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1. Introduction

Studies carried out in the U.S., Europe, and Asia, have demonstrated the popigebf a
vertex detector in physics investigations at the ILC. Until regesiiiton CCD’s (Charged
Coupled Devices)seemed like the detector elements of choice. Last year, recoghiging
potential of a Monolithic CMOS detector, we initiated an R&D effordievelop such a
device. With the technology decision choosing a superconducting accelerabmtitragion
for such a detector technology is even more compelling. The time stroétime cold
technology necessitates an extremely fast readout of the vertekadetlements and thus
CCD’s as we know them will not be useful. There are efforts to develoCaEwv
architecturesbut these require rather large advances on the state of the atiegerdasons
there is an increased importance on the development of Monolithic CMOSleiretors
with extremely fast non sequential readout of only hit pixels. This featgnificantly
decreases the readout time required. Another important feature of entm@sceptual
design for these CMOS detectors is the possibility of time stampatighéawith single
bunch crossing precision. This significantly reduces the effectivgaocy.

2. Objectives of the Proposed Project

We are proposing here the continuation of an R&D program on ILC Vertex Detdwetblras
been approved and funded this past year. The detailed emphasis of this jragcranged
somewhat since the technical decision for the cold machine.

2.1Continuation 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 eedetector, and
that SARNOFF believes they can build. In the present year, for which we have
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already been funded, we have continued the subcontract with SARNOFF t@zefttimidesign
and to start detailed engineering design of the first prototype device. biltvarig years we
plan to continue working with SARNOFF to complete the detailed designcdisthe first
prototypes, and test these prototypes.

2.2 Radiation Hardness Testing of Both CCD and the New CMOS Device Prototgg

We plan to continue the radiation testing of CCD’s from the SLexatétector and start testing
the first prototypes of the new CMOS devices. We have a test seSup@twith electron
beams, and have built and instrumented a beamline at the WNSL Heavy i@nadocelt Yale

for radiation testing of imaging devices with proton, neutsgmand 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 tmixénihe
thicknesses of both the detector chips and the support structure of therte€ detector.

Progress in the Past Year

The original overall vertex detector design we have worked towardswssh Fig. 1, and the
associated numbers and sizes of the 120 detector elements (chips)raegizechin Table 1. The
SiD study has proposed a new design, with forward detectors, shown in Fig. 2. dinjeErent
does not significantly alter the sensor R&D of our project.

The detailed time structure of the ILC is under discussion within the Gdassume that the ILC
design will have 2820 bunches in a bunch train, with 5 bunch trains per second. Tagosepa
between bunches in 337 nanosec, which makes each bunch train about 1 millisedozigouti200
millisec between bunch trains.

We have based our design on previous background calculations that indicategrauvatlevel in
the innermost layer of the vertex detector (i.e. worst case) of

Background rate = 0.03 hits/m#aunch crossing

More recent detailed background calculations for detector designstbunether consideration
confirm this estimate (see talk by T. Maruyama of Snowmass 2005) as smathia Table 2. Some
caution, however, is in order since the detailed design of the ILC is stdeterimined and the
backgrounds can depend on these details. This is illustrated in Figure 3, whichMaroyama's
background calculations for various final focus configurations (theréelt, Q, Y, P, H signify
different configurations). Most of the configurations indicate a backgl and level near or below
the .03 hits/mriibunch 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 theseduamkgalculations motivates
us to optimize the design of these detectors to be as tolerant of higkgmolacls as possible.

3.1Progress on Monolithic CMOS Pixel Detector Design
During the past year, in collaboration with SARNOFF, Inc. (RCA'’s Silicon Eatioh House)

with whom we had an R&D contract, we developed a draft conceptual design foce (@gip)
that we believe will work well for the ILC Vertex Detector applicatand that SARNOFF



believes they can make. We will discuss here a typical 22 mm x 125 mm chifetaricated by
SARNOFF's CMOS process. Each chip would consist of two particle metdéayers, which we
call Big pixels (Macro Pixel Array) and Small pixels (Micro Pixetdy) (Big pixels ~ 50 x

50u, Small pixels ~ b x 5u) 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 thedintee hit (to a precision
of better than 1/3 microsec or one bunch crossing time). There will berelogugcircuitry in
each pixel that using the location of the Big pixel hit we look for hiteén3mall pixels to
determine the precise x and y location of the hit and get a 3 bit grey stiadecbfarge
accumulated in each Small pixel. Even a single particle crossing wilsdeharge in several
Small pixels due to charge spreading beyond a pixel. The 3 bit grey scadldsv the
determination (later in the analysis) of the coordinates of the camirthe particle to better than
a pixel size. The time information for each hit in the Big pixels is storeeruhd area of the Big
pixels with room for up to 4 hits. At 12 bits + 1 parity bit this requires 52ibiter each Big
pixel which is quite manageable as shown in Figure 4. The Big pixels araftes¢he time is
stored to get ready for the next beam crossing. The Small pixel torag the analog signal
charges locally for the ~ 1 millisec duration of the entire bunch train.

Due to concerns about excessive Electromagnetic Interference duringtiettain, we do not
plan to read out the device until after the bunch train when we haveraled0 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 estidn@Behits/mribunch.
We then expect an occupancy of ~°1@r Small pixel and ~ 10per Big pixel per bunch
crossing. Integrating over 2820 bunches in a train we expect about >Aitslper Small pixel
and ~ 0.3 hits per Big pixel in a bunch train. Thus we expect to only rarely dheestdrage
capacity of 4 hits in each Big pixel (if need be the 4 hit limit can be ired@ad he total number
of hits per 22 mm x 125 mm device (chip) (with 1.1 ¥ 3Mall pixels) is expected to be ~ 3 x
10° hits/chip. At a read out rate of 25 MHz these hits can easily be read out imdetithe 200
millisec gap between bunch trains. The occupancy in the Small pixelsatiniggver a bunch
train, is expected to be of the order of one percent. This appears mimghtoo allow efficient
pattern recognition. The crucial element of our design is the availaffilihe time information
(i.e., bunch crossing number) with each hit. If we trigger on an event that imteaested in
from another part of the detector (tracker or calorimeter) witime, ti.e., the bunch crossing
number known, we need to look only at those vertex detector hits which are comsitteat
with the event of interest and the occupancy drops to beldwwd&0Small pixel which is
wonderful (SLD worked well with an occupancy of ~*1@er pixel in the Vertex Detector).

A first design of the architecture of the Big (Macro) and Small (d)i€ixel Arrays by
SARNOFF is shown in Figures 4 and 5.

In the present year we are continuing with SARNOFF the detailed design o€Cti€xe
devices. The first step is the optimization of the important paranwtdrs design:

a) Reducing the size of the Big Pixels. In this design the tolerance to backgresetby the
size of the Big Pixels. With the 50 u x 50 u pixels we have a safety fadtee gte., the
detector will operate satisfactorily with a background level fime$ higher than the
estimated 0.03 hits/mfitbunch crossing. Reducing the Big Pixel size still accommodating
the ability to store four hit times, would increase this safety factorenGhe uncertainty of
the background estimates this seems a desirable goal. SARNOFF is ndgmgaaut a study
of the fundamental limitations of reducing the Big Pixel size. For axgiwee! size and
performance requirements it is essential to find an optimum processltaghaaailable



from various foundries. The 50 p x 50 u pixels is based on the currentlyoder&las p
process. SARNOFF is investigating not only the state of the art pitockess but what the
can expect it to be say five years from now when ILC detector fabricaigin actually
start. For example if the projection were that 0.075 micron process wilbilakde at that
time, then 15 p x 15 y Big Pixels with the same performance should be possiisievotild
allow these detectors to function satisfactorily even if the badkgrlevel were 50 timdbe
estimated 0.03 hits/mftunch crossing.

b) Another important parameter we are looking at is the amount of chargeisgriesc
minimum ionizing particle crossing the detector. This depends isehsibn the thickness of
the epitaxial layer, the fraction of this that is depleted, and thetaepl®Iltage. The design
we are developing at this time is shown in Figure 6. With a fully depégigaxial layer ~
10 p thick we can expect the charge spreading to be minimal, probably leasniaon or
two for perpendicular track crossings. This is quite important éofdfiowing reason. If the
charge spreading were small compared to the pixel size, we would nohaesthtog charge
level information supplied by the Small Pixel layer in this designmis Would greatly
simplify the design, to a single layer of 10 to 15 u square pixels with up to faimédt
each, accepting hits over some threshold but without analog charge measurEnie
would reduce both the design time (and cost) and the fabrication costs, and exen mor
important, reduce the thickness and therefore multiply scatteriregimlayer by a factor of
two. Please note that the 100-250 u thickness of the P++ substrate shown i® Egumky
illustrative — SARNOFF hopes to be able to reduce this to a 50 to 100 p tisicknes

3.2Progress on Radiation Damage Testing

During the past few years, we have carried out an active investigataie effects of radiation
damage in the CCDs used in the SLD vertex detector. The principal reshis®ftudies 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 wasagedk

Electron Damage Studies
NLCTA (Next Linear Collider Test Accelerator) exposures estabd
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 radiateomate
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 numberasfdalk
papers.

J.E. Brau and N. Sinev, “Operation of a CCD patrticle detector in thenpeesébulk
neutron damage,” IEEE Trans. Nucl. Sci. 47, 1898 (2000).
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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 CMElSietector with
time stamping that should work well for the Vertex Detector at the With a considerable
margin of safety. In the current year we are starting the detailed desiggsefdetectors at
SARNOFF, working towards making the design another factor of ten or so nobigrdnand
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 wexipect to fabricate
the first prototype devices using the best process technologglaleadt that time, and then
proceed to test these prototypes.

There are many issues and uncertainties that will have to be addredsedetailed design.
Some of these issues apparent at this time are:

SARNOFF thinks they can build devices with pixels as small as 5u x 5, hgeataa
chips, 25 MHz read rate, and sufficient logic under each pixel to do whatlg tedo in
this conceptual design. Can they achieve all of these features sirauignen one chip?
How thin can these devices be thinned below the initial 500 thickness?

Radiation hardness

Power consumption

Will the Electromagnetic Interference during a bunch train affectradlyethe functioning
of the device at the pixel level?

4.2 Beam induced EMI tests

EMI effects disrupted the planned operation of the SLD vertex detectbB\Vi¢quiring a
delayed readout of the CCDs. The origin of these effects was neveletelignunderstood,
since operations were possible. If such a problem recurred at the ILC, it mailde possible to
solve it so easily. Therefore, for the sake of the ILC, it is cliticanderstand the origin of such
effects, and to develop procedures for ameliorating them.

Working in collaboration with groups from SLAC, Rutherford-Appelton La,b and KEKare
looking into the possibility to study this problem.

4.3 Radiation Damage Testing

In this coming year we will consider conducting further radiation damageateagpropriate.
Such tests might involve electron beams at SLAC and possibly proton beaais.atMhen the



first CMOS prototypes from SARNOFF are available, we plan to datiaditesting on those
both with electron and proton/neutron beams. This activity will require esgng and
technician support for fixturing, vacuum, electronics, etc.

5. Relationship to Linear Collider Detector Concept Sudies

Our vertex detector design effort is in the context of the SiD detector conceptedige

that we are working on fits well within that context and has the parameters agigroptihat
detector. However, the LDC and GLD detector concepts also require vertewiceded

our R&D is applicable to those designs. Thus, the R&D we are proposing is importdht for a
of the detector concepts under discussion at this time.

6. Relationship to Other Silicon Pixel Sensor R&D Progams

6.1 This research has been developed and benefited from discussions withdihBaeih, 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 detdttdr can
accommodate the long bunch trains of the cold ILC. We maintain a closensgp with the
work of the LCFI group and are coordinating our activities with them to congpie 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 subwithtrac
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 lajpasac
significant advantages over other competing approaches.

6.5 The Japanese CCD Vertex Detector Collaboration, led by Y. Sugimoto and #&mbtiy of
KEK, is also working on the issues confronting a CCD vertex detecttrddinear collider. We
are in direct communication with this group, and coordinating our R&D sffort

6.6 We have begun work on the readout electronics for linear collider vertestars in
collaboration with SLAC (M. Breidenbach and G. Haller). There are gtloeips proposing to
work on the fast readout electronics required for these deteatdrajeaplan to coordinate our
efforts closely with these groups so that together we develop a cohdestibdeith pixel
imaging detectors and the electronics appropriate to read them out.



7. Work Plan and Deliverables

We are proposing here a multi-year R&D program to address the issueselisabeve. 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 Moaolithi
CMOS Pixel Detector that we believe will satisfy the requiremenmtthe 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 supplemexiabfto
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 electroniceger@OS
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



8. Budget Estimates

Request in Units of $1000

Past Present Coming  Following
Year Year Year Year
Item FY 2064 2005 FY 2006 FY 2007
Engineering, Technician, Shop Support and Supplies
At Oregon 25 8 25 25
At Yale 22 7 25 25
Subcontracts
CMOS Design 25 50 100 100
CMOS Fabrication 0 0 0 100
Yearly Totals 72 65 150 250

a) Budget Justification

The engineering, technician, shop support and supplies are to cover expensesiad Yize
University of Oregon associated with the design work and radiation te$torts described
above. Normal university overhead of 67% will be charged (included) in @nesents.

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 tiabrioa

FY 2007 is for the fabrication of the first prototype devices and might be ardudt to

SARNOFF or directly to a silicon foundry.

All of these subcontracts have been and will continue to be placed by Yale. Reau/&iill be
charged on these subcontracts.

9. Broader Impact

This research project contributes to society in many ways, including but nteditai

development of new devices for applications in other fields
opportunities for students and young researchers to learn state-of-thehartjues
advances in the understand of the fundamental nature of the universe around us.
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