prototype
Hamamatsu GPD-based photodetectors, sometimes generically referred to as “Silicon PMTs
(SiPM).” The Hamamatsu devices are being considered for use by the T2K neutrino oscillation
collaboration (which includes some of the CSU group). Testing of SiPMs produced by a Russian
group will continue at Northern Illinois Univ and other locations for possible use in muon system
and calorimeter readout systems. These devices consist of large (~1000 pixel per 1mm diameter
fiber) arrays of very small (less than 50µm diameter) GPD pixels, with outputs summed to
approximate an analog readout of the photon flux. The aPeak approach is to simplify these
devices as far as possible, using much smaller numbers of much larger pixels (~16 square pixels
~165 µm per side per fiber) to reduce complexity and provide a high rate, low cost photodetector
option for detectors that need only binary (hit/no-hit) information, or photon counting ability
over a modest range. The aPeak device has the potential advantage of even lower operating
voltage them the other similar devices, around 14 V, rather than above 100 V (other advantages
include high volume manufacturing and process repeatability due to the use of industry standard
processes). Preliminary results were presented by Wilson at the 2005 ILC Physics and Detector
Workshop (Snowmass, Colorado) and Stefan Vasile (aPeak Inc.) at the IEEE Nuclear Science
Symposium, Rome 2004.
A combination of the GPD features could reduce the system cost considerably. Geiger-mode
devices produce volt-size signals that do not need a preamplifier and the simple active quench
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circuit required could be done on-chip, providing a digital output. The low voltage power supply
and cabling cost should be somewhat lower than for a PMT HV system. Insensitivity to magnetic
fields and small size would allow the photodetector to be close to the active detector region,
which could reduce the optical fiber plant considerably, resulting in a robust, compact, and
relatively inexpensive readout system.
This proposal is a continuation of our 2004 proposal for research into Geiger-mode Avalanche
Photodiodes applications that was partially funded as part of the LCRD program last year; we
received a small ($13,500), but beneficial, component of that proposal (the funds were received
only in October of this year). These funds allowed us to integrate our system with the muon
system test bed. The previous year, we received modest but essential LCRD program funding
($15,000) that allowed us to develop temperature control hardware and software to control GPD
operating temperatures and study the impact of this control on dark count rate and detection
efficiency. This system is used extensively in the current and proposed stages of this project.
In addition to the LCRD funding, in 2004 we completed a successful separate R&D program
funded by a Phase I SBIR (Small Business Innovative Research) R&D award to aPeak Inc. The
results from this research were sufficiently interesting that aPeak was granted a Phase II award of
$735,000 to continue this research, with a subcontract to CSU of approximately $170,000 over
two years. A great deal of critical research on GPD performance is supported by this SBIR
funding, but it is essential that LCRD funding continue to allow us to interface with the LCRD
muon group. In particular we wish to:



continue participation in the design and planning of the muon system test beds to ensure
compatibility with the GPDs (Year 1);
optimize our GPD fiber readout system using the experience from the SBIR-funded
research and in the LCD muon system test bed (Year 2).

Status Report
A combination of LCRD and aPeak SBIR funding allowed us to develop a LabVIEW based
computer controlled temperature control system to regulate the temperature of the GPD junctions
to approximately +/- 1 degree Celsius (see Fig. 1, Fig. 2).
The temperature control was achieved by monitoring the temperature of the GPD case with a
thermocouple and using this as feedback to control the current supplied to a Peltier junction
cooling system. The analog readout and current control was provided by a LabJack U12 DAQ
system, controlled and monitored via a LabVIEW routine developed and tested at CSU. Data
from this temperature control system was integrated directly into our GPD data collection
system, allowing us to monitor the GPD temperature on an event-by-event basis.
Measurements of prototype GPD pixels from aPeak have been conducted on a test bed developed
here at CSU, and show a clear dependence on temperature of both dark count rate (DCR) and
detection efficiency (DE) for cosmic ray events (see figures 3, 4). We observe DCR reductions
of a factor of three to four and single pixel detection efficiencies in the range approaching 20%.
These are the first such measurements on the aPeak devices.
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Significant progress has been made at aPeak (funded by the SBIR) towards producing a 64-fiber
readout GPD device. Indeed, an initial prototype device has been fabricated (Fig. 5) and the
functionality has been validated at aPeak Inc; testing with triggered light sources and cosmic rays
will begin early next year at CSU.
Testing of this device in an LCD muon system test bed is listed as one of the primary goals and
justifications for the SBIR award. We have received funding as part of that award to develop the
hardware and software necessary to make these tests; the necessary EDIA and travel for this
work is being funded by the LCRD grant we received in October 2005 and the funds that we
request from LCRD in 2006 and 2007. Work has begun on the design of an optical coupling
transition allowing us to read out fiber bundles from the muon system test bed.

Fig. 1A: Peltier junction cooling device inside

Fig. 1B: Peltier junction cooling device closed
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Fig. 2: Temperature stability as a function of time for -20, -30 and -40 degrees Celsius, as
measured by a thermocouple mounted to the GPD case.

Fig. 3B: Variation in detection efficiency as a
function of bias voltage at different
temperatures

Fig. 3A: Variation in dark count rate as a
function of bias voltage at different
temperatures

Figure 4: Maximum detection efficiency as a function of temperature.
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Fig. 5: 64-fiber readout prototype device produced by aPeak Inc. [Proprietary information under
the FOIA act.]

Project Activities, Deliverables, and Budgets
We present our proposed activities, deliverables, and budgets below in two sections: a minimal
proposal, which assumes funding at the level awarded as a result of last years’ proposal, and an
optimal version, which allows us to expand the scope of our work to a level that takes better
advantage of the opportunities presented by the SBIR funds. These funds will be enhanced also
by an internal Academic Enhancement Program (AEP) award from Colorado State University.
This award is to expand our High Energy Group photodetector applications research lab, so that
we can test and compare a wider range of devices for LCD system readout. For example, during
the next few months we will acquire an MAPMT and readout electronics using these funds. Our
ultimate goal is to work with the muon system group on whichever photodetector system is
demonstrated to be the optimal choice for the experiment.
2006 Project Activities and Deliverables
Testing of the GPDs in the LCD muon system test bed is scheduled for the mid-2006. LCRD
funding from 2006 will allow us to interface with the LCD muon system team to ensure a
smooth mechanical interface between the GPD array and the test bed fiber bundle, and also to
develop the interfaces necessary to allow us to read out the GPD array signals as part of the
muon system test bed electronics. This will allow a direct comparison between GPD
performance and that achievable with other photodetector technologies.
The additional funding requested beyond the previously-awarded funds will allow us to support a
second-year graduate student for the summer to participate in the data analysis of GPD data, as
well as additional personnel and travel funds to support a trip to an ILC meeting and a summer
conference (ILC workshop, such as Snowmass ‘05), to present results from our GPD research.
These additional funds will leverage the AEP award from the University for a photodetector
research lab to serve the needs of the ILC community. Our goal is to increase our overall
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involvement in ILC photodetector research. This activity would also contribute to the
development of detectors required for specialized hadron identification systems if such is
desired.
2007 Project Activities and Deliverables
In 2007 we will analyze the data collected in the 2006 test beam run. Using this information, we
will design an improved GPD-based system with the goal of developing a proposal for a highreliability, cost effective GPD-based readout system for use in LCD muon system readout.
Additional funding requested beyond the existing LCRD program will allow us to involve a
second-year graduate student in the muon system program, assisting us either to integrate the
GPDs into the muon system readout system software and electronics hardware and/or to take
advantage of the funding available through the AEP to further our involvement in ILC photo
detector applications.
Budget Justification
Year 1:
Integration of the GPD array prototypes into the ILC test bed will require cooperation with the
muon detector group, largely centered in close proximity to Fermi National Accelerator Lab. A
continuation of the current level of funding (Table 1) would provide funds to cover
approximately 152 hours of EDIA (at the Technical Design Facility rate of $53 per hour) and
two 2-day trips (@ $600 each) to the Chicago area for coordination of this effort. This modest
level of support would allow us to sustain a basic presence and linkage between the aPeak
development and LCD.
A modest additional level of support (Table 2) would take far better advantage of the SBIR and
university funds. It extends the minimal support with: summer salary for a non-resident graduate
student (Rey Nann Ducay – who has 5 months experience working with the devices in our lab);
purchase of enough WLS and clear fiber ($4150) machined and polished at FNAL ($2,000) to
built a small 64-fiber test bed at CSU (currently we have only 8 fibers); a trip an international
ILC workshop/conference to report on progress/ results ($1200); additional travel ($800) to bring
the aPeak designer (Stefan Vasile) to a LC workshop to present technical data about the device
(this small business does not have funds to provide this themselves); and an additional 48 hours
of EDIA support to increase technical support of the ILC muon detector project, particularly for
integration of both GPD and MAPMT readouts.
Year 2:
Following testing in the ILC muon system test bed, the GPD array readout concept will need to
be revised and developed for potentially larger scale systems. Designs for electronics and
mounting schemes demonstrating feasibility of the GPD concept will be required. The same
level of continuation funding as this year would provide approximately 157 hours of EDIA (at
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the projected Technical Design Facility rate of $55/hour) but only a single 2-day trip to the
Chicago area to begin development of an initial muon system readout utilizing GPD arrays.
Optimal support would provide also: salary for a senior non-resident graduate student for a full
year to participate in the full system testing and analysis; additional trips to FNAL and an
international ILC workshop/conference; and additional EDIA (200 hours total) to allow greater
involvement of our technical personnel in the ILC muon detector project; an estimate for M&S
of $7,500 is based on past experience for such items as cables, mounting prototype and
fabrication, other supplies needed for a beam test. More detailed budget would be provided in the
next continuation proposal.
Table 1: Budget – FY05 Level
Item
Other Professionals*
Graduate Students
Undergraduate Students
Total Salaries & Wages
Fringe Benefits (grad. student only @ 3.6%)
Total Salaries, Wages & Fringe Benefits
Equipment
Travel
Materials & Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (46%)
Total Direct & Indirect Costs

Year 1
$ 8,047

Year 2
$ 8,647

Total
$ 16,693

8,047
8,047
$0
1,200
9,247
4,253

8,647
8,647
$0
600
9,247
4,253

16,693
16,693
$0
1,800
18,493
8,507

$13,500

$13,500

$27,000

Table 2: Budget Request
Item
Other Professionals*

Year 1
$10,600

Year 2
$11,000

Total
$21,600

Graduate Students
Undergraduate Students
Total Salaries & Wages
Fringe Benefits* (grad. student only @ 3.6%)
Total Salaries, Wages & Fringe Benefits
Tuition
Equipment
Travel
Materials & Supplies
Other Direct Costs
Total Direct Costs
Indirect Costs (46% on TDC excl. tuition)

$4,560
$0
$15,160
$164
$15,324
$3,200
$6,150
$24,674
$11,350

$18,240
$0
$29,240
$657
$29,897
$1,958
$2,400
$7,500
$41,755
$18,307

$22,800
$0
$44,400
$821
$45,221
$1,958
$5,600
$13,650
$66,429
$29,657

Total Direct & Indirect Costs

$36,024

$60,062

$96,086

* EDIA is billed at an hourly rate so fringe benefits are not provided explicitly. The fringe
benefit rate for engineers in this facility is 20.3%.
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Particle Identification Issues
for Linear Collider Detectors
Classification:
Linear Collider Detector – Particle Identification

Institution and Personnel requesting Funding
Colorado State University
Robert J. Wilson, Professor
David Warner, Engineer
Wilson has designed and built particle identification systems in experiments such as the SLD
experiment Cerenkov Ring Imaging Device (CRID); BaBar Detector of Internally Reflected
Cherenkov light (DIRC). He has been the coordinator of the Particle ID subgroup of the
American Linear Collider Physics Group, contributed to the Snowmass Resource Book, and has
given numerous presentations on hadron ID issues for Linear Collider experiments.

Collaborators
Blair Ratcliff (SLAC) – subsystem hadron ID performance and hardware
Anthony Johnson and Norman Graf (SLAC) – software infrastructure

Project Leader
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033

Project Overview
A primary goal of the next linear collider is to provide detailed investigations of fundamental
physics in the 500-1000 GeV energy regime that are not possible with a hadron collider. While
Particle Identification (PID) in the broad sense will certainly play a central role [1], the extent to
which identification of stable hadrons (pi, K, p) is required remains an open question. The issue
has particular relevance for detectors without gas-based tracking systems, such as the SiD
detector concept, which lack even rudimentary hadron ID [2]. The primary purpose of this
proposed research is to support the core of activity of a Linear Collider Detector Particle ID
group.
A similar research plan proposed several years ago received strong support from the review
panel at the time but, as with many other priority requests, the available level of support allowed
for only slight progress. However, as a more concrete timeline for detector Conceptual Design
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Reports is now being developed, the issue has reach a level of urgency that warrants a renewed
attempt to provide more concrete information on which to base detector design decisions.
We propose to build on previous work in three areas: (1) Investigation of the need for particle
identification in linear collider physics analyses, with particular emphasis on hadron
identification – in particular, this will include conversion and expansion of an existing fast
Particle ID package [3] and its integration into the JAS31-based Linear Collider Detector (LCD)
simulation package; (2) Investigation of the performance parameters required of a specialized
hadron ID subsystem (if one is justified) and its impact on the overall experiment performance;
(3) Liaison with detector concept groups and to re-establish and maintain an ILC PID web site
[4].
This effort is not uniquely affiliated with any of the existing detector concept groups since
the primary questions to be addressed in the proposal are generic to ILC physics. In addition,
historically, the investigation of dedicated hadron ID subsystems has not been favored by current
groups since the physics benefit for doing so is unclear and the effect on other aspects of detector
performance is presumed to be negative. We will address both of these issues quantitatively in
this activity.
Investigation of the LC physics justification for hadron ID will be done in collaboration with
members of the various detector concepts groups and with the Linear Collider Flavour
Identification collaboration in the UK [5]. For hadron ID hardware subsystem issues we will
communicate closely with Stanford Linear Accelerator Center (SLAC) scientist Blair Ratcliff
and members of his group. The software infrastructure tasks will be done in close collaboration
with Anthony Johnson and Norman Graf (SLAC).

Broader Impact
The broadest impact of this proposal is, of course, as part of the vast intellectual endeavor of
the International Linear Collider itself. However, this activity will make specific contributions to
the broader impact of the project in several ways.
One example is the integration of research and training of the next generation of scientists.
This project will continue a successful strategy used by the PI for several years, in which linear
collider (LC) projects have been used to introduce new students (primarily graduate, but also
some undergraduate) to high energy physics and scientific software design and implementation.
Two recent PhD recipients (Mahalaxmi Krishnamurthy and Qinglin Zeng) received their initial
training working with a prototype of the particle identification package proposed here. Both
learned object oriented programming and the fundamentals of event generation and detector
simulation on the LC tasks. They were both then able to move directly into analysis of a current
experiment (BaBar). Recent B.S. (John Cairns) and M.S. (Sky Rolnick) recipients worked
together to produce a complete package and though are no longer with the CSU HEP group,
report that the experience has opened up opportunities for them on their career paths. As with
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those previous projects, we will again train students in skills (software and web-based tutorial
and information access) that will be valuable beyond the direct application to LC physics.
Another example of broader impact is the investigation of specialized hadron ID systems,
which will involve collaboration with existing detector hardware projects. We anticipate that a
demonstration of the need for such systems will spark interest and development in industry,
particularly for the development of new photodetectors. The PI has already been approached by a
small business (aPeak Inc., Boston, MA) about the possibility of a collaboration to develop
silicon devices optimized for use with a compact Cerenkov detector (this would be an outgrowth
of work currently being done with aPeak Inc. for LC muon systems).

Background
As described in the overview, the most pressing PID issue is the longstanding question of the
need for hadron identification for high energy Linear Collider physics; this question is
particularly acute for the SiD detector concept, which has silicon as the primary tracking device.
This detector would lack even the basic hadron ID capabilities provided by gas-based trackers
[2]. There have been a few limited efforts to address this issue: Mercadante and Yamamoto [6]
have shown that the production of long-lived tau slepton pairs in a certain mass range may be
detected with dE/dx in a gaseous tracking chamber; Wilson [7] has investigated the effect of
hadron ID on neutral B meson tagging; and Soffer has considered the use of hadron ID for charm
vertex tagging and R-parity and baryon number violating SUSY decays [8].
Most such studies have been done with crude event generator-level ID, partly due to the lack
of tools in the U.S. group's standard simulation and reconstruction package. No compelling
justification for hadron ID has been found, however, the investigation is clearly incomplete, in
large part due to the lack of a sustained effort. As a practical matter, many of the associated
issues have low priority in the individual detector concept groups, but taken together they
represent an important part of any overall detector design optimization.

Results of Prior Support
In late summer 2003 we received supplemental funds from DoE to develop a JAS2-based
package for PID fast simulation and reconstruction that would be easy to use, flexible, and
provide tools to allow users to use PID information in their analyses. This work was a subset of a
more comprehensive 2002 proposal to investigate the hadron ID issues, similar to that being
proposed here.
The award of $30,000 was used primarily to provide salary and tuition for graduate student
Sky Rolnick and partial salary for undergraduate student John Cairns (who was also a
professional software developer at the time). The package was essentially completed, tested,
documented and presented at the 2004 Linear Collider Workshop in Victoria. In this section we
summarize the results of that activity.
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Introduction
The Particle ID package consists of simulation, reconstruction, and analysis code specifically
designed to simulate particle identification at the Linear Collider. It provides the infrastructure to
add fast simulation for detector subsystems; provides functional examples of subsystems; and
extends the existing event reconstruction class with particle ID information that can be used in
user analysis code. It includes the capability to read several different data types, including LCD
simulation files and StdHep data files directly. The package was designed to be detector
independent so the user will be able to simulate a wide range of detectors either by creating a
custom geometry file or choosing from several predefined geometry files. Other useful features
of the PID package are: the ability to use multiple PID subsystems; run-time change of geometry
parameters; set global or subsystem specific ID thresholds, such as log-likelihood differences;
tools for calculating efficiencies and purities; and a class to combine the PID information derived
from multiple subsystems (e.g. tracker dE/dx and calorimeter energy) into a single best-estimate
parameter.
The current framework, available on the web [9], is a functional version of how particle ID
could be implemented into the JAS v2.2.5 LCD structure. Future development is needed in order
to bring the PID package into full functionality and, since the PID project was started, the core
ILC software groups at SLAC and DESY have changed the base code to JAS3, which makes
extensive use of the AIDA2 system. A deliverable of this proposal is to convert the existing
package to function with JAS3 and AIDA.
The particle ID package has been designed to be simple, flexible, and extensible for the end
user. Our aim was to create a package that would allow users to simulate detector subsystems
and include particle ID information into their analysis with minimal coding effort. A user can
now add particle ID information to an existing driver file with as little as four lines of code. The
package is flexible, in that it allows many of the detector parameters to be altered directly from
the driver file during compile time and allows users to simulate several detector geometries
simultaneously (e.g. l2, l2dirc, s2, s2dirc) for comparison in analysis.
A significant improvement over the original package was to restructure the code into separate
fast simulation, fast reconstruction, and user analysis code modules, as illustrated in Figure 1. By
separating out the simulation code from the reconstruction code, it is more portable and
maintainable and provides the user with more flexibility in the way they choose to do analysis. In
Figure 2, we provide an example of the basic JAS code to perform an analysis that includes PID
information layered on top of the original MCFast code for fast simulation (track smearing) of
generator level Monte Carlo events. After MCFast fills the LCDEvent, MCFastPID performs the
equivalent fast simulation for PID parameters (track energy loss, dE/dx, by default). This is
followed by a PIDRecon module that takes subdetector specific information such as dE/dx or
Cerenkov angles and converts it to particle likelihoods based on models of expected values for
different particle hypotheses. The PIDCombiner module uses PID information from all available
subsystems and combines it into a single best-estimate for particle type and provides a numerical
2
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value for the confidence in the ID assignment. This information is made available to the user
analysis code (PIDAnalyzer). If desired, a final module PIDEfficiencyPurity will calculate and
print the efficiency and purity matrices for the analysis.

Figure 1: Program flow for particle ID software package, and the separation of simulation from
reconstruction.

Figure 2: Program flow for particle ID software package, and the separation of simulation from
reconstruction.
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Software Design and Infrastructure
To allow the user to control all the parameters of simulation and reconstruction from a single
driver file, without having to modify the source code, we have developed several control classes.
The abstract class AbsPIDSystem can be extended to allow the user to define a detector and
build all the necessary PID components based on the detector design. An instantiated PIDSystem
defines a set of contributing systems and a detector name and provides the functionality to add,
post facto, subsystems not implemented in the original design. The use of these classes allows a
user to create a set of detector subsystems and add the output of the subsystem simulation or
reconstruction to the event reconstruction data.
The detector geometry for PID subsystems is no longer hard-coded into the software, as in
earlier versions, but rather is provided through data files consistent with other LCD detector
geometry files. New parameters have been added to the geometry files that are specific to the
particle ID module, and provision has been made for others to be added in future simulation
modules. Several of these parameters can be modified at run time through convenience methods,
allowing the users to loop over various subsystem combinations such as dE/dx alone, then dE/dx
plus Time-of-Flight.
The PIDInfo class is the primary class through which the user extracts and stores particle ID
information for an event. It contains all relevant particle ID information such as: lnLikelihood
differences, lists of contributing subsystems, reconstructed best-ID (“goodness”) parameters, and
the various convenience tags (isaKaon, notaPion etc.). The information stored in PIDInfo can be
accessed through the ReconstructedParticle class after all Particle ID information has been
combined using the PIDCombiner. The ReconstructedParticle class was developed in
collaboration with SLAC LCD detector group. The user can use this information to create their
own selection algorithms and likelihood cuts. Subsystems can be enabled or disabled at run time
by the user, which is useful for studying PID algorithms.
The user has the ability to incorporate their own analysis routines and PID subsystems into
the structure. This is done by the standard JAS procedure of extending a Driver (or
AbstractProcessor) and including a process method to make the LCDEvent available. A feature
of the package is that the user can choose either default PID selection parameters, such as
minimum ID thresholds (e.g. 2-sigma pi-K separation) for the various subsystems, or set
thresholds themselves. In order for users to simulate subsystems not currently implemented into
the package they must create classes that extend these base classes, as well as modify the
detector.ini files to include detector geometry specific parameters. Example simulation classes
are provided, including a module SmearDEdx that has user-selectable models of track energy
loss in gas-based detectors (e.g. Sternheimer model and the Yamamoto et al. parameterization
[10]). There is also an example module for fast simulation of a specialized hadron ID system
SmearDIRC (developed by Wilson). Developing additional modules based on these examples is
straightforward.
By default the driver module MCFastPID will check for available subsystems through the
detector.ini file, but additional “smearing” drivers can be passed to MCFastPID directly by the
user. Figure 3, shows the code structure of the fast tracker simulation and illustrates one aspect of
the kinds of modern code design tools used for the project.
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Figure 3: Code structure for fast simulation of energy loss in a tracker – the user may instantiate one of
several energy loss models that have been implemented (Dzierba, Sternheimer, Yamamoto), or add their
own.

