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GDE Schedule for the ILC
• Technically driven ILC schedule calls for completion of Engineering Design 

Report (EDR) by 2010 
– 2010 decision on project 
– 2012 construction start for a 7-year construction schedule 
– 2019 operation of facility 

• ILC Steering Committee (ILCSC) has recently appointed Prof. Sakue Yamada 
(Univ. of Tokyo) as Research Director (RD) to:
– Coordinate the detector R&D
– Help establish two detector collaborations for the ILC  

• ILCSC charged the RD with issuing a call for LOI’s by October 1, 2007 to be 
submitted by about October 1, 2008  
– Expression of interest to develop a design for a detector at the ILC
– LOI will form the basis on which groups will be invited to further 

develop and detail its plans and eventually submit an engineering 
design report (EDR)

– EDR submitted (along with the accelerator EDR) around 2010
• As with the accelerator, TDR for the detectors expected to be submitted 

around 2012
• As with the accelerator, schedule is technically driven also for the detectors
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Specification for an ILC Detector
• ILC physics characteristics:

– Relatively low event rate 
– Cross sections relatively democratic
– Analyzing power of polarization and 

angular distribution (1 + cos2θ) puts 
premium on forward region

• One sentence specification for an ILC detector: 

Fully reconstruct the final state over the full 
angular region

• ILC Detector implications: 
– Identify each and every particle, with high efficiency and high purity, 

over the full angular range 
• Differentiate between Z’s and W’s in their hadronic decay
• Differentiate between b- and c-quarks
• Identify hadronic tau decays 
• Differentiate between b- and anti-b quark

• Although these requirements are common drivers for all experiments, they 
are non-negotiable requirements for the ILC  !
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• ILC detectors appear evolutionary, in fact they are revolutionary
• Many novel, unproven detector technologies employed and required to 
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Approach taken
• Pursue detector R&D in areas of existing strengths at the lab 

• Balanced approach between generic “Horizontal” detector R&D versus 
concept driven “Vertical” detector R&D

• Exploit synergies with other projects, in particular LHC replacement 
detectors and upgrades 

• Explore common projects between Argonne National Lab and University of 
Chicago 

• Support for the user community at large through the support of many test-
beam experiments
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Foci at Fermilab Today
• Development of pixel detector technologies

Based on extensive experience with silicon detectors and their associated readout, focus on the 
development of new pixel technologies in synergy with the development for LHC replacement and 
upgrade detectors. 

• Development of low-mass silicon vertex detectors and trackers
Based on extensive experience with silicon trackers, focus on the design of low mass mechanical 
support structures for vertex detectors and trackers and pursue novel sensor technologies with 
special emphasis on the forward regions. Concurrently develop the tracking software enabling 
optimization of the detector design  

• Characterization of Geiger-mode Avalanche Photo Diodes and their application
Geiger-mode Avalanche Photo Diodes are a new silicon based photon detection technology. Due to 
their small size they can be highly integrated in the detector design and signal processing is much 
facilitated. They hold excellent promise for many different applications. Device characterization is 
pursued together with the development of readout technology and their application in scintillator-
based detector readout for scintillator and scintillator-leadglass dual readout calorimetry and muon 
detection.  

• Test Beam
Many detector technologies for the ILC are unproven. The beam line at Mtest has been redesigned 
to accommodate the ILC needs and improvements to the beam line instrumentation and data 
acquisition are being implemented.  

• Physics Community Outreach 
Organize and host many workshops with broad ILC perspective 
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• Pixel detectors (for the ILC) are very difficult
– Good angular coverage with many layers close to vertex
– Excellent point resolution (< 4 µm)
– Superb impact parameter resolution ( 5µm ⊕ 10µm/(p sin3/2θ) )
– Transparency (~0.1% X0 per layer)
– Robust pattern recognition (track finding in vertex detector alone)
– Integration over small number of bunch crossings (<150 = ~50 µs)
– EMI immunity; Power Constraint (< ~100 Watts)

• Significant progress has been made to address these issues by integrating 
sensors and front end electronics within the pixel cell: 
Monolithic Active Pixel Sensors (MAPS)

– Fundamental limitations
• Small signal dependent on epi thickness
• Most designs are limited to NMOS transistors
• Not 100% fill factor
• Slow rise time set by diffusion

• Fermilab is pursuing alternatives:  
– SOI (Silicon On Insulator) Pixel Sensors

• Offers improvements over MAPS
– 3D integrated circuits 

• Also SOI process, but offers improved performance 
over SOI pixel sensors.

Pixel Detectors
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SOI Detector Concept

• Bonded Wafer: low resistive top layer + high resistive substrate, separated 
through a Buried OXide (BOX) layer 

– Top layer: standard CMOS Electronics (NMOS, PMOS, etc. can be used)
– Bottom substrate layer forms detector volume 
– The diode implants are formed beneath the BOX and connected by vias

• Monolithic detector, no bump bonds (lower cost, thin device)
• High density and smaller pixel size is possible
• Small capacitance of the sense node (high gain V=Q/C)
• Industrial standard technology (cost benefit and scalability)

Advantages
– 100% fill factor
– Large and fast signal
– Small active volume: high 

soft error immunity
– Full di-electric isolation: 

latchup free
– Low Junction Capacitance: 

high speed, low power
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SOI Detector Development
• SOