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Vertex Detector Proposals Overview
The Vertex Tracker has to provide the jet flavor identification and accurate track
reconstruction that are prerequisites to most if not all of the linear collider physics
program. In some detector concepts, the vertex detector takes on an added role of charged
particle pattern recognition as well. If the Higgs boson exists and is light, as the data
collected so far indicate, its couplings to fermions of different flavour and mass must be
accurately measured to test the Higgs mechanism of mass generation. Efficient flavor
tagging in multi-jet events and determination of heavy quark charge will be instrumental
to study signals of New Physics both through the direct production of new heavy
particles, coupled predominantly to b and t quarks, and through precision measurements
of electroweak processes at the highest energies. Physics requirements push the vertex
tracker specifications to new levels. While much has been learned in two decades of
R&D on Si detectors for the LHC experiments, the linear collider requirements motivate
new and complementary directions for detector development. The linear collider
environment, with its lower event rates and lower radiation, admits Si sensors that are
substantially thinner, more precise and more segmented than at the LHC. Technologies
which have not been applicable in the high radiation environment of proton colliders are
available, as well as sensors based on new concepts. Significant R&D is required to solve
the detector problems of the LC environment. CCD vertex detectors have already
demonstrated very high resolution and segmentation with moderate multiple scattering.
But for the CCD technology to be applicable to the LC improved radiation hardness and a
factor of 100-1000 increase in readout speed are required. Technologies successfully
developed for the LHC program, such as hybrid pixel sensors, are sufficiently radiation
hard and can be read out rapidly. But they now need to be developed into much thinner
devices with smaller cell size to improve their tracking resolution capabilities. Finally
new technologies, such as CMOS sensors, have emerged as potentially attractive
solutions. But they need to be demonstrated on large scales and be tailored to the linear
collider application. These developments need to be guided by a continuing program of
physics studies and detailed simulations to define the optimal designs and technology
choices.
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1. Introduction
Studies carried out in the U.S., Europe, and Asia, have demonstrated the power of a pixel
vertex detector in physics investigations at the ILC. Until recently silicon CCD’s (Charged
Coupled Devices)1 seemed like the detector elements of choice. Last year, recognizing the
potential of a Monolithic CMOS detector, we initiated an R&D effort to develop such a
device. With the technology decision choosing a superconducting accelerator the motivation
for such a detector technology is even more compelling. The time structure of the cold
technology necessitates an extremely fast readout of the vertex detector elements and thus
CCD’s as we know them will not be useful. There are efforts to develop new CCD
architectures2 but these require rather large advances on the state of the art. For these reasons
there is an increased importance on the development of Monolithic CMOS pixel detectors
with extremely fast non sequential readout of only hit pixels. This feature significantly
decreases the readout time required. Another important feature of our present conceptual
design for these CMOS detectors is the possibility of time stamping each hit with single
bunch crossing precision. This significantly reduces the effective occupancy.

2. Objectives of the Proposed Project
We are proposing here the continuation of an R&D program on ILC Vertex Detectors that has
been approved and funded this past year. The detailed emphasis of this program has changed
somewhat since the technical decision for the cold machine.

2.1 Continuation of the Development of the Monolithic CMOS Pixel Detectors
During the past year, in collaboration with SARNOFF, we developed a conceptual
design for a CMOS device that we feel will work well for the ILC vertex detector, and
that SARNOFF believes they can build. In the present year, for which we have
__________________
1
K. Abe, et. Al., “Design and Performance of the SLD Vertex Detector, a 307 Mpixel Tracking
System,” Nucl. Instrum. Meth. A400, 287 (1997)
2
C. S. J. Damerell, LCWS 2004, Paris, April, 2004, http://hepww.rl.ac.uk/lcfi/public/lcwsdamerell.ppt; Y. Sugimoto, 7th ACFA Linear Collider Workshop, Taipei, Nov. 10, 2004,
http://hep1.phys.ntu.edu.tw/ACFA7/slides/B-4 Sugimoto.ppt
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already been funded, we have continued the subcontract with SARNOFF to optimize this design
and to start detailed engineering design of the first prototype device. In the following years we
plan to continue working with SARNOFF to complete the detailed design, fabricate the first
prototypes, and test these prototypes.
2.2 Radiation Hardness Testing of Both CCD and the New CMOS Device Prototypes
We plan to continue the radiation testing of CCD’s from the SLD vertex detector and start testing
the first prototypes of the new CMOS devices. We have a test set up at SLAC with electron
beams, and have built and instrumented a beamline at the WNSL Heavy ion accelerator at Yale
for radiation testing of imaging devices with proton, neutron, , and heavy ion beams in the 10 to
40 Mev/nucleon range.

2.3 Mechanical Support Stucture
We plan to continue a low level of effort on detailed engineering design to minimize the
thicknesses of both the detector chips and the support structure of the ILC vertex detector.

3. Progress in the Past Year
The original overall vertex detector design we have worked towards is shown in Fig. 1, and the
associated numbers and sizes of the 120 detector elements (chips) are summarized in Table 1. The
SiD study has proposed a new design, with forward detectors, shown in Fig. 2. This arrangement
does not significantly alter the sensor R&D of our project.
The detailed time structure of the ILC is under discussion within the GDE. We assume that the ILC
design will have 2820 bunches in a bunch train, with 5 bunch trains per second. The separation
between bunches in 337 nanosec, which makes each bunch train about 1 millisec long, with about 200
millisec between bunch trains.
We have based our design on previous background calculations that indicated a background level in
the innermost layer of the vertex detector (i.e. worst case) of
Background rate = 0.03 hits/mm2/bunch crossing
More recent detailed background calculations for detector designs currently under consideration
confirm this estimate (see talk by T. Maruyama of Snowmass 2005) as summarized in Table 2. Some
caution, however, is in order since the detailed design of the ILC is still not determined and the
backgrounds can depend on these details. This is illustrated in Figure 3, which shows Maruyama’s
background calculations for various final focus configurations (the letters N, Q, Y, P, H signify
different configurations). Most of the configurations indicate a background and level near or below
the .03 hits/mm2/bunch crossing that we are using in our design, but some are up to a factor of 3
higher. Considering these as well as other uncertainties of these background calculations motivates
us to optimize the design of these detectors to be as tolerant of higher backgrounds as possible.

3.1 Progress on Monolithic CMOS Pixel Detector Design
During the past year, in collaboration with SARNOFF, Inc. (RCA’s Silicon Fabrication House)
with whom we had an R&D contract, we developed a draft conceptual design for a device (chip)
that we believe will work well for the ILC Vertex Detector application and that SARNOFF
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believes they can make. We will discuss here a typical 22 mm x 125 mm chip to be fabricated by
SARNOFF’s CMOS process. Each chip would consist of two particle detection layers, which we
call Big pixels (Macro Pixel Array) and Small pixels (Micro Pixel Array) (Big pixels ~ 50 x
50 , Small pixels ~ 5 x 5 ) each layer covering the full area of the chip (i.e. ~ 100 Small pixels
under each Big pixel). The Big pixels will detect a hit and get the time of the hit (to a precision
of better than 1/3 microsec or one bunch crossing time). There will be enough logic circuitry in
each pixel that using the location of the Big pixel hit we look for hits in the Small pixels to
determine the precise x and y location of the hit and get a 3 bit grey scale of the charge
accumulated in each Small pixel. Even a single particle crossing will deposit charge in several
Small pixels due to charge spreading beyond a pixel. The 3 bit grey scale is to allow the
determination (later in the analysis) of the coordinates of the centroid of the particle to better than
a pixel size. The time information for each hit in the Big pixels is stored under the area of the Big
pixels with room for up to 4 hits. At 12 bits + 1 parity bit this requires 52 bits under each Big
pixel which is quite manageable as shown in Figure 4. The Big pixels are reset after the time is
stored to get ready for the next beam crossing. The Small pixel array stores the analog signal
charges locally for the ~ 1 millisec duration of the entire bunch train.
Due to concerns about excessive Electromagnetic Interference during the bunch train, we do not
plan to read out the device until after the bunch train when we have a leisurely 200 millisec to
read out not all pixels as in a CCD but only the pixels that were hit.
To get some estimates of hit rates and occupancies, we use the estimate of 0.03 hits/mm2/bunch.
We then expect an occupancy of ~ 10-6 per Small pixel and ~ 10-4 per Big pixel per bunch
crossing. Integrating over 2820 bunches in a train we expect about 3 x 10-3 hits per Small pixel
and ~ 0.3 hits per Big pixel in a bunch train. Thus we expect to only rarely exceed the storage
capacity of 4 hits in each Big pixel (if need be the 4 hit limit can be increased). The total number
of hits per 22 mm x 125 mm device (chip) (with 1.1 x 108 Small pixels) is expected to be ~ 3 x
105 hits/chip. At a read out rate of 25 MHz these hits can easily be read out in well under the 200
millisec gap between bunch trains. The occupancy in the Small pixels, integrating over a bunch
train, is expected to be of the order of one percent. This appears much too high to allow efficient
pattern recognition. The crucial element of our design is the availability of the time information
(i.e., bunch crossing number) with each hit. If we trigger on an event that we are interested in
from another part of the detector (tracker or calorimeter) with a time, i.e., the bunch crossing
number known, we need to look only at those vertex detector hits which are consistent in time
with the event of interest and the occupancy drops to below 10-5 per Small pixel which is
wonderful (SLD worked well with an occupancy of ~ 10-3 per pixel in the Vertex Detector).
A first design of the architecture of the Big (Macro) and Small (Micro) Pixel Arrays by
SARNOFF is shown in Figures 4 and 5.
In the present year we are continuing with SARNOFF the detailed design of these CMOS
devices. The first step is the optimization of the important parameters of the design:
a) Reducing the size of the Big Pixels. In this design the tolerance to backgrounds is set by the
size of the Big Pixels. With the 50 µ x 50 µ pixels we have a safety factor of five, i.e., the
detector will operate satisfactorily with a background level five times higher than the
estimated 0.03 hits/mm2/bunch crossing. Reducing the Big Pixel size still accommodating
the ability to store four hit times, would increase this safety factor. Given the uncertainty of
the background estimates this seems a desirable goal. SARNOFF is now carrying out a study
of the fundamental limitations of reducing the Big Pixel size. For a given pixel size and
performance requirements it is essential to find an optimum process technology available
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from various foundries. The 50 µ x 50 µ pixels is based on the currently available 0.25 µ
process. SARNOFF is investigating not only the state of the art process today, but what the
can expect it to be say five years from now when ILC detector fabrication might actually
start. For example if the projection were that 0.075 micron process will be available at that
time, then 15 µ x 15 µ Big Pixels with the same performance should be possible. This would
allow these detectors to function satisfactorily even if the background level were 50 times the
estimated 0.03 hits/mm2/bunch crossing.
b) Another important parameter we are looking at is the amount of charge spreading for a
minimum ionizing particle crossing the detector. This depends sensitively on the thickness of
the epitaxial layer, the fraction of this that is depleted, and the depletion voltage. The design
we are developing at this time is shown in Figure 6. With a fully depleted epitaxial layer ~
10 µ thick we can expect the charge spreading to be minimal, probably less than a micron or
two for perpendicular track crossings. This is quite important for the following reason. If the
charge spreading were small compared to the pixel size, we would not need the analog charge
level information supplied by the Small Pixel layer in this design. This would greatly
simplify the design, to a single layer of 10 to 15 µ square pixels with up to four hit times
each, accepting hits over some threshold but without analog charge measurement. This
would reduce both the design time (and cost) and the fabrication costs, and even more
important, reduce the thickness and therefore multiply scattering in each layer by a factor of
two. Please note that the 100-250 µ thickness of the P++ substrate shown in Figure 6 is only
illustrative – SARNOFF hopes to be able to reduce this to a 50 to 100 µ thickness.

3.2 Progress on Radiation Damage Testing
During the past few years, we have carried out an active investigation into the effects of radiation
damage in the CCDs used in the SLD vertex detector. The principal results of these studies were:
Neutron Damage Studies
Several exposures to neutrons yielded studies of damage, annealing,
and charge trapping times. The technique of significantly reducing the
effects of radiation damage by injecting sacrificial charge was developed.
Electron Damage Studies
NLCTA (Next Linear Collider Test Accelerator) exposures established
the difference between electron and neutron effects, and demonstrated that
the damage in VXD3 was electron induced. Our method of injecting
sacrificial charge to significantly reduce the effect of radiation damage
was demonstrated.
We will pursue additional radiation damage studies as the need arises.
Our progress on studying CCD radiation damage has been reported in a number of talks and
papers.
J.E. Brau and N. Sinev, “Operation of a CCD particle detector in the presence of bulk
neutron damage,” IEEE Trans. Nucl. Sci. 47, 1898 (2000).
C.T. Potter, J.E. Brau, and N.B. Sinev, “A CCD vertex detector for measuring Higgs boson
branching ratios at a linear collider,” Nucl. Instrum. Meth. A511, 225 (2003).

519

J.E. Brau, O.B. Igonkina, C.T. Potter, and N.B. Sinev, “Investigation of radiation damage in
the SLD CCD vertex detector,” IEEE Trans. Nucl. Sci. 51, 1742 (2004).
J.E. Brau, O.B. Igonkina, C.T. Potter, and N.B. Sinev, “Investigation of radiation damage in
neutron irradiated CCD,” Nucl.Instrum.Meth.A549:117-121 (2005).

4. Plans for the Coming Year
4.1 Monolithic CMOS Pixel Detector Development
In the past year we developed a conceptual design for a Monolithic CMOS pixel detector with
time stamping that should work well for the Vertex Detector at the ILC, with a considerable
margin of safety. In the current year we are starting the detailed design of these detectors at
SARNOFF, working towards making the design another factor of ten or so more background
tolerant and at the same time making the devices simpler and thinner.
In the coming year we plan to continue and hopefully (depending on the level of support
available) complete the detailed design. In the years following that we then expect to fabricate
the first prototype devices using the best process technology available at that time, and then
proceed to test these prototypes.
There are many issues and uncertainties that will have to be addressed in the detailed design.
Some of these issues apparent at this time are:
•
•
•
•
•

SARNOFF thinks they can build devices with pixels as small as 5µ x 5µ, have large area
chips, 25 MHz read rate, and sufficient logic under each pixel to do what it needs to do in
this conceptual design. Can they achieve all of these features simultaneously on one chip?
How thin can these devices be thinned below the initial 500µ thickness?
Radiation hardness
Power consumption
Will the Electromagnetic Interference during a bunch train affect adversely the functioning
of the device at the pixel level?

4.2 Beam induced EMI tests
EMI effects disrupted the planned operation of the SLD vertex detector VXD3, requiring a
delayed readout of the CCDs. The origin of these effects was never completely understood,
since operations were possible. If such a problem recurred at the ILC, it would not be possible to
solve it so easily. Therefore, for the sake of the ILC, it is critical to understand the origin of such
effects, and to develop procedures for ameliorating them.
Working in collaboration with groups from SLAC, Rutherford-Appelton La,b and KEK, we are
looking into the possibility to study this problem.

4.3 Radiation Damage Testing
In this coming year we will consider conducting further radiation damage tests as appropriate.
Such tests might involve electron beams at SLAC and possibly proton beams at Yale. When the
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first CMOS prototypes from SARNOFF are available, we plan to do radiation testing on those
both with electron and proton/neutron beams. This activity will require engineering and
technician support for fixturing, vacuum, electronics, etc.

5. Relationship to Linear Collider Detector Concept Studies
Our vertex detector design effort is in the context of the SiD detector concept. The design
that we are working on fits well within that context and has the parameters appropriate to that
detector. However, the LDC and GLD detector concepts also require vertex detectors and
our R&D is applicable to those designs. Thus, the R&D we are proposing is important for all
of the detector concepts under discussion at this time.

6. Relationship to Other Silicon Pixel Sensor R&D Programs
6.1 This research has been developed and benefited from discussions with M Breidenbach, SLAC;
A. Miyamoto, Y. Sugimoto, KEK; P. Skubic, U. of Oklahoma; R. Yarema, W. Wester, FNAL;
and C. Damerell and the LCFI, Rutherford Lab.
6.2 The LCFI Collaboration, in the UK,has been developing a CCD vertex detector which can
accommodate the long bunch trains of the cold ILC. We maintain a close relationship with the
work of the LCFI group and are coordinating our activities with them to complement, rather than
duplicate, their R&D effort.

6.3 In the course of the design and successful fabrication of the Yale QUEST CCDs, we
have made a number of contacts and worked with several silicon fabricators. We have
built on this base of experience and have for the past two years made a subcontract with
the SARNOFF Corporation, who is quite experienced in the design and fabrication of
CMOS pixel imaging devices, and have developed a conceptual design for our CMOS
pixel detectors. We plan to exploit this connection in the future to move on to detailed
design and have the fabrication of prototype devices by SARNOFF.
6.4 The Strasbourg group, led by Marc Winter, has been developing Monolithic CMOS
sensors for many years. We have discussed our approach with Winter, and found
support and encouragement for this alternative approach. If successful, our approach has
significant advantages over other competing approaches.
6.5 The Japanese CCD Vertex Detector Collaboration, led by Y. Sugimoto and A. Miyamoto of
KEK, is also working on the issues confronting a CCD vertex detector for the linear collider. We
are in direct communication with this group, and coordinating our R&D efforts.
6.6 We have begun work on the readout electronics for linear collider vertex detectors in
collaboration with SLAC (M. Breidenbach and G. Haller). There are other groups proposing to
work on the fast readout electronics required for these detectors, and we plan to coordinate our
efforts closely with these groups so that together we develop a coherent detector with pixel
imaging detectors and the electronics appropriate to read them out.
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7. Work Plan and Deliverables
We are proposing here a multi-year R&D program to address the issues discussed above. We
foresee the following activities
7.1 Accomplishments of the Past Year (FY 2004)
• In collaboration with SARNOFF we developed a conceptual design for a Monolithic
CMOS Pixel Detector that we believe will satisfy the requirements for the Vertex
Detector for a superconducting ILC
• Simulation studies of the effects of detector thickness on the physics, and
coordination with other groups doing simulations
• Continued the study of effects of radiation damage
7.2 Work Plan for the Present Year (FY 2005)
• Start detailed design of the CMOS Detector
• Optimization of the design parameters
• Continue the study of effects of radiation damage
• Continue support structure engineering design
• Begin ASIC development for readout
(progress on year 2 work plan will be contingent upon successful supplemental funding to
pay for all engineering and masks)
7.3 Work Plan for the Coming Year (FY 2006)
• Complete design of the CMOS Detector
• Place order for prototype detector fabrication
• Collaborate with other groups to design and work on readout electronics for these CMOS
devices
• Continue design of support structure

7.4 Work Plan for Following Year (FY 2007)
• Complete prototype detector fabrication
• Complete prototype ASIC fabrication
• Test performance of prototype detectors
• Radiation test of prototype detectors
• Complete preliminary support structure design
7.5 Deliverables after the Multi-Year R&D Program
• First prototype devices (contingent on sufficient funding)
• Performance and radiation tests of prototype devices
• Preliminary support structure design
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8. Budget Estimates

Item
Engineering, Technician, Shop Support and Supplies
At Oregon
At Yale
Subcontracts
CMOS Design
CMOS Fabrication
Yearly Totals

Request in Units of $1000
Past
Present Coming Following
Year
Year
Year
Year
FY 2004
FY 2005 FY 2006 FY 2007

25
22

8
7

25
25

25
25

25
0

50
0

100
0

100
100

72

65

150

250

a) Budget Justification
The engineering, technician, shop support and supplies are to cover expenses at Yale and the
University of Oregon associated with the design work and radiation testing efforts described
above. Normal university overhead of 67% will be charged (included) in these amounts.
b) Subcontracts for CMOS Design
The 25K$ and 50K$ in FY 2004 and 2005 have been subcontracts to SARNOFF Corporation of
Princeton, NJ. The corresponding 100K$ in FY 2006 and 2007 we expect will also be
subcontracts to SARNOFF to complete the design work. The 100K$ for CMOS fabrication in
FY 2007 is for the fabrication of the first prototype devices and might be a subcontract to
SARNOFF or directly to a silicon foundry.
All of these subcontracts have been and will continue to be placed by Yale. No overhead will be
charged on these subcontracts.

9. Broader Impact
This research project contributes to society in many ways, including but not limited to:
•
•
•

development of new devices for applications in other fields
opportunities for students and young researchers to learn state-of-the-art techniques
advances in the understand of the fundamental nature of the universe around us.
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• As a local digital memory to store the time stamp, F/F’s are used. To express 3000 bunches,
12 bits are needed and 13th bit is for checking the parity. Since average multiple impact probability
per pixel is assumed to be 4, 13 (H) x 4 (V) F/F’s are needed in this architecture.
• When a particle impacts, a pixel’s signal rises above the threshold level and comparator out
switches from ‘1’ to ‘0’, enabling the F/F’s to latch the time stamp data supplied by the global
bunch counter. When the data is latched, the pixel is reset.
• If next particle impacts the same location, comparator out enables next set of F/F’s to preserve the
previous time stamp data. This is implemented using a counter which increments the row address of
the F/F array.
• Time stamp information is read out in the random access mode from the pixels of interest which
stored nonzero time stamp data.
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• Entire P-epi region is assumed to be depleted and p++ substrate region is not depleted.
• Electron is the minority carrier in p++ substrate and p-epi.
• Electrons generated in the p++ substrate will diffuse around but can not travel far because
they recombine quickly with holes that are abundant in the p++ sub.
• Electrons generated in the epi-region are forced move toward N-well diode region by the electric
field and do not have the chances of recombination.
• In conclusion, spread is minimum even if the CMOS wafer is not thinned. Epi-thickness and electric
field are the factors to determine the lateral spread function.
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PROJECT DESCRIPTION
Design of a Monolithic Pixel Detector Module
Personnel and Institution(s) requesting funding
Marco Battaglia
Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA
and Dept. of Physics, University of California, Berkeley CA 94720, USA
Collaborators
David N. Brown, Devis Contarato, Leo Greiner, Benjamin Hooberman
Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA
Project Leader
Marco Battaglia
MBattaglia@lbl.gov
(510) 486-7029
Project Overview
We propose a R&D project addressing the conceptual and engineered design of a ladder for
the Vertex Tracker with the required mechanical stability and system integration, while minimising the amount of material. The Vertex Tracker performance is critical for accomplishing
the objectives of the ILC in understanding key issues of particle physics from the origin of
mass to its relation to the Cosmo. Preliminary simulation studies have shown that a single
point resolution better than 5 µm and a material budget not significantly in excess to 0.1 %X0
per layer are needed to fulfill this goal.
While a very significant effort is being deployed in developing Silicon pixel sensors which are
much more precise, thinner and faster than those ever installed in a particle physics experiment, only a limited attention has been devoted to the design of a detector module stiff
enough to guarantee the sensor accuracy in the detector reference frame and light and integrated enough to offer minimal disturbance to the passage of particles and provide electrical
and thermal services. The ILC Si sensor R&D has now successfully progressed to the stage
when the design of a realistic detector module is needed to guide further R&D towards the
choice of an optimal pixel sensor for the Vertex Tracker. There are three main open issues to
which the proposed program could answer. The first concerns the optimisation of the sensor
thickness. Early experience on sensor backthinning, to which our group contributes, shows
that the thinning of pixel chips down to 50 µm and below is feasible. CMOS pixel chips
have been backthinned to 50 µm and to the epi-layer (' 20µm), DEPFET test diodes to
50 µm and CCDs to 20 µm. These first tests have been successfull and a more systematic
characterisation of yields and performances is currently in progress. Below about 100 µm of
thickness, the problems offered by mechanical stability and, possibly also charge collection,
are becoming quite increasingly important and it is essential to leverage the advantage of a
reduced material budget from thinner sensors with the increased requirements on the chip
support structure. The goal of 0.1%X0 /layer is ambitious. The VXD3 detector at SLD, the
most precise vertex detector installed at a collider experiment, achieved 0.41%X0 /layer. Several concepts based on thin sensors mounted on various supports (carbon-fiber composites,
1
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Si carbide foam, diamond-coated composite materials are among those considered), which
would amount to about 0.1%X0 , have been proposed and some studies are being carried out
at RAL in the UK. The proposed project will develop the design of a low-mass detector
module, with a support structure possibly based on carbon composites and vitreous carbon
foam, produce prototypes, mount thinned Si chips and perform a full characterisation of mechanical behaviour and stability, including temperature and humidity cycling. In a second
phase working detectors will be installed and the ladder tested under operational conditions,
including power cycling. Sensor technology specifics will be considered and both CMOS and
DEPFET pixel sensors will be tested.
The second issue concerns chip cooling requirements, which has significant implications both
in terms of sensor technology and material budget. We propose to study airflow cooling both
in terms of heat extraction, under realistic conditions such as power cycling, and in terms of
ladder stability. This study will assess the power dissipation threshold beyond which active
cooling of the modules is needed and the module stability under temperature change and
airflow-induced vibrations.
Finally, the design of a detector module will address the issue of the routing of signal lines
and services, which also contribute to the overall material budget of a detector layer.
The project will also investigate offline software alignment procedures. This will be carried
out, based on the experience gained by the LBNL group with the alignment of the Babar
vertex detector at PEP-II. In the second year, a test setup will be built to study the ladder
alignment using particle tracks. The test setup will use a highly collimated laser beam to
simulate the passage of a charged particle and will correlate the displacement of the recorded
pixel clusters with real-time survey data.
This program will significantly profit of synergies with activities of other groups at LBNL in
the Physics, Nuclear Science and Engineering Divisions, channeling the know-how accumulated in major projects, from CDF and Babar and the concurrent ATLAS and STAR projects,
to the ILC application, minimising the cost-to-benefit ratio, if this activity can be started
soon. This is evident from the budget request, where the requested funding is targeted to
secure engineering support and to a limited number of ad-hoc purchases.
At the same time, we are actively engaged in reaching out to partner groups, engaged in
R&D for the ILC Vertex Tracker, to share the resources made available through this project
to a wider community. We have established contacts with SLAC, University of Oregon, Purdue University, Max Planck Institute, Munich (Germany), Rutherford Appleton Laboratory,
Didcot (UK) and IReS, Strasbourg (France). Max Planck Institute and IReS will share pixel
structures and readout systems for the ladder construction and characterization. We shall
keep close links with the ILC group at SLAC and the other US institutions involved in Vertex Tracker R&D, which will have access to the facilities and expertise being established at
LBNL.
Broader Impact
The development and deployment of increasingly complex high granularity trackers in particle
physics experiments has come at the expense of increased material in the tracking volume.
At next generation detectors for the ILC, but also for the LHC upgrade, tracking granularity
and channel counts will increase even further. Lower mass is crucial at the LHC due to the
tenfold increase in track multiplicity as well as at the ILC to provide the required precision
track reconstruction and minimize the deterioration of calorimetric measurements.
2
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This project aims at developing highly integrated electrical-mechanical-thermal structures
with particular emphasis on material reduction. Experience earned in this project will benefit
other applications in HEP and beyond relying on low-mass, high-resolution detectors.
As the activity described in the present proposal will be carried out as a collaboration between Universities and a National Lab, the project will see the participation of students. One
UC Berkeley GSR, already supported through the LDRD grant, will work at the characterisation of prototypes, which will integrate well with his current activity in sensor backthinning. We plan to involve an additional GSR, working part-time on the software alignment
and funded independently from this proposal. The project will be open to undergraduate
students, within the framework of the Undergraduate Research and Apprentice Program
(URAP) at UC Berkeley, which is already offering research opportunities in the ILC program and enables under-represented minorities and disabled students to connect to research.
The educational impact from student contribution to cutting edge research and technology
development reaches far beyond the academic world because a large fraction of the students
find employment in industry. We shall encourage women and students from minority-serving
institutions to join this program.
The program will be open to collaboration from national and international partners, active
in ILC R&D. Contacts have already been establised with several institutes mentioned above.
Its success also relies on the ability to disseminate the results within the ILC community and
beyond.
Results of Prior Research
LBNL is engaged since the beginning of FY05 in an R&D program on advanced Si pixel sensors
for the ILC. A part of this project is aimed to study the backthinning of CMOS pixel sensors.
After identifying a commercial partner company in the Bay Area a first batch of CMOS pixel
structures have been backthinned to 50 µm and characterised. Results have been presented
at the LCWS05 conference in March 2005 and are summarised in the Proceedings currently
in press. We are presently engaged in a second phase, where the sensor response is being
characterised with a 55 Fe radioactive source, collimated laser light of different wavelengths and
a high energy electron beam. After characterisation, detectors are backthinned to different
thicknesses and tested through the same protocol. Comparing the data allows to study
variations in charge collection due both to bulk contribution and to interface effects from the
thinning process. This activity, funded as part of an LDRD project on Advanced Si Pixel
sensors for the ILC, which will continue through FY07, offers an important synergy with
the proposed project. The STAR group at LBNL, which will collaborate to this project, is
developing a very ambitious Vertex detector, based on CMOS pixel sensors similar to those
being considered for the ILC and respecting almost equally tight constraints in terms of
material budget. Their partnership ensures that this project will start from the experience of
cutting-edge solutions for low mass mechanics for detector applications and tailor it towards
the ILC specs.
Facilities, Equipment and Other Resources
LBNL is well equipped for the production of support structures using composite material
and their mechanical characterisation. Further, there is a very significant know-how on lightweight structures for high precision detectors in collider experiments. Work for the CDF
Run2b upgrade has demonstrated the viability of a highly integrated Si detector module,
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including cooling, support and embedded electronic bus-work. Experience with the ATLAS
Pixel detector, whose mechanical structure has been designed and built at LBNL and is
presently being installed at the LHC, and the STAR vertex detector, being designed at LBNL
for the STAR upgrade at RHIC, offers an important opportunity to start the ILC specific
R&D on the foundation of state-of-the-art design concepts.
The ILC Advanced Detectors R&D Lab of our group has an environmental chamber which
will be used to characterise temperature cycling and humidity effects on prototype ladders.
We can also perform power cycling of CMOS pixel sensors to study power dissipation and
survey the temperature gradient of prototype ladders using a high resolution IR camera. We
have access to a fully equipped characterisation facility to perform studies of cooling and
mechanical stability with nitrogen and air flow. This is equipped with a laser holography
system which will be used to measure in real time distortions in prototype structures with
sub-micron resolution. This system is very useful for looking at thermal distortions and
small scale bending over a large area. A capacitive probe system measures the position of
refernce points with sub-micron resolution and a bandpass of 1 KHz. This is above the
resonant frequencies of any of the structures that we intend to construct alowing to study for
displacements and vibration induced by the air cooling or any other driving forces.
Alignment studies and data analysis will be performed at NERSC using the computing and
data storage resources awarded to the ILC project.
FY2006 Project Activities and Deliverables
During FY2006 the project would be carried out alongside the ongoing STAR upgrade effort.
We will gather experience by performing common tests of the structures developed for the
STAR vertex detector. During the first year of the project a first prototype will be built and
equipped with thin dummy detector chips and characterised. The technology-dependance of
the design will studied and a second prototype based on the use of back-thinned DEPFET
sensors will also be considered.
FY2007 Project Activities and Deliverables
In the second year, two fully operational ladders will be produced, equipped with working
detector chips and characterised with collimated lasers and a high energy electron beam.
They will be based on CMOS and DEPFET pixel sensors. CMOS sensors will be acquired
through a common submission with the STAR group and IReS, Strasbourg, carried out as
part of the EuDET program, while DEPFET sensors will be made available at no costs by
MPI, Munich as part of an ongoing collaborative effort, including also radiation hardness
characterisation to be performed at LBNL.
Budget justification: Lawrence Berkeley National Laboratory
The budget request covers the cost of engineering support, production of prototypes and the
limited additional equipment needed to extend the capability of the ILC detector lab in the
characterisation of ladder prototypes.
We request support for 0.25 FTE from the Engineering Division at LBNL, if this will be
awarded, matching funding should be made available by the Physics and Engineering divisions
to make 0.5 FTE available to this program. The engineer will work in close contact with the
group working at the design of the STAR vertex detector upgrade and adapt that design to
the ILC specifications based on experience at STAR and ATLAS. In addition, we request
4
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1.5 months of a mechanical engineer machinist and mechanical shop recharges for prototype
production. Finally, funding is requested for a vibration isolated workstation, an upgrade of
the capacitive probe system for high accuracy real-time position survey and a DAQ computer
and interface. In the second year, costs also include the procurement of CMOS chips, through
a shared submission and their backthinning.
Two-year budget, in then-year K$
Institution: Lawrence Berkeley National Laboratory, Berkeley CA.
Item
FY2006 FY2007
Other Professionals
31235
33782
Graduate Students
0
0
Undergraduate Students
0
0
Total Salaries and Wages
0
0
Fringe Benefits
21542
23299
Total Salaries, Wages and Fringe Benefits
52777
57081
Equipment
5000
2000
Travel
500
500
Materials and Supplies
2000
7000
Other direct costs
2384
3578
Total direct costs
62661
70159
Indirect costs(1)
0
0
Total direct and indirect costs
62661
70159
(1) Includes xx% of first $xx subcontract costs

5

Total
65017
0
0
0
44841
109858
7000
1000
9000
5962
132820
0
132820
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Modular DAQ Development for the ILC SiD
by
Satish Dhawan, Senior Research Scientist, Yale Physics Department, phone: 432-3377
and
Homer Neal, Associate Professor, Yale Physics Department, phone: 432-3382

1. Introduction
The current instrument standards developed specially for the physics research
community that have served so well for up to four decades are in need of a major
structural overhaul in order to accommodate new technologies and to achieve
significantly higher system performance for new large research machines. Intelligent
chips with processors, programmable logic and multi-gigabit serial communications,
have become dominant in the commercial computer and instrument industry. The method
of communication between modules has changed completely from a shared parallel data
bus to multiple serial buses that can provide much faster and cheaper communications
and packaging. Past standards such as NIM, CAMAC and Fastbus were designed by a
collaboration of users of large laboratories and industry, and the resulting platforms
instantly commercialized. Lab efforts to upgrade standards have been dormant for more
than a decade and industry has moved rapidly ahead in designing platforms with
advanced features only dreamed of in the past. Our goal is to collaborate with industry
groups working on new standards to select specific approaches for the various segments
of the physics research communities.
A 1980’s USAEC study of the economic impact of the first two decades of
standards in physics research had saved approximately $2B in laboratory costs. However,
starting in the mid-1980’s the utilization of the standard modules was greatly reduced due
to the sudden availability of new chip technologies in the physics large detector field. The
functionality of entire modules was in some cases reduced to a single chip, and the
requirements of detectors to minimize metal and cable mass inside the detectors caused
much of the module business to move to custom chips and chip-and-board assemblies.
Although there is a case to be made for bringing modernized standards to bear on custom
detector electronics, no organized collaborative effort has been mounted for the last two
decades.
The important global interoperability features will be preserved in the new
standard. Adopting new standards broadly will result in a strong synergy among and
between project groups, technical interest groups and industry. This will benefit design
and lower the costs of future accelerator and detector instrumentation and intelligent
power systems. Judging from past performance, a new standard platform should remain
current for at least two decades.

2. Objectives of the Proposed Project:
For particle detectors, having a common design for transporting the signals off of
the detector will insure compatibility, increase reliability, decrease costs and facilitate the
maintenance of the detector. These factors are of utmost importance to the proposed new
1
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International Linear Collider (ILC). This multi billion dollar project which involves an
approximately 30 km electron positron collider operating at a center of mass energy of
500 GeV is still in the R&D stage. It is gaining momentum as the international
collaboration focuses on the goal of a full conceptual design and cost model, to be
supported by relevant R&D, in 2006. Simulations have demonstrated that major
increases in subsystem component reliability are needed before an acceptable overall
machine reliability can be achieved. Starting with the well-defined needs of the ILC as a
basis for evaluation of all accelerator and detector electronics, we propose to evaluate the
emerging industry standards and make specific implementation choices for de facto
project standards.
The telecommunications industry has recently collaborated to field a standard
(Advanced Telecom Computing Architecture (ATCA) in which modular systems are
designed for a downtime of less than five minutes in a year. We intend to apply these
standards with an appropriate choice of IO bus technology to create a common system for
transporting signals from the custom on-detector readout electronics to the off-detector
processing PCs.
We have compared the available IO buses (Ethernet, USB, CAMAC, VME, PCI) and
have identified the PCIe (Peripheral Component Interconnect express) design as the most
promising for future large detector communications. We propose to design the readout
for the ILC SiD forward colorimeter detector using PCIe and the ATCA standards and
related micro ATCA (mATCA). The system will consist serial to parallel data FPGA
concentrator connected to an end point controller. Further we propose a Wave Form
Digitizer with high resolution and high speed ADCs to process the pulse shapes followed
by limited on detector FPGA processing to perform operations such as zero suppression.
Then an End Point Controller (EPC) will produce standard packets to be transferred over
the 4 lane PCI express IO bus at a rate of 1 GB/s. This low voltage LVDS signaling
serial bus can then be easily converted to a light signal carried over optical fibers to PCs
that would then further process the signals.

On Detector

Off Detector

Waveform Digitizer
FPGA (doing minimal
processing of the signal)

Optical fiber:
Up to 5Gb/s
Off detector PC
processing farm

End Point Controller
(formats standard
packets for PCIe)

From the End Point Controller to the PCs all would be low-cost mainstream
reliable modern electronics compliant with the PCIe/ATCA standards.

2
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Through connections we have established with Intel on their development of copper to
fiber adapter for the PCIe. The transmission rate will be up to 5 Gb/s per fiber and the far
end can plug into PC adapter cards such as Infiniband, PCI express/ASI, Storage systems
etc. This will be mainstream technology thus keeping the costs down. The estimated cost
for the high end performance of 20 (4x 5.0) Gb/s link is estimated at $150 in 1 K quantity
We intend to develop the essential modules for applying these standards here at Yale.
After this readout has been proven to be an effective solution for the forward calorimeter,
the setup will then be available as a test facility for electronics development for the other
sub-detectors for the SiD. We have already started discussions with the hadron
calorimeter group about using this standard. Application of this standard to all subdetectors at an early stage of the SiD development will insure compatibility between subdetectors and facilitate the overall development of the electronics for each sub-detector.
We will be carrying out this development work in co-operation with the new ILC group
at Brookhaven National Laboratory. Our close proximity to BNL, their interest in SiD
detector development and personal connections with members of the group make this a
very fruitful relationship.

3. Broader Impact
The standards that we are developing will be widely applicable beyond the ILC
SiD. It is likely that this will also be useful for the ILC accelerator controls and it is
highly probable that other large research projects such as ITER will use this standard. We
have already been in touch with US ITER project office and they have expressed strong
interest.
Yale will become the central facility at the international level where designers of
research electronics will be able to come to test the compatibility and interoperability of
their system with the ATCA/PCIe standards. Such facilities do not exist at any laboratory
or university because of the expense. Having a central facility for testing will minimize
the effort and costs for such tests. It will not be limited to the ILC. It is intended that
small working groups with laboratories and industry will be formed to develop
demonstration prototypes of typical applications in various fields.
In summary, it is time to establish a new standard for the data buses needed for
laboratory experiments in order to profit from advantages of speed, reliability and lower
cost of newer technology. Establishing this new standard will also bring quicker design
and staging of experiments; multiple vendor choices in procurement to gain economic
advantage; high availability (up-time) of running experiments through easy substitution
of failed modules; shorter time-to-market for vendors and in-house designers through
conformance to standard design rules and practices. The PCI express IO bus combined
with the ATCA design protocols appears to be the best choice for bringing data transfer
in laboratory detectors into the modern era. We propose to establish a facility whereby
this technology can be applied to prototypes of future physics detectors as well as to
traditionally packaged modules in accelerator and detector central controls, distributed
controls, data acquisition, front-end instrumentation, and high-speed communications and
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timing systems.

4. Work Plan and Deliverables
We are proposing here a three-year R&D program to address the issues discussed
above. We foresee the following activities for the first year.
4.1 Work Plan Year 1
•
Study the design of a complete PCIe/ATCA compliant system for reading
out the forward SiD calorimeter and DHCAL.
•

Develop an FPGA VHDL code to accept serial stream data and convert to
parallel bus for transmission via an end point controller with the far end to be
plugged directly into a PC.

•

Explore porting our CAMAC wave form digitizer designs using ADCs
(10-16 bits sampling rates =>150 MHz) and FPGA with VHDL code for zero
suppression and feed parallel data to an end point controller.

•

Collaborate with Intel to implement fiber optics transmission of the signals
from the End Point Controllers to PCs

•

Work with ILC Detector and Accelerator Control standards group

4
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5.

Budget Estimates for the 1st year
Yale Budget for Instrumentation STANDARDS

Subscriptions for Specifications of Industry Standards - PICMG
1 or 2 Undergraduates: 12 hours/week + summer
Micro ATCA Crate and modules
Engineering

$
$
$
$

1,750
5,000
6,000
10,000

IP Cores for the Design of PCIe Logic in FPGA's
Xilinx Corp. PCI Express Development Board
PLX Corp. PCI Express Development Board
Electronic Components

$
$
$
$

7,000
3,000
450
5,000

Travel

$

1,800

$

40,000

Total =

Budget Explanations
PICMG is the initiator of ATCA Specification / Standards
PCI Express is a new high speed serial data bus in Intel's PCs
ATCA (Advanced Telecom Computing architecture) is a new standard for telecommunication
gear.
FPGA: Field Programmable Gate Arrays: Program it for user logic
IP Core: Intellectual Property Cores for the design of PCIe logic and algorithms

6. Principal Investigators
Satish K. Dhawan, Senior Research Scientist has been at Yale since 1967. BSEE from
India, MS University of Iowa, EE Columbia University, PhD in Experimental physics
from University of Tsukuba, Japan. He has been part of the NIM (Nuclear Instrument
Standards), CAMAC and FASTCAMAC standards for the past 40 years. He developed
large amount of Instrumentation for the Yale University experiments at BNL, Los
Alamos National Laboratory, SLAC, CERN, Fermilab and PSI in Switzerland.
Waveform digitizers and FASTCAMAC were developed jointly with companies under
DoE SBIRs.
Relevant publications:
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Introduction to PCI Express – A New High Speed Serial Data Bus. Satish Dhawan. Presented at the IEEE
Nuclear Science Symposium, San Juan, Puerto Rico. Submitted to IEEE Transaction on Nuclear Science
An Introduction to FASTCAMAC (60 Megabytes/sec in CAMAC?), S.K. Dhawan, C. Hubbard, T. Radway,
and R. Sumner, in Fusion Technology 1996, Proceedings of the 19th Symposium on Fusion Technology,
ed. C. Varandas and F. Serra (Elsevier, Amsterdam, 1997), p. 961-964.

D.G. Crabb, S.K.
Dhawan, N. Hayashi, and A. Rijllart, IEEE Trans. on Nucl. Sci., 43 (3), 2128 (1996).

Precision Deuteron NMR Signal Measurement with the NA47 Polarized Target,

A Quad 500 MHz waveform digitizer with differential trigger for use in the muon g-2 experiment. S.
Dhawan, et., al. Nucl. Inst. & Method. In Phys. Res. A450 391-398 (2000).
ZEUS GTT FARM. In preparation to be submitted to NIM.

Homer A. Neal, Associate Professor of Physics at Yale since 1999. BA in physics from
Cornell University, PhD in physics from Stanford University. He has worked on the
Stanford Linear Accelerator Center Large Detector (SLD), followed by several years as a
CERN scientific associate at the European Laboratory for Particle Physics (CERN)
working on the OPAL experiment, and while at Yale he has headed the Yale effort on the
BaBar detector experiment at SLAC, worked on detector design for the ILC, and the
Compact Muon Solenoid experiment at CERN which involves both detector and software
development.
Relevant publications:
Linear collider physics resource book for Snowmass 2001, T. Abe et al. [American
Linear Collider Working Group Collaboration], SLAC-R-570
Resource book for Snowmass 2001, 30 Jun - 21 Jul 2001, Snowmass, Colorado
Optimizing the Design of a Small Central Tracker, H. Neal, Proceedings of the
International Workshop on Linear Colliders, Sitges, Spain, April 28th, 1999.
Radiation monitoring and beam dump system of the OPAL silicon microvertex detector,
H. Neal et al., Nucl.Instrum.Meth.A403:351-362, 1998.
Performance of the SLD Central Drift Chamber, H. Neal et al.
Nucl.Instrum.Meth.A367:111-114, January 1995.
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ILC Detector R&D Project
Vertex Detector Mechanical Structures
December 15, 2005

Personnel and Institution Requesting Funding
Henry J. Lubatti, University of Washington
Colin Daly, University of Washington
Tianchi Zhao, University of Washington
Mark Tuttle, University of Washington
Collaborators
1. Fermi National Accelerator Laboratory (Fermilab)
William Cooper
Marcel Demarteau
2. Stanford Linear Accelerator Center (SLAC)
Su Dong
Collaborating personnel will work on the project but are not requesting funding here.
Project Leader
Henry J. Lubatti
lubatti@u.washington.edu
(206) 543-8964
Project Overview
We are requesting funding to work with Fermilab Si-detector group (Bill Cooper, Marcel
Demarteau, et. al.) on the design and analysis of mechanical support structures for an ILC
Vertex Detector and contribute to their evaluation of a beam pipe consistent with vertex
detector and machine-detector interface requirements. We are an interdisciplinary group
consisting of members of the Physics Department (H. Lubatti and T. Zhao) and
Mechanical Engineering Department (C. Daly and M. Tuttle) who have worked together
on many detector design projects.
This proposed work will continue a long and productive history of collaboration between
our group at the University of Washington and the D0 Si-Det group with whom we
collaborated on designs and FEA analysis of carbon fiber support structures for the D0
Run 2b silicon vertex detector and subsequently, when Run 2b project was cancelled, the
design, analysis and fabrication of the D0 vertex detector Layer 0 support structure and
cooling system. We also designed and fabricated a substantial portion of the installation
tooling for this new Layer0 structure. We have available the UNIGRAPHICS CAD-CAM
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system which was used to make all solid models and fabrication drawings for mandrels
and tooling needed for carbon-fiber lay-up and assembly of C-F parts. We will continue
to work with our Fermilab colleagues to install the new Layer0 during the next collider
shut-down. The proposed work would continue our very productive collaboration with
Bill Cooper and colleagues.
The proposed vertex detector will require a support structure that will hold and maintain
the position of the sensors, both within a sensor and among the full array of sensors, to a
reproducible precision of better than 5 µm from one cool-down to the next. When the
vertex detector is at operating temperature, variations in sensor geometry should be
negligible during any period of less than a month.
Vertex detector sensors are expected to be arrayed in ladders within barrel sub-assemblies
and wedges within disk sub-assemblies. For any ladder or wedge, the number of radiation
lengths represented by material other than silicon and its readout should be less than
0.5% at normal incidence to the silicon surface. Over the range of possible incidence
angles, additional support material to combine ladders into a barrel or wedges into a disk
should add not more than 2% of a radiation length. Structures to support the combined
assembly of one five-layer barrel and seven single-layer disks (per barrel end) should
total not more than 1% of a radiation length at normal incidence and not more than 1.5%
of a radiation length at the worst angle of incidence.
The work proposed here will be carried out in close collaboration with personnel at
Fermilab (Bill Cooper and colleagues). The Fermilab Group is the lead group for the
work proposed here. UW team will concentrate on those aspects related to their proven
competence in finite element analysis and design and fabrication of advanced carbon
fiber/epoxy structures.
Broader Impact
In addition to the impact this work will have on the development of a precise and
effective vertex detector for the ILC, it has the potential for impacts that go beyond the
ILC experiment. Development of new techniques for fabricating low Z compact vertex
detectors will certainly have an impact on the broader field of collider physics, both for
high and intermediate energy experiments. Developing new ways to assemble
geometrically complex carbon fiber structures could have an impact, and be useful, to our
engineering colleagues who are developing high performance carbon fiber structures.
This work will also have an impact on undergraduate education because we plan to
engage undergraduate physics and engineering majors in this work, both as independent
research students and as hourly workers. We have a tradition of involving undergraduates
in all of our research efforts and believe that this is our most effective way of having a
broader impact that touches the greatest number of people.
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Results of Prior Support
Since 1990, the University of Washington group (a collaboration of the Physics and
Mechanical Engineering Departments) has been involved in the design and fabrication of
several particle detector subsystems. These have included the muon subsystems for the
SDC detector at the SSC, the end cap muon subsystem for ATLAS at the LHC and the
Run2b upgrade to the innermost two layers of the silicon detector system at D0. The
latter was de-scoped to be just the addition of a new layer0 (Figures 1 and 2) to the Run2a
system and this device has been completed and awaits installation during the next
Tevatron shutdown. All of the D0 work has involved the design, FEA analysis (Figure 3)
and fabrication of very lightweight, stiff and precise carbon fiber/epoxy structures. As a
result, the UW group has developed a major core competence in this area. Another new
major resource is the FAA Centre for Excellence for Advanced Materials in Transport
Aircraft Structures that has been established at the University. The major thrust of this
center is R&D on advanced composite structures.
Publications from prior support
“Electrical properties of carbon fiber support systems”, W. Cooper, et. al., Nuclear
Instruments and Methods, A 550 (2005), 127-138.
“ATLAS Drift Tube Production in Seattle”, IEEE Trans. Nucl. Sci., Vol. 51, p 15681574, Aug. 2004, T. Zhao, H.J. Lubatti, W. Kuykendall, R. Davisson, et.al.
Facilities, Equipment and Other Resources
The University of Washington Physics Department machine shop is one of the largest
physics department machine shops in the United States. We have available four CNC
mills, one of which has a travel of 72” x 32” x 32”. We also have two CNC lathes
(turning centers), a wire EDM machine, a die-sinker, five conventional lathes and five
conventional mills, all with digital readout. In addition, we have clean-room facilities
with temperature control available, a Brown and Sharp Coordinate Measurement System
(resolution 204 µm) and a Smart Scope (magnification x250, resolution 1µm) for
precision measurements. The machine shop is staffed with six experienced machinists
and tool & die makers. The joint work with Mechanical Engineering gives us access to
that Department’s composite materials laboratory, which has available for our use a hot
press and oven. That laboratory also has a large universal tension/compression testing
machine that will be used to study the mechanical behavior of candidate materials and
structures. For example, we are able to measure the orthotropic properties of various
carbon fiber lay-ups. We also have access to a larger oven in the Department of Material
Sciences, which we used for fabrication of the D0 silicon vertex detector layer 0
installation tooling. We estimate, in this project, approximately 100 hours of machine
shop time per year, with the Physics Department contributing two-thirds of the cost on a
cost-share basis. We have high performance PC workstations with the required
CAD/CAM (Unigraphics) and FEA (Ansys) software and personnel with long experience
with these systems.
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FY2006 Project Activities and Deliverables
During the first year of R&D, designs, materials, and procedures for fabricating ladders
and wedges will be evaluated and tested, as will be those for fabricating, assembling, and
supporting a barrel and a disk. 3-d CAD and FEA models will be created for ladders and
disks and the support structures. These will be used to evaluate candidate designs and
used to iterate towards a final design concept. This work will be done in very close
collaboration with FNAL personnel. FEA analysis on the beam pipe will also be done to
assist in the design of the pipe and to understand its mechanical interaction with the
vertex detector.
Deliverables at the end of the first year will consist of the following:
1.
2.
3.
4.
5.
6.
7.
8.

at least one prototype ladder
at least one prototype wedge
a design for the support structure of at least one disk
a design for the support structure of a barrel
analysis of deflections under gravity of an assembled barrel
analysis of deflections under gravity of an assembled disk
analysis of expected thermal distortions between room temperature
and operating temperature for a ladder, a wedge, a barrel, and a disk
analysis of beam pipe deflections and stresses

FY2007 Project Activities and Deliverables
During the second year of R&D, designs will be iterated and measurements of design
performance will be made. Deliverables at the end of the second year will consist of the
following:
9.
10.
11.
12.
13.
14.

measurements of ladder deformations between room temperature and
operating temperature
measurements of wedge deformations between room temperature and
operating temperature
a prototype support structure for a barrel
a prototype support structure for a disk
measurements of deformations between room temperature and
operating temperature of the prototype barrel and disk
a design for the structure to support a barrel and all disks

Budget Justification: University of Washington
The proposed structure design will be done in close collaboration with FNAL personnel
and this will require travel by C. Daly, Senior Engineer, to several working meetings at
FNAL to develop the design and to ensure integration of the structure with other detector
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components such as silicon detector chips, cables etc. H. Lubatti and T. Zhao will cover
their travel through the NSF base grant.
Materials and supplies includes carbon fiber prepreg and related lay-up supplies. In the
second year, we will need to renew software licenses for CAD and FEA systems, for
which we receive University rates that are shared with several groups.
Hourly student labor and shop costs relate to construction of the prototypes listed above
and are costed based on D0 Si-detector fabrication experience.
Budget (two year)
Institution: University of Washington
Item

FY2006

FY2007

Total

Other Professionals
Jr. Engineer*
Sr. Engineer+
Undergraduate Students
Total Salaries and Wages
Fringe Benefits
Total Salaries, Wages and Fringe Benefits
Equipment
Travel**
Materials and Supplies++
Materials/Supplies
Shop Charges
Total Direct Costs
Indirect Costs

$$$1,000
$1,000
$111
$1,111
$$3,000

$2,700
$$1,000
$3,700
$841
$4,541
$$3,000

$2,700
$$2,000
$4,700
$952
$5,652
$$6,000

$1,300
$2,300
$7,711
$1,665

$3,000
$3,500
$14,041
$3,570

$4,300
$5,800
$21,752
$5,235

Total Direct and Indirect Costs

$9,376

$17,611

$26,987

Notes
Fringe Benefits calculated at 11.1% for hourly and at 27.1% for professional staff
Indirect Cost of 55.5% applied to Sr. Engineer salary/fringe benefits and all travel
* @ .05 FTE
+ Prof Colin Daly and Prof Mark Tuttle will not receive support during initial two years
** Travel to Fermilab for Sr. Engineer (approx. 4 trips, incl. car, per diem, etc)
++ Includes hours for machine shop as follows:
Year 1 - 100 hours @ $66/hour of which 65% of cost will be contributed by the Physics
Dept.
Year 2 - 150 hours @ $66/hour of which 65% of cost will be contributed by the Physics
Dept.
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Budget Justification: Fermi National Accelerator Laboratory
Collaborating institutions, Fermilab and SLAC, are not requesting funding from this
source.
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Figure 1: Layer 0 Upgrade Assembly for the D0 Detector at FNAL

Figure 2: Detail of Cooling Manifold Assembly
551

Figure 3: FEA deflection analysis of the L0 structure
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4.5: Pixel-level Sampling CMOS Vertex
Detector for the ILC
(new proposal)
Vertex Detector
Contact person
Gary Varner
varner@phys.hawaii.edu
(808) 956-2987
Institution(s)
Hawaii
Tokyo
Institute of Nuclear Physics (Poland)
KEK
Pittsburg
Nova Gorca Polytechnic (Slovenia)
FNAL

New funds requested
FY06 request: 57,200
FY07 request: 58,600
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Pixel-level Sampling CMOS Vertex Detector for the ILC
Principal Investigator: Gary Varner
High Energy Physics Group
Department of Physics & Astronomy
University of Hawaii at Manoa
Precision vertex reconstruction at the ILC requires a detector capable of exquisite spatial resolution while withstanding signiﬁcant low momentum charged particle ﬂuxes and modest radiation
damage. Lessons can be learned from the development of an ultra-thin CMOS pixel detector device for the high-occupancy environment of a Super B-Factory. The Continuous Acquisition Pixel
(CAP) detector is based upon a Monolithic Active Pixel Sensor (MAPS) architecture fabricated
in a commercially available CMOS process. What distinguishes the CAP is pipelining within each
pixel cell that allows for great robustness against large hit rates, while maintaining excellent spatial
resolution. These characteristics, in addition to options to expand the pixel-level signal processing,
make it an ideal technology for a future International Linear Collider (ILC) vertex detector.
We propose to evolve the CAP architecture and verify the suitability of this MAPS technology
for the ILC through a sequence of two prototype devices.
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BACKGROUND

Already the world’s highest luminosity collider,
the KEKB accelerator [1] can now produce in excess of one million B meson pairs per day. Upgrade
plans call for increasing this luminosity by a factor
of 30-50, providing huge data samples of 3rd generation quark and lepton decays. Precise interrogation of SM predictions will be possible, if a clean
operating environment can be maintained. Extrapolation of current occupancies and radiation damage to this higher luminosity mandates the switch
to a more robust vertexing technology than doublesided silicon strips. Initial prototype device development indicates that the Continuous Acquisition
Pixel (CAP) [2–4] is capable of meeting these requirements.

A.

Continuous Acquisition Pixel [CAP]

The Continuous Acquisition Pixel project was initiated by Varner [5] to explore improving the rate
handling capability and resolution of the innermost
layers of vertex detector for Belle at higher luminosities [6, 7]. As the success of this project has been
demonstrated, it has been widely suggested during
public presentations that this technology could be
well matched to an ILC vertex detector. Of note
is the sampling ﬂexibility and in-pixel processing allowed by the use of a high quality CMOS process.
This is seen in Fig. 1, where readout can be tailored
to beam structure and thus reducing power draw,
an essential feature for making an ultra-thin detector work without adding signiﬁcant mass for cooling.
We describe below this progress and results from
testing to date.
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2
500ns

A Continuous Acquisition Pixel [CAP]

Abort Gaps
Orbit
10us

Pixel Reset
Pre−sample N
CDS pair

Post−sample N
Pre−sample N+1

Super KEKB
Not to scale!
train

ILC Sampling

train

200ms

Readout

2.8k bunches, ~1ms long

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

B.

Choice of Technology

Until recently, the state-of-the-art in precision vertexing with pixels has been deﬁned by the success
of the CCD-based SLD detector [8] and the hybrid (sensor and ASIC readout electronics – bumpbonded together) devices developed for the ATLAS [9] and CMS [10, 11] detectors. However, despite the utility of these two types of pixel detectors
for their particle physics experiments, they are not
well matched to an ILC detector. Such LHC-type
hybrid pixel detectors are too thick and have poor
transverse resolution in each plane, which degrades
the vertexing performance below Super-B [7, 12] and
ILC requirements. While CCDs have impressive performance, as of yet their radiation hardness is insufﬁcient [13] and their readout times are too long, or
equivalently occupancy too high.
In the last few years groups in Strasbourg [14],
LBNL [15], Hawaii [3] and others [16] have reported
promising initial results with prototypes of so-called
Monolithic Active Pixel Sensors (MAPS), which are
thin, radiation-hard monolithic pixel detectors based
on CMOS technology. A comparison between the
standard Double-Sided Strip Detectors employed in
Belle and a MAPS detector is shown in Fig. 2.
In MAPS the silicon epitaxial layer upon which
the readout electronics are fabricated is used as the
detection medium. This has the distinct advantage of providing a very thin detector with no need
for bump-bonding or high-voltage biasing. Despite
these promising initial results, no group has yet operated a MAPS-based detector in a running exper-

Current DSSD

MAPS
10Pm

300Pm

Because of large
Capacitance, need
Thick DSSDs
-- MAPS can be VERY
Thin

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

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

iment. Indeed, before doing so, the following key
issues need to be addressed:
1. Radiation Hardness
2. Readout Speed
3. Full-sized Detector
4. Thin (50µm thick) Detector Construction
To address these fundamental issues, a systematic
development program has been established by the
proposer.
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The CAP Architecture

The operating principle of the Continuous Acquisition Pixel (CAP) architecture is illustrated in
Fig. 3. The fundamental unit is a 22.5µm square
pixel cell with a 3-transistor readout circuit (shown
at the upper left part of the ﬁgure). Ionization electrons diﬀuse onto the gate of transistor M2, which
forms the collection electrode. Since the collected
charges are small, they are not transferred directly
to the readout bus, but rather the threshold shift of
M2 is detected by a sense current applied via individual pixel addressing through transistor M3. Transistor M1 resets the electrode potential at the end of
each readout cycle.

1
9µs

2k

pix
mm2

0.01

hits
pix


 2M

hits
mm2 · s

(1)

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

RESULTS OF PRIOR SUPPORT

The results shown below have largely been supported by the US-Japan Foundation, with funds coordinated through KEK and Fermi National Accelerator Laboratory. Additional salary support for
participation by members of the University of Hawaii
High Energy Physics Group is provided through
DOE Contract DE-FG02-04ER41291.
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CAP Version 1
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In order to gain experience with the capabilities
and limitations of the MAPS technology, a ﬁrst generation device, designated CAP1, was developed by
the Hawaii group as shown in Fig. 4.
Column Ctrl Logic

analog
& storage

Pixel Array: Column select – ganged row read

Low power – only significant
draw at readout edge

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

The inset diagram in the upper right shows a sampling cycle. Immediately after reset, a sample is
taken. During the integration time, leakage current
is collected, leading to an expected diﬀerence compared with a sample taken at the end of integration.
The detection of a charge particle passage is made
by observing a larger than expected shift, as seen as
the dotted line. In its simplest form, this CAP cycle
is repeated indeﬁnitely at high rate.
In KEKB, the beam circulation time is 10 µs. Collisions occur for 9 µs and there is a 1 µs-long “abort”
gap when no beam particles are present. In the
simplest CAP variant, frame samples are integrated
during the 9µs live time and read out during the
1µs abort gap. The data from the most recent two
cycles are stored and transferred continuously, thus
the designation “continuous acquisition.” Operation
in this mode provides great robustness against background. Extrapolating current backgrounds, an occupancy of well below 1% is expected [18]. A 1%

1.8
mm

132col*48row ~6 Kpixels

Control/
Readout

TSMC 0.35Pm CMOS
FIG. 4: Die photograph of the CAP1 detector. The active
area is approximately 1 x 3 mm, which for a pixel size
of 22.5µm square, represents an array of 6,336 pixels
arranged in 132 columns by 48 rows. Sample data from
this device are shown in Figs. 5, 6 and 11.

Fabricated in the TSMC 0.35µm CMOS process [17], it consists of an array of 132 by 48 pixels,
each 22.5µm × 22.5µm.
A critical feature is the use of Correlated Double
Sampling (CDS) to remove the intrinsic channel dispersion, as well as noise/quantum uncertainty due
to reset. This process is illustrated in Fig. 5, which
shows data taken with a radioactive source and an
8 ms sampling time. First diﬀerences are formed
between samples from just after and just before a
beam cycle that has produced a trigger of interest.
A channel-by-channel leakage current correction is
then applied.

556

A CAP Version 1

(

4

-

)
8ms integration

Frame 1 - Frame 2 =

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

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

Here when the diﬀerence is taken between successive sample frames, some peaks can be seen. Some of
these are due to “hot” channels, i.e. channels that
are known to have high leakage current. Of these
more than 6,000 pixels shown, the worst case leakage
current is only 18fA. These are removed in the second step, when the channel-by-channel leakage current subtraction is made. After this, the hit candidate is clearly visible. The 8ms integration time for
the test arrangement shown in the ﬁgure is almost
1,000 times longer than we plan to use at KEKB,
there the leakage current will be negligible.
Figure 6 is an example of an event where a high
energy particle traverses a stack of four CAP pixel
detectors.

Charged Particle Track

FIG. 6: Detected event where a high energy particle traverses four CAP pixels. Note that the detectors are
slightly misaligned.
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Before irrad.

# of pixels

CAP1 Readout and Radiation Hardness. A
crucial feature of deep sub-micron CMOS is its resistance to radiation damage. This was the key to
earlier work by Varner [19] with others that resulted
in an improvement of the radiation hardness of the
Belle silicon vertex detector readout electronics. In
order to evaluate radiation hardness and readout
speed, the CAP1 was mounted into a readout board
as seen in Fig. 7.

200 Krad

Leakage Current [fA]

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

All LVDS digital I/O
Power/control over
standard CAT5
ethernet cables
300-600Mbaud link
On board ADC

~1mm x 3mm

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

FIG. 7: Readout conﬁguration for the CAP1 detector.

This choice of form factor proved very versatile, as
all power and control could be provided over a single
set of standard unshielded ethernet cable. All signals in and out are completely diﬀerential, to reduce
radiated emissions. Even with a long cable, single
pixel noise values of 16e− were observed.
A series of radiation tests were performed with
this set-up and are plotted in Fig. 8. Here the leakage current is plotted versus radiation dose for various periods of annealing, where the zero irradiation
and 200kRad points are highlighted in the inset ﬁgure, demonstrating the clear evolution and spread in
leakage current of all 6336 pixels as a function of irradiation. The accelerated dose rates are conservative
when compared with an example from the published
literature [20], made in the same fabrication process,
shown as data points for comparison. These points
correspond to slow exposure rates that are more like
those that will occur in actual operation. (Practical
limits on access to radiation sources precluded following the methodology of Ref. [20], though it will
be considered for a ﬁnal detector design.)
Even if we take the worst-case numbers from our
measurements and extrapolate to the short (i.e.
9 µs) integration times planned for Super Belle, the
impact of these leakage currents will be minimal. A
larger concern is the possible reduction in the charge
collection eﬃciency, a topic that is being actively
pursued. Recent results indicate [21] no charge collection eﬃciency loss up to at least 1MRad of 1 MeV
γ exposure, which is the relevant damage benchmark
for a B-factory environment.

B.

CAP Version 2 (Pipelined)

A limitation observed during the testing of CAP1
was the readout rate that was actually achievable.
While the small die could be read at the necessary
100kHz (10µs) frame rate, scaling to a larger detector indicated problems. A solution to the problem
is to place pipeline storage inside each pixel, to decouple the sampling rate from the triggered readout
rate. Therefore, in CAP2 a small, 8-deep pipeline
was placed inside each pixel, as seen in Fig. 9. Here,
the TSMC 0.35µm process was used again.
Storage cells
Sample1

Col1

Sample2

Col2

VAS
Output Bus

Pixel Reset

Vdd
Sample8

Col8

REFbias
Sense

22.5 Pm x 22.5 Pm
FIG. 9: Schematic diagram (left) and pixel layout drawing (right) of a CAP2 pixel, with an 8-deep pipeline.

On the left, the standard 3-pixel cell is augmented
with an array of 8 selectable storage cells. The outputs are independently accessible, completely decoupling storage from reading operations. On the right
is the actual pixel cell layout, with various mask layers of diﬀerent colors, indicating complete utilization
of the available pixel area.
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6

4 F2s / Pixel Sensor

S2 area

CAP targets !

B-Board / DAQ

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

Beam Test Results

250Pm Si

1mm Alumina substrate
1mm plastic

(in mm)

C.

L4

L3

L2

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

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

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

These resolutions are consistent with GEANT
simulations of the detector spacing and materials
used, which indicates that multiple-scattering dominates over the intrinsic resolution for this detector
conﬁguration with the relatively low momentum π
beam used.

4.6 cm

3.6 cm

3.4 cm

(in mm)

x-plane

z-plane

“hit”

Residuals for 4GeV/c pions:
- <11Pm (in both planes)
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CAP Version 3 (full-scale)

One of the lessons learned from CAP2 was
that with only 4 metal routing layers, insuﬃcient
power distribution caused signiﬁcant baseline stability problems. To address this and to provide additional storage within each pixel, a third generation
of CAP detector, designated CAP3, was fabricated.

Indeed, the CAP3 detector is large enough to be
considered for the basic building block of a complete
pixel vertex subdetector, as drawn in Fig. 14 and in
the process of preliminary mechanical design.
SVD2.0 Ladders

Layer 1

TSMC 0.25Pm Process

120Kpixel sensor (128x928 pix)
5-deep double pipeline

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

32 CAP3/ladder
6 ladders/L1 layer
23 Mpixels
20-30kBytes/event (after L3)

36 transistors/pixel
5 sets CDS pairs

5 metal layers

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

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

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

Half ladder scheme

CAP3

5-layer flex

Pixel Readout Board (PROBE)

PIXRO1 chip
128 x 928 pixels, 22.5Pm2

~120 Kpixels / CAP3
0.25 Pm process

21 mm

Active area

Side view

End view
Double layer, offset structure

Length: 2x21mm ~ 4cm

20.88 mm

r~8mm
30o

e-

r~8mm

17o

e+

# of Detector / layer ~ 32

928 x 128 pixels = 118,784
~4.3M transistors

>93% active without active edge
processing

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

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

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

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

PROPOSED ACTIVITIES

We propose to design, fabricate and test two generations of evolutionary descendants of the CAP architecture tailored to the planned ILC operating environment.

8
sense to develop experience through the completion
and commission of a working pixel vertex detector
system under demanding operating conditions.

2.
A.

While the operating environments in the inner detection layers at Super B and the International Linear Collider are diﬀerent, the requirements on thickness, data volume, low-power consumption and the
instantaneous occupancy are actually quite similar,
as may be seen in Table I. In these comparisons integration time is dependent upon the reset and sampling times needed, which is in turn related to the
machine bunch structure shown in Fig. 1. In both
cases the electronics operation is optimized to reﬂect
the machine structure available, as described below.
For the ILC, there are two options listed for some
parameters, with the ﬁrst for technologies capable
of storing samples within a bunch train (Column
Parallel CCD (CPCCD) with storage or CAP) and
the second with longer integration time (higher occupancy) corresponding to devices without in-pixel
storage (standard CCD or DEPFET).
Of the comparisons listed, it is interesting to note
that the data rate and radiation tolerance requirements are actually more severe for Super Belle than
for the ILC [22]. That is, any detector capable of
successful operation in the Super B environment is
a viable option for the ILC vertex detector.

1.

T-943 at Fermilab

ILC Prototype

Optimizing CAP architecture

We plan to pursue two generations of ILC-speciﬁc
CAP design, designated LCAP1(2), optimized for
the ILC beam structure. As the CAP architecture
is quite ﬂexible, it can be tailored for the machine
operational environments, as mentioned earlier in
Fig. 1. The ﬁrst generation will explore issues of
maximum sample storage depth. A second generation will follow-up with lessons learned, as well as
exploring ultra low-power operation, a major concern for reducing support infrastructure.
Discussions have begun [24] on possible joint collaborative eﬀorts to make a variant of the CAP architecture that is tailored to the ILC requirements.
These discussions have aﬃrmed that a device suitable for a high-luminosity Belle could also serve as a
functioning prototype for a future ILC vertex detector. Given the long and uncertain development time
table for completion of the ILC detector, it makes

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

B.

Task Sharing

In addition to members in Hawaii, the Belle pixel
group consists of physicists and engineers from the
KEK laboratory, the University of Tsukuba (Japan),
the H. Niewoniczanski Institute of Nuclear Physics
in Krakow (Poland), the University of Pittsburgh,
the Nova Gorica Polytechnic Institute (Slovenia),
the University of Melbourne (Australia) and the
University of Tokyo.
CAP Pixel. While Varner is the leader of this
project, he is well aware that successful completion
of a project of this scale requires multi-institutional
resources. A breakdown of task sharing for the Belle
pixel eﬀort is provided in Table II.
These institutional responsibilities are a logical
continuation of current activities within the Silicon
Vertex Detector group. The Krakow group has built
the readout chain for the current and original SVD,
with KEK providing mechanical, integration and infrastructure support. Melbourne built most of the
production silicon ladders that have been used in
Belle and will be available for production work once
they have concluded their ATLAS endcap silicon assembly. Radiation and environmental monitoring
will be performed by Nova Gorica Polytechnical,
with support from the Univ. of Tsukuba. Hawaii
will focus on detector design and ladder mechanical
structure. The Tokyo and Pittsburgh groups will focus on pixel vertex detector testing, evaluation and
simulation.
All these groups have expressed interest in extending this eﬀort toward an ILC vertex detector. To
the list of institutions above, Ray Yarema’s group
at Fermilab has also joined this development eﬀort.
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TABLE I: Comparison of Super B-Factory and ILC pixel vertex detector operating conditions. For the ILC there are
often two parameters listed with a slash between, referring to the possible choice between candidate technologies. As
no single technology has demonstrated itself capable of meeting all of the design and environmental requirements, it
is expected that this R&D eﬀort should remain active for the next few years, with a decision to be made in 2010 at
the earliest [23]. Evolution of the CAP technology to meet these requirements shows real promise.
Parameter
ILC
Super-B
Notes
Integration time
BX collision timing
# bunches/integ. time
Expected occupancy
# pixel channels (Million)
Duty cycle (high power)
Readout cycle
Pixel readout rate (raw)
Radiation requirements

25µs/1ms
≤ 10µs
Belle (trigger dep.)
300 (150) ns
2 ns
75(150)/2.8k
1-5k
CPCCD or MAPS/DEPFET for ILC
∼ 1%
∼ 0.5 − 1%
Belle extrapolation (max.)
100’s to 1k
10-50
5 layers versus single
few %
5-10%
within acceptance
between trains
continuous
500/10 Gpix/s 200-1000 Gpix/s
Belle 10kHz trigger
0.5kGy/yr
few 10kGy/yr
neutron dose not considered

TABLE II: CAP Pixel Collaboration.
Institution

Resource

Contact

INP, Krakow
Readout Elec.
H. Palka
KEK
Infrastructure T. Tsuboyama
Nova Gorica Poly Rad. monitor
S. Stanic
Univ. Hawaii
Detector
G. Varner
Univ. Melbourne Production
G. Taylor
Univ. Pittsburgh
Analysis
J. Mueller
Univ. Tokyo
Testing
H. Aihara
Univ. Tsukuba
Environ.
Y. Asano

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

IV.

BROADER IMPACT

As one of the founding mentors, Varner was instrumental in establishing the Quarknet program in
Hawaii. Being separated from the US mainland and
Asia by thousands of miles of open ocean, it is essential to expose high-school teachers and local, underserved students to the excitement of frontier physics
though our local research activities. Our annual
Physics Open Houses are very well-attended and being able to involve and interest the community at
large is crucial.
The current UH QuarkNet program had its ﬁrst

teacher workshop last summer, with 10 teachers participating in a mix of lecture and hands-on lab sessions. The lectures provide particle and cosmic-ray
physics education for the teachers, earning UH graduate credits, which in turn allow for their own career
(and payscale) advancement providing an incentive
to participate. The lab sessions involved component assembly and instruction in the operation of
the cosmic-ray detectors. We propose to add to this
program a “work at Fermilab” component beginning
next summer, including participation in hardware
fabrication, operation of equipment in the beam test
and summer lecture and curricular development.
The current UH QuarkNet program provides
opportunities for teachers’ professional development using the Hawaii State Department of Education (HDOE) Professional Development Credits
(PDERI) program. Teachers can earn PDERI credits which advance them on their pay scale by showing
evidence of the success of their activities with their
students. This is done via a portfolio submitted by
the teachers to external evaluators in the HDOE. For
teachers, QuarkNet provides resources and partnership opportunities that the teachers have no access
to otherwise. In addition, the intellectual development opportunities in QuarkNet, with hands-on activities and conceptual material that can be directly
transferred to curriculum (lab exercises, science fair
projects, class discussion of the latest ideas in particle astrophysics, etc.).
The ﬁnal portfolios that teachers prepare for these
credits under QuarkNet provide tangible and quantitative evidence of the eﬀectiveness of the program,
and we intend to track the development and impact
of our proposed activities through these portfolios,
through periodic review and summaries.
Public support for funding of the ILC in the long-
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haul depends upon educating the educators, the next
generation of students, and the general public in the
exciting discovery possibilities at the ILC, and the
very interesting technical challenges (some being addressed in Hawaii!) to meet them. This type of
hands-on hardware exposure for the young and inquisitive researchers is sorely needed as scientiﬁc collaboration sizes have increased.
V.

FACILITIES, EQUIPMENT AND OTHER
RESOURCES

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

Instrumentation Development Laboratory

cuit boards, and FPGA/CPLD ﬁrmware. Assembly benches and prototyping facilities, with available and well-trained student technician support, are
maintained. Test instrumentation in NIM, 6U/9U
VME, CAMAC, FASTBUS, compact PCI and LabView/GPIB are available. Silicon pixel and custom
detector development are facilitated by a Cascade
motorized probe station, Agilent parameteric analyzer, K&S wire-bonder, all located inside an assembly clean room. SMT assembly/inspection stations
are complemented by a BGA rework station.
The ID-Lab provides expertise in IC and board
design, as well as software and ﬁrmware. Lab chief
engineer Kennedy is coordinating the pixel readout
system design. Engineering doctoral fellow Martin
will complete the PIXRO1 and LCAP1 design as
part of her dissertation work. A particularly valuable asset is mechanical engineer Rosen, who designed the current Belle beampipe and will lead the
mechanical design of the pixel ladder structure.
Excellent laboratory space is provided by the University, with over 2000 square feet available to the
ID Lab, as can be seen in Fig. 17.

The CAP progress demonstrated up to this point
would have been impossible without the support
of an entire engineering team at the University of
Hawaii. With strong support from the High Energy Physics Group, the Instrumentation Development Laboratory [26] develops world-class instrumentation such as the CAP pixel.
Dedicated to the development and support of
high-performance instrumentation for world-class
research in High Energy and Particle Astrophysics,
the ID Lab is available to the University of Hawaii
research community at large.

clean room

pixel
test
area

BGA rework

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

B.

FIG. 16: Some of the engineers, post-docs, graduate
and undergraduate students, and visiting researchers who
make the University of Hawaii Instrumentation Development Lab. successful.

As can be seen in Fig. 16, the lab serves as host
to a diverse group, bringing together talent from
throughout Asia, Europe and North America.
Electronics design support consists of workstations and software for the design of ASICs, cir-

Hawaii Faculty, Researchers and Students

Faculty members Browder and Trabelsi are active
participants in this project. Senior researcher Parker
is a wealth of information on silicon fabrication and
processing. The CAP pixel project is the primary
task of post-doc Barbero. Student Uchida has participated in all beam tests, with student Sahoo to
join and gain hardware experience.
Our current DOE grant supports all of these group
members. Pending this award, new student Rorie
will join the eﬀort and start detailed studies of detector optimization.
a. Other Facilities In addition to the full-time
machinists and shop mentioned, the university also
provides computing support and access to a highperformance computer farm.

563

B

Hawaii Faculty, Researchers and Students
VI.

FY2006 PROJECT ACTIVITIES AND
DELIVERABLES

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

FY2007 PROJECT ACTIVITIES AND
DELIVERABLES

In the second year we expect to have feedback not
just from the LCAP1 prototype, but also for subsequent generations of Super Belle CAP pixel detector. In the latter case the experience with handing
very thin devices and operating at high speed and
low power will be valuable in shaping the direction
of the next generation of demonstrator prototype,
which would be designated LCAP2.
The development cycle and deliverables are identical to those for FY2006, with the report being delivered serving as a critical milestone at which to
assess whether to take this development forward toward a full-sized detector prototype or instead recommend pursuing another strategy based upon concurrent development eﬀorts by other groups.
VIII.

PROPOSED BUDGET AND
JUSTIFICATION

A summary of the proposed total budget is given
in Table III. The budget is broken out by ﬁscal year
and also by salary, travel, equipment fabrication,
material & supplies and miscellaneous costs (shipping, document).
FIG. 18: Contribution to noise due to storage cell capacitance. For small storage cells, this term can become
important though this can represent a very small storage
element.

The ﬁrst ASIC design is designated LCAP1
(Linear Collider CAP #1) and the development
timescale is matched to a ﬁscal year. From experience with three generations of CAP detector, this
is a reasonable interval in which to perform the tasks
outlined below:
1. design – 3 months
2. fabrication – 3 months
3. eval board – 2 months
4. ﬁrmware/software – 2 months
5. test/document 2 months
The deliverables are a set of fabricated die after 6
months, a functioning die on test board, available for
radiation, noise, resolution and other testing within
10 months. Finally, a publication documenting results of these tests round out the year development
cycle.

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

FY06 FY07

total

Salaries & fringe
Travel
Equipment fabrication
Other direct costs

$17.0
$4.5
$29.8
$1.2

$17.0
$4.5
$31.2
$1.2

$34.0
$9.0
$61.0
$2.4

Indirect costs

$4.7

$4.7

$9.4

TOTAL

$57.2 $58.6 $115.8K

b. Operations. We also request half-time salary
support for one graduate student who will pursue
the proposed research in partial fulﬁllment of his
dissertation requirements. A student, J. Rorie, has
already been identiﬁed, and has expressed interest
and willingness to participate in the research if the
funds are available. The student will take his PhD.
qualifying exam in the spring of 2006.
We also request support for two part time undergraduate research assistants to help in performing
the equipment fabrication for the work described.
Required engineering resources are costed as part of
speciﬁc equipment tasks listed below.
c. Travel. Travel is requested for the proposer
and other participants to perform the measurements
of detector performance as part of the ongoing T-943
beam test experiment at Fermilab.
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d. Equipment. We describe here the major fabricated equipment costs, with ASIC fabrication
through MOSIS.
Costs for the ﬁrst ILC detector prototype are
listed in Table IV. This prototype builds heavily
on the systems developed previously. Some electrical engineering design time is required for an improved portable data acquisition system and to establish the data link. Student labor costs are not
included here. Budgeting is based upon completion
of the task within FY2006.
TABLE IV: ILC CAP “LCAP1” prototype budget.
Item

TABLE V: ILC CAP “LCAP2” prototype budget.
Item

Est. Cost

LCAP2 ASIC fabrication
Engineering (mechanical)
Engineering (electrical)
ICs, parts & materials
Board fabrication
misc. cabling, housing
Test structure machining

$17K
$2K
$5K
$2K
$2.5K
$1.5K
$1.2K

Estimated total:

$31.2K

Est. Cost

LCAP1 ASIC fabrication
Engineering (mechanical)
Engineering (electrical)
ICs, parts & materials
Board fabrication
misc. cabling, housing
Test structure assembly

$12.4K
$2.5K
$7.5K
$2K
$2.5K
$1.5K
$1.4K

Estimated total:

$29.8K

Common to both these tasks, additional nonrecurring engineering costs support the design and
printed-circuit board layout capacity of the Instrumentation Development Laboratory. Stuﬃng and
testing of the boards is supported by student labor
captured separately.
Costs for a second-generation ILC detector prototype are tabulated in Table V. This prototype will
be an evolution based upon lessons learned with the
LCAP1 prototype. It is assumed that a deeper submicron process will be used, consistent with evolving
industry trends. Student labor costs are again not
included here. Budgeting is based upon completion
of this task in FY2007.
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