Example uses and results of the PID Package
In this section we illustrate the functionality of the package by presenting a representative
selection of histograms that may be created. They are produced from a dataset of ILC Monte
Carlo top quarks events generated at 500 GeV center of mass energy (except for Figure 7, which
came from a Z-Higgs dataset).
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Figure 4: Example distributions from the fast PID simulation. Top row – gas-based tracker energy loss
resolution, energy loss as a function of momentum, and comparison of energy loss for pions and kaons.
Bottom row – a compact Cerenkov system (DIRC) fast simulation of the Cerenkov angle resolution,
value for pions and kaons for the entire spectrum, and comparison for pions and kaons in a limited
momentum range.

Figure 5: Energy loss (left) and separation in units of detector resolution sigma (right) for pions
and kaons as a function of momentum in a gas-based tracker with energy loss resolution of 4.5%.

R.J.Wilson

8

Colorado State University

860

Figure 6: Reconstructed particle types (“PTypes”) from fast simulation. The histograms show the particle
identity assigned by the reconstruction code based on user criteria for ID “goodness” (likelihood
differences) for true pions (top left), kaons (top right), electrons (bottom left), and muons (bottom right).

Figure 7: Momentum distributions (top) and reconstructed log-likelihood difference (bottom) between the
best ID hypothesis and the next best hypothesis for true pions (left) and kaons (right). The plateau at a
lnLikelihood difference of 50 (~10 sigma separation) is imposed by the package as a practical cutoff.
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Figure 8: Efficiency and purity for kaons as a function of the achievable energy loss resolution in a gasbased tracker (left) and the efficiency and purity for kaons as a function of the user set separation
threshold (in Gaussian sigma). These plots illustrate the flexibility of the package to allow the user to loop
over detector performance parameters to investigate the effect of design decisions on PID performance.

Physics Requirements for Particle ID
To ensure the success of the Linear Collider program, the detector capabilities needed to
address different physics scenarios should be well-understood before significant resources are
spent on detector R&D. For example, detector designs should not be optimized assuming that
hadron ID is not required before there has been a thorough study of the physics that may be lost
due to this assumption. Though preliminary studies found no obvious need for hadron ID, it is
clear that more time and thought should be invested to understand these questions. In some
cases, improvements to our previous work are obvious. For example, Soffer’s study of the use of
proton ID to detect Rp and baryon number violating neutralino decays should be extended to the
lower-background center-of-mass energies below the t-tbar threshold, and repeated with different
SUSY parameters. Wilson’s b-tagging and single particle ID studies should be extended to
higher energies and integrated with the work of the Linear Collider Flavor Identification
collaboration. Similarly, the significance of other PID requirements, such as low-momentum
lepton ID, must be determined in coordination with detector subsystem and physics working
groups.
In parallel with the task of identifying physics processes that might benefit from hadron ID,
there should not only be an evaluation of the hadron ID potential of gas and silicon-based
tracking systems, but also of specialized detectors, such as scintillator time-of-flight or quartzbased Cerenkov ring-imaging devices. The state-of-the-art in the technology used in such
systems has advanced considerably in the last few years so that compact PID systems are more
feasible than it appeared in the past.
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The detrimental effect of introducing an additional subsystem into a detector needs to be
investigated carefully. A study on photon resolution degradation in the calorimeter due to
additional material was been performed by G. Bower [11] gave reason for optimism, but it did
not include the effect on particle flow algorithms that are now an essential component of several
calorimeter designs. A set of benchmark physics processes is needed to allow a quantitative
comparison of the loss or gain associated with different technology choices.

Facilities, Equipment and Other Resources
The High Energy Physics group at Colorado State University maintains a cluster of more
than 20 LINUX computers and data servers providing 2 Tb of RAID storage. The HEP
laboratory is equipped with a standard data acquisition and other equipment needed for
photodetector testing. In 2006 the group will receive university funds to update both the
computing facility and photodetector applications lab.

Year 1 (2006/07) Project Activities and Deliverables
TASK I. SIMULATION

We will: convert the existing fast JAS v2.2.5 PID simulation and reconstruction package to allow
its integration with existing core code-base (and continue to adapt it as the implementation of the
core packages are refined by the central software groups at SLAC and elsewhere); refine existing
subsystem simulation and reconstruction as needed (e.g. updated DIRC simulation based on
feedback from the Ratcliff group); add new basic fast simulations for other PID systems, such as
Time-of-Flight, as needed.
TASK II. USE OF HADRON ID FOR LC PHYSICS

We will: perform a broader study of the physics justification for hadron identification – this will
include extensions to our previous studies to other energies, and a broader range of physics
channels; help to generate a list of benchmark physics processes for the physics working groups
to use for quantitative comparisons of the capabilities and negative effects of particle ID
technologies.
TASK III. PID COORDINATION ACROSS SUBSYSTEMS

We will: work with detector concept groups to develop a definition of the software interface and
infrastructure issues related to heavy particle identification; re-establish and maintain a web site
for communication of particle ID developments.
TASK IV. PLANNING FOR SPECIALIZED HADRON ID SUBSYSTEM

We will: do first stage planning for a potential hadron ID subsystem R&D program to be started
in Year 2 if such a system is indicated by the preliminary results of tasks I and II.
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Deliverables will include reports on each of these categories at ILC workshops or other
meetings.

Year 2 (2007/08) Project Activities and Deliverables
Task I. Continuation of tasks I, II, and III of year 1, but to include final recommendations of the
PID investigation to the Global Design team.
Task II. If there is sufficient indication from Year 1 of the need for a specialized hadron ID
subsystem, such as a next generation DIRC or TOF system, a significant R&D program should
be started in Year 2. The specific program will depend on the outcome of Year 1 planning (Task
IV).

Budget and Budget Justification
Table 1: Project budget. Year 2 entries are only estimates, and do not include M&S and equipment (see
text for further explanation).

FY2006/07 (k$)
1 FTE post doctoral researcher (12 mths)
fringe@20.3%
Graduate student (12 mths incl. fringe)
fringe@3.6%
Technical support*
Domestic Travel:
International Travel
Equipment
M&S
Tuition (2 semesters non-resident)
Total direct costs
Indirect cost @ 46% (excl. tuition)
Total:

46.0
9.3
18.6
0.7
4.2
5.4
5.0
0
0
15.0
104.2
41.0
145.2

FY2007/08 (k$)
Estimates
47.8
9.7
19.3
0.7
19.6
6.6
5.2
tbd
tbd
16.2
125.1
50.1
175.2

*Technical support is provided at an hourly rate of $53 in AY2006 and estimated with 4% inflation in
AY2007. This charge includes personnel salary fringe rate of 20.3%.

The major expenses in both years 1 and 2 are for personnel. The primary impediment to
progress on the hadron ID issues has been the lack of full-time effort at the level of a PhD.
Providing support for a graduate student in addition will not only increase the number of topics
that can be addressed but also provides the opportunity for training future personnel and give
additional support for performing this activity in a university setting. The tuition amount is for a
full-time non-resident graduate student.
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The technical support request is for project engineer and HEP lab manager David Warner. In
year 1, we request 80 hours, which we estimate is the time needed for Warner to assist in the
planning for an R&D program the following year. This time includes one trip to SLAC to consult
with SLAC collaborators. In the second year, we estimate the need for two months of effort from
Warner, however, this request and that for M&S and equipment for such an R&D effort will be
revisited in a revised Year 2 proposal based on the outcome of the year 1 studies.
Travel support in year 1 is estimated at 6 domestic trips at $900/trip. These include 2 trips
each to ILC workshops for the PI and post doc, 1 such trip each for the student and project
engineer. An additional trip is budgeted in year for the engineer. Two international trips at
$2500/trip are budgeted to allow participation of the PI and post doc in ILC workshops in Europe
or Asia.
Fringe benefits account for less than 10% of the request. The indirect cost (IC) rate is 46%;
no IC is applied to tuition. Inflation at 4% has been used in the estimated of Year 2 costs.
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Appendix: Participation Data and Table of Project Summaries
Participation Data
Number of projects, regardless of funding status
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

year 1
33
9
3
11
12
3
71

year 2

year 3

29

30

9

9

3

1

11

12

13

10

3

3

68

65

Funds already awarded, or promised: DOE + NSF FY04
FY05
Accelerator Physics total
$442,430 $506,780
Luminosity, Energy, Polarization total
$75,000 $112,250
Vertex Detector total
$72,000
$64,500
Tracking total
$152,000 $211,250
Calorimetry total
$320,000 $277,500
Muon and Particle ID Systems total
$26,000
$27,000
Total
$1,087,430 $1,199,280

Funding requested by new (and renewal)
proposals
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

this year
36
7
5
9
12
3
72

FY06
$458,015
$0
$0
$0
$0
$0
$458,015

FY06
FY07
$3,323,202 $3,242,089
$355,574 $376,156
$319,237 $396,370
$630,914 $733,100
$1,158,480 $1,267,171
$363,750 $428,902
$6,151,157 $6,443,788
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Status of FY06 support
Accelerator Physics total
Luminosity, Energy, Polarization total
Vertex Detector total
Tracking total
Calorimetry total
Muon and Particle ID Systems total
Total

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

Authors
U.S. Universities
National and industrial laboratories
Foreign institutions
Total

funding
promised
11
0
0
0
0
0
11

new
proposal

renewal
proposal

22

3

3

4

4

1

4

5

6

6

1

2

40

21

year 1
47
7
11
65

year 2

year 3

48

49

5

7

11

23

64

79

year 1
209
70
18
297

year 2

year 3

220

204

58

71

25

55

303

330

total
36
7
5
9
12
3
72

this year
51
8
25
84

this year
248
76
42
366
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Table of Project Summaries
renewal

2.2. Beam Test Proposal of an Optical Diffraction Radiation Beam Size
Monitor at the SLAC FFTB (p. 35)

Accelerator
Yasuo Fukui
fukui@slac.stanford.edu
(650) 926-2146
Physics
Collaborating institutions: UCLA KEK SLAC Tokyo Metropolitan Tomsk
Polytechnic
Previously awarded support: FY04: 40,000 FY05: FY06: DOE
Request for new support: FY06: 30,000 FY07:
progress
2.3. Design and Fabrication of a Radiation-Hard 500-MHz Digitizer
report
Using Deep Submicron Technology (p. 51)
Accelerator
K.K. Gan
gan@mps.ohio-state.edu
(614) 292-4124
Physics
Collaborating institutions: Ohio State SLAC
Previously awarded support: FY04: 60,000 FY05: 60,000 FY06: 75,000 DOE
Request for new support: FY06: 75,000 FY07: 64,000
progress
2.4. RF Beam Position Monitors for Measuring Beam Position and Tilt (p.
report
59)
Accelerator
Yury Kolomensky
yury@physics.berkeley.edu
(510) 642-9619
Physics
Collaborating institutions: UC Berkeley Notre Dame SLAC
Previously awarded support: FY04: 40,000 FY05: 34,600 FY06: 34,600 DOE
Request for new support: FY06: 34,600 FY07:
2.7. Fast Synchrotron Radiation Imaging System for Beam Size
renewal
Monitoring (p. 71)
Accelerator
Jim Alexander
jima@lns.cornell.edu
(607) 255-5259
Physics
Collaborating institutions: Albany Cornell
Previously awarded support: FY04: 21,082 FY05: FY06: NSF
Request for new support: FY06: 28,790 FY07: 0
progress
2.9. Radiation damage studies of materials and electronic devices using
report
hadrons (p. 76)
Accelerator
David Pellett
pellett@physics.ucdavis.edu
(530) 752-1783
Physics
Collaborating institutions: UC Davis Fermilab SLAC
Previously awarded support: FY04: 33,059 FY05: 38,000 FY06: 38,000 DOE
Request for new support: FY06: 38,000 FY07:
progress
2.18. Control of Beam Loss in High-Repetition Rate High-Power PPM
report
Klystrons (p. 87)
Accelerator
Chiping Chen
chenc@psfc.mit.edu
(617) 253-8506
Physics
Collaborating institutions: MIT
Previously awarded support: FY04: 20,000 FY05: 30,000 FY06: 35,000 DOE
Request for new support: FY06: 35,000 FY07:
870

progress
report
Accelerator
Physics

2.22. Investigation of Novel Schemes for Injection/Extraction Kickers (p.
97)
George Gollin

g-gollin@uiuc.edu

(217) 333-4451

Collaborating institutions: Cornell Fermilab Illinois
Previously awarded support: FY04: 22,822 FY05: 16,822 FY06: 16,822 DOE
Request for new support: FY06: 16,822 FY07:
progress
2.25. Investigation and prototyping of fast kicker options for the TESLA
report
damping rings (p. 110)
Accelerator
Mark Palmer
map36@cornell.edu
(607) 255-4240
Physics
Collaborating institutions: Cornell Illinois
Previously awarded support: FY04: 7,900 FY05: 135,000 FY06: 88,335 DOE
Request for new support: FY06: 88,335 FY07:
new
2.26. Continuing Research and Development of Linac and Final Doublet
proposal
Girder Movers (p. 117)
Accelerator
David Warner
Warner@lamar.colostate.edu
(970) 491-1035
Physics
Collaborating institutions: Colorado State SLAC
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 77,300 FY07: 69,900
progress
2.27. Effects of CSR in Linear Collider Systems: A Progress Report (p.
report
128)
Accelerator
James Ellison
ellison@math.unm.edu
(505) 277-4613
Physics
Collaborating institutions: New Mexico New Mexico State SLAC
Previously awarded support: FY04: 36,758 FY05: 36,758 FY06: 36,758 DOE
Request for new support: FY06: 52,386 FY07: 41,408
2.30. Beam simulation: main beam transport in the linacs and beam
progress
delivery systems, beam halo modeling and transport, and implementation
report
as a diagnostic tool for commissioning and operation (p. 143)
Accelerator
Dave Rubin
dlr@cesr10.lns.cornell.edu
(607) 255-3765
Physics
Collaborating institutions: Cornell SLAC
Previously awarded support: FY04: 16,060 FY05: 21,000 FY06: 33,900 DOE
Request for new support: FY06: 33,900 FY07:
2.34. Experimental, simulation, and design studies for linear collider
renewal
damping rings (p. 150)
Accelerator
D. Sagan
dcs16@cornell.edu
(607) 255-0918
Physics
Collaborating institutions: Cornell Minnesota DESY SLAC KEK LBNL NCA&T
Previously awarded support: FY04: 45,133 FY05: FY06: NSF
Request for new support: FY06: 94,854 FY07: 0
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progress
2.37. Demonstration of Undulator-Based Production of Polarized
report
Positrons at FFTB at SLAC (p. 161)
Accelerator
William Bugg
bugg@slac.stanford.edu
(865) 974-7799
Physics
Collaborating institutions: Princeton South Carolina Tennessee
Previously awarded support: FY04: 65,000 FY05: 40,000 FY06: 0 DOE
Request for new support: FY06: 0 FY07:
progress
2.40. Development of Polarized Photocathodes for the Linear Collider (p.
report
191)
Accelerator
Richard Prepost
prepost@hep.wisc.edu
(608) 262-4905
Physics
Collaborating institutions: SLAC Wisconsin
Previously awarded support: FY04: 34,616 FY05: 34,600 FY06: 34,600 DOE
Request for new support: FY06: 34,600 FY07:
progress
2.44. 20-MW Magnicon for ILC (p. 197)
report
Accelerator
J.L. Hirshfield
jay.hirshfield@yale.edu
(203) 432-5428
Physics
Collaborating institutions: Budker Institute Omega-P Inc. Yale
Previously awarded support: FY04: FY05: 60,000 FY06: 65,000
Request for new support: FY06: 65,000 FY07: 65,000
new
2.47. Magnetic Investigation of High Purity Niobium for
proposal
Superconducting RF Cavities (p. 204)
Accelerator
P. Lee
lee@engr.wisc.edu
(608) 263-1760
Physics
Collaborating institutions: Fermilab Wisconsin
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 70,000 FY07: 70,000
new
2.48. 3D Atom Probe Microscopy on Niobium for SRF Cavities (p. 213)
proposal
Accelerator
D.N. Seidman
d-seidman@northwestern.edu
(847) 491-4391
Physics
Collaborating institutions: Argonne Fermilab Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 43,800 FY07: 43,800
new
2.49. Experimental Study of High Field Limits of RF Cavities (p. 223)
proposal
Accelerator
D.N. Seidman
d-seidman@northwestern.edu
(847) 491-4391
Physics
Collaborating institutions: Argonne Northwestern
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 77,200 FY07: 79,090
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new
proposal
Accelerator
Physics

2.52. Investigation of Plasma Etching for Superconducting RF Cavities
Surface Preparation (p. 237)
Leposava Vuskovic

vuskovic@physics.odu.edu

(757) 683-4611

Collaborating institutions: Old Dominion University TJNAF
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 60,000 FY07: 60,000
new
proposal
Accelerator
Physics

new
proposal

2.53. Generation, Measurement and Transport of Flat Beams (p. 253)
Santiago Bernal

sabern@umd.edu

(301) 405 7292

Collaborating institutions: Maryland
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 80,000 FY07: 80,000
2.54. Relationships between deformation and microstructure evolution
and minimizing surface roughness after BCP processing in RRR Nb
cavities (p. 268)

Accelerator
Tom Bieler
bieler@egr.msu.edu
(517) 353-9767
Physics
Collaborating institutions: Michigan State Fermilab Texas A&M
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 103,069 FY07: 106,405
new
2.55. Photonic Band Gap Higher-Order Mode Coupler for International
proposal
Linear Collider (p. 279)
Accelerator
Chiping Chen
chenc@psfc.mit.edu
(617) 253-8506
Physics
Collaborating institutions: MIT
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 40,000 FY07: 40,000
new
2.56. Half-Reentrant SRF Cavity Development for the ILC (p. 295)
proposal
Accelerator
Terry Grimm
grimm@nscl.msu.edu
(517) 333-6455
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 319,950 FY07: 718,600
new
2.57. Circular Waveguide Power Coupler and HOM Damper for the ILC
proposal
(p. 308)
Accelerator
Terry Grimm
grimm@nscl.msu.edu
(517) 333-6455
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 262,180 FY07: 396,261
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new
proposal
Accelerator
Physics

new
proposal
Accelerator
Physics

2.58. Mandrels For Electroformed Superconducting Cavities For The
International Linear Collider (p. 317)
Lou Hand

lnh1@cornell.edu

(607) 255-6023

Collaborating institutions: Cornell
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 20,000 FY07: 0
2.59. Beam Size Monitors for the ILC Damping Rings and LET ILC
Synchrotron Light Monitors (p. 323)
David Hitlin

hitlin@hep.caltech.edu

(626) 395-6694

Collaborating institutions: Caltech SLAC
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 174,064 FY07: 185,330
2.60. Research and development for electropolishing of niobium for ILC
accelerator cavities (p. 339)

new
proposal
Accelerator
Michael J. Kelley
mkelley@jlab.org
(757) 269-5736
Physics
Collaborating institutions: William & Mary Virginia Tech TJNAF
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 227,468 FY07: 206,506
new
2.61. Development of a Helical Undulator for ILC Positron Source (p.
proposal
355)
Accelerator
Alexander
aam10@cornell.edu
(607) 255-3785
Physics
Mikhailichenko
Collaborating institutions: Cornell Daresbury
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 138,800 FY07: 174,700
new
2.62. Study of Space Charge Effects in the International Linear Collider
proposal
Damping Rings (p. 362)
Accelerator
Sekazi Mtingwa
mtingwas@ncat.edu
(336) 334-7423
Physics
Collaborating institutions: NCA&T LBNL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 69,320 FY07: 69,320
new
2.63. Modular DAQ Instrumentation for the ILC (p. 369)
proposal
Accelerator
Satish Dhawan
satish.dhawan@yale.edu
(203) 432-3377
Physics
Collaborating institutions: Yale
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 682,216 FY07: 139,014
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new
proposal
Accelerator
Physics

2.64. Longitudinal phase space monitors for the ILC injectors and bunch
compressors (p. 377)
Philippe Piot

piot@nicadd.niu.edu

(815) 753 6468

Collaborating institutions: Northern Illinois Argonne Fermilab
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 54,023 FY07: 55,427
new
2.65. Time-dependent electron/positron transverse bunch properties
proposal
measurements (p. 383)
Accelerator
Philippe Piot
piot@nicadd.niu.edu
(815) 753 6468
Physics
Collaborating institutions: Northern Illinois Argonne
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 88,200 FY07: 45,108
new
2.66. Design Studies for Converting CESR to a Damping Ring Test
proposal
Facility (p. 388)
Accelerator
Dave Rubin
dlr@cesr10.lns.cornell.edu
(607) 255-3765
Physics
Collaborating institutions: Cornell SLAC KEK LBNL Royal Holloway
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 88,936 FY07: 164,016
new
2.67. Stability, Matching and Sensitivity of Flat Beams (p. 399)
proposal
Accelerator
Eugenio Schuster
schuster@lehigh.edu
(610) 758-5253
Physics
Collaborating institutions: Lehigh Maryland
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 67,704 FY07: 69,212
new
2.68. DC Field Emission Studies from Isolated Niobium Nanoparticles
proposal
and Arrays (p. 416)
Accelerator
Bellave S.
bss2d@virginia.edu
(434) 924-6818
Physics
Shivaram
Collaborating institutions: Virginia
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 94,253 FY07: 90,434
new
2.69. Weld-Free Multi-Cell SRF cavity Development for the ILC (p. 437)
proposal
Accelerator
Richard York
york@nscl.msu.edu
(517) 333-6325
Physics
Collaborating institutions: Michigan State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 331,075 FY07: 378,966
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renewal

3.1. A Fast Gas Cerenkov Calorimeter for Luminosity Measurement and
Machine Monitoring (p. 456)

Luminosity,
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Energy,
Polarization
Collaborating institutions: Iowa State NIPT (Ukraine) Purdue SLAC Texas Tech
Previously awarded support: FY04: 35,000 FY05: 20,500 FY06: DOE
Request for new support: FY06: 45,500 FY07: 25,800
new
3.2. R&D for luminosity monitor (p. 461)
proposal
Luminosity,
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Energy,
Polarization
Collaborating institutions: METU (Turkey) INFN (Italy) Fairfield Iowa Bogazici
(Turkey) Cukurova (Turkey)
Previously awarded support: FY04: FY05: 0 FY06:
Request for new support: FY06: 30,221 FY07: 25,214
renewal
3.4. Extraction Line Energy Spectrometer (p. 470)
Luminosity,
Eric Torrence
torrence@physics.uoregon.edu
(541) 346-4618
Energy,
Polarization
Collaborating institutions: Oregon SLAC
Previously awarded support: FY04: 24,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 34,200 FY07: 35,200
3.5. A Demonstration of the Electronic and Mechanical Stability of a
renewal
BPM-Based Energy Spectrometer for the International Linear Collider (p.
479)
Luminosity,
Mike Hildreth
mikeh@undhep.hep.nd.edu
(574) 631-6458
Energy,
Polarization
Collaborating institutions: Notre Dame SLAC University College London Cambridge
Oxford
Previously awarded support: FY04: FY05: 25,250 FY06:
Request for new support: FY06: 135,600 FY07: 143,800
new
3.6. Polarimetry at LC (p. 489)
proposal
Luminosity,
Yasar Onel
yasar-onel@uiowa.edu
(319) 335-1853
Energy,
Polarization
Collaborating institutions: Bogazici (Turkey) Cukurova (Turkey) Fairfield Iowa
Iowa State Karlsruhe (Germany) METU (Turkey)
Previously awarded support: FY04: FY05: 0 FY06:
Request for new support: FY06: 36,553 FY07: 23,642
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renewal
Luminosity,
Energy,
Polarization

3.7. Compton polarimeter backgrounds (p. 498)
William Oliver

william.oliver@tufts.edu

(617) 627-5364

Collaborating institutions: SLAC Tufts
Previously awarded support: FY04: 10,000 FY05: 12,500 FY06: DOE
Request for new support: FY06: 12,500 FY07: 12,500
renewal
3.8. Incoherent and coherent beamstrahlung at the LC (p. 503)
Luminosity,
Giovanni Bonvicini
giovanni@physics.wayne.edu
(313) 577-1444
Energy,
Polarization
Collaborating institutions: Wayne State
Previously awarded support: FY04: 6,000 FY05: 22,500 FY06: DOE
Request for new support: FY06: 61,000 FY07: 110,000
4.1. Pixel Vertex Detector R&D for Future High Energy Linear e+ erenewal
Colliders (p. 515)
Vertex
Charlie Baltay
baltay@yalph2.physics.yale.edu (203) 432-3386
Detector
Collaborating institutions: Oregon Yale
Previously awarded support: FY04: 72,000 FY05: 64,500 FY06: DOE
Request for new support: FY06: 150,000 FY07: 250,000
new
4.2. Design of a Monolithic Pixel Detector Module (p. 531)
proposal
Vertex
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Detector
Collaborating institutions: U.C. Berkeley LBNL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 62,661 FY07: 70,159
new
4.3. Modular DAQ Development for the ILC SiD (p. 537)
proposal
Vertex
Satish Dhawan
satish.dhawan@yale.edu
(203) 432-3377
Detector
Collaborating institutions: Yale
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 40,000 FY07:
new
4.4. Vertex Detector Mechanical Structures (p. 544)
proposal
Vertex
Henry Lubatti
lubatti@u.washington.edu
(206) 543-8964
Detector
Collaborating institutions: Fermilab SLAC Washington
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 9,376 FY07: 17,611
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new
4.5. Pixel-level Sampling CMOS Vertex Detector for the ILC (p. 553)
proposal
Vertex
Gary Varner
varner@phys.hawaii.edu
(808) 956-2987
Detector
Collaborating institutions: Hawaii Tokyo Institute of Nuclear Physics (Poland) KEK
Pittsburg Nova Gorca Polytechnic (Slovenia) FNAL
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 57,200 FY07: 58,600
5.2. Development of Forward Tracking and GEM-based Tracking
renewal
Prototypes for the ILC (p. 572)
Tracking
Lee Sawyer
sawyer@phys.latech.edu
(318) 251-2407
Collaborating institutions: Louisiana Tech Indiana
Previously awarded support: FY04: 35,000 FY05: 27,000 FY06: DOE
Request for new support: FY06: 40,750 FY07: 42,750
5.7. Development of a Micro Pattern Gas Detector Readout for a TPC (p.
renewal
587)
Tracking
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Collaborating institutions: Cornell Purdue
Previously awarded support: FY04: FY05: 27,000 FY06:
Request for new support: FY06: 85,013 FY07: 174,263
5.8. Linear Collider Tracker Alignment System R&D and Simulation
renewal
Studies (p. 603)
Tracking
Keith Riles
kriles@umich.edu
(734) 764-4652
Collaborating institutions: Michigan
Previously awarded support: FY04: 45,000 FY05: 40,250 FY06: DOE
Request for new support: FY06: 147,000 FY07: 136,000
renewal
5.10. Long Shaping-Time Silicon Microstrip Readout (p. 614)
Tracking
Bruce Schumm
schumm@scipp.ucsc.edu
(831) 459-3034
Collaborating institutions: UC Santa Cruz
Previously awarded support: FY04: 72,000 FY05: 49,500 FY06: DOE
Request for new support: FY06: 53,000 FY07: 53,000
5.13. Continuation of Reconstruction Studies for the SiD Barrel Outer
renewal
Tracker (p. 627)
Tracking
Stephen Wagner
stevew@pizero.colorado.edu
(303) 735-6072
Collaborating institutions: Colorado
Previously awarded support: FY04: FY05: 27,000 FY06:
Request for new support: FY06: 61,500 FY07: 63,600
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5.15. Calorimeter-based Tracking for Particle Flow and Reconstruction of
Long-lived Particles with SiD Detector (p. 632)
Eckhard von
Tracking
evt@phys.ksu.edu
(785) 532-1644
Toerne
Collaborating institutions: Kansas State Fermilab SLAC Iowa Northern Illinois
Bonn (Germany)
Previously awarded support: FY04: FY05: 18,000 FY06:
Request for new support: FY06: 18,000 FY07: 18,000
renewal
5.17. Development of thin silicon sensors for tracking (p. 640)
Tracking
Daniela Bortoletto
daniela@physics.purdue.edu
(765) 494-5197
Collaborating institutions: Purdue
Previously awarded support: FY04: FY05: 22,500 FY06:
Request for new support: FY06: 68,970 FY07: 84,200
new
5.18. Development of Bulk Micromegas with ASIC Readout (p. 650)
proposal
Tracking
Michael Gold
mgold@unm.edu
(505) 277-2616
Collaborating institutions: LBNL New Mexico Occidental
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 91,165 FY07: 90,567
new
5.19. TPC signal digitization simulation and reconstruction studies (p.
proposal
658)
Tracking
Dan Peterson
dpp@lns.cornell.edu
(607) 255-8784
Collaborating institutions: Cornell
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 65,516 FY07: 70,720
6.1. Design and Prototyping of a Scintillator-based Hadron Calorimeter
renewal
(p. 671)
Calorimetry
Vishnu Zutshi
zutshi@fnal.gov
(815) 753-3080
Collaborating institutions: Colorado DESY Fermilab ITEP Northern Illinois Pavia
Previously awarded support: FY04: 50,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 50,500 FY07: 110,000
6.2. Study of the Performance of a Scintillator Based
renewal
Electromagnetic/Hadronic Calorimeter and Study of the BeamCal (p. 683)
Calorimetry
Uriel Nauenberg
uriel@pizero.colorado.edu
(303) 492-7715
Collaborating institutions: Colorado
Previously awarded support: FY04: 60,000 FY05: 27,000 FY06: DOE
Request for new support: FY06: 306,632 FY07: 559,221
6.4. Particle Flow Studies with the Silicon Detector (SiD) at the
renewal
International Linear Collider (ILC) (p. 689)
Calorimetry
Usha Mallik
usha-mallik@uiowa.edu
(319) 335-0499
Collaborating institutions: Iowa
Previously awarded support: FY04: 50,000 FY05: 31,500 FY06: DOE
Request for new support: FY06: 92,499 FY07: 0
renewal
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6.5. Development of a silicon-tungsten test module for an electromagnetic
calorimeter (p. 705)
Calorimetry
Raymond Frey
rayfrey@cosmic.uoregon.edu
(541) 346-5873
Collaborating institutions: Oregon SLAC U.C. Davis BNL LAPP - Annecy
Previously awarded support: FY04: 55,000 FY05: 40,000 FY06: DOE
Request for new support: FY06: 68,000 FY07: 71,700
6.6. Digital Hadron Calorimetry for the Linear Collider using GEM based
renewal
Technology (p. 719)
Calorimetry
Andy White
awhite@uta.edu
(817) 272-2812
Collaborating institutions: UT Arlington Washington
Previously awarded support: FY04: 70,000 FY05: 35,500 FY06: DOE
Request for new support: FY06: 177,490 FY07: 176,041
6.9. Development of Particle-Flow Algorithms and Simulation Software
renewal
for the ILC Detector(s) (p. 735)
Dhiman
Calorimetry
dhiman@fnal.gov
(630) 840-8569
Chakraborty
Collaborating institutions: Argonne Fermilab Iowa Northern Illinois Oregon SLAC
Kansas
Previously awarded support: FY04: 35,000 FY05: 44,500 FY06: DOE
Request for new support: FY06: 66,840 FY07: 68,850
6.10. Investigation of ECAL Concepts Designed for Particle Flow (p.
renewal
751)
Calorimetry
Graham Wilson
gwwilson@ku.edu
(785) 864-5231
Collaborating institutions: Kansas
Previously awarded support: FY04: FY05: 27000 FY06:
Request for new support: FY06: 30,000 FY07: 30,000
6.14. Construction of a Prototype Hadronic Calorimeter with Digital
renewal
Readout (p. 765)
Calorimetry
José Repond
repond@hep.anl.gov
(630) 252-7554
Collaborating institutions: Argonne Boston University Chicago Fermilab Iowa
Previously awarded support: FY04: FY05: 18,000 FY06:
Request for new support: FY06: 105,000 FY07:
renewal
6.16. Dual-Readout Calorimetry for the ILC (p. 787)
Calorimetry
Richard Wigmans
Richard.Wigmans@ttu.edu
(806) 742-3779
Collaborating institutions: U.C. San Diego Iowa State Texas Tech INFN Trieste
Pavia Rome Cosenza (Italy)
Previously awarded support: FY04: FY05: 22,500 FY06:
Request for new support: FY06: 71,500 FY07: 58,400
new
6.18. Development of a New Concept Detector [also includes vertex,
proposal
tracking and muon systems] (p. 792)
Calorimetry
John Hauptman
hauptman@iastate.edu
(515) 294-8572
Collaborating institutions: Iowa State Lecce (Italy) IFIN-HH Bucharest
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 39,300 FY07: 39,900
renewal
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new
proposal
Calorimetry

new
proposal
Calorimetry

6.19. Calorimeter and Muon ID (p. 797)
A.J.S. Smith
smithajs@princeton.edu
(609) 258-5590
Collaborating institutions: IHEP Beijing Princeton
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 60,216 FY07: 60,051
6.20. A Calorimeter based on Scintillator and Cherenkov Radiator Plates
Readout by SiPMs (p. 810)
Tianchi Zhao
tianchi@u.washington.edu
(206) 543-936
Collaborating institutions: Washington
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 90,503 FY07: 93,008
7.2. Scintillator Based Muon System R&D: Status Report (p. 825)

renewal
Muon
Paul Karchin
karchin@physics.wayne.edu
(313) 577-5424
System
Collaborating institutions: Indiana Northern Illinois Notre Dame Wayne State
Previously awarded support: FY04: 11,000 FY05: 13,500 FY06: DOE
Request for new support: FY06: 182,526 FY07: 193,640
7.5. Continuing Studies of Geiger-Mode Avalanche Photodiodes for
renewal
Linear Collider Detector Muon System Readout (p. 843)
Muon
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
System
Collaborating institutions: Colorado State
Previously awarded support: FY04: 15,000 FY05: 13,500 FY06: DOE
Request for new support: FY06: 36,024 FY07: 60,062
new
7.7. Particle Identification Issues for Linear Collider Detectors (p. 852)
proposal
Muon
Robert J. Wilson
wilson@lamar.colostate.edu
(970) 491-5033
System
Collaborating institutions: Colorado State
Previously awarded support: FY04: FY05: FY06:
Request for new support: FY06: 145,200 FY07: 175,200

Reference
Technical documentation evolves, design reports are supplanted, but the marvelous carrot cake
recipe endures: http://www.hep.uiuc.edu/home/g-gollin/carrot_cake.html.
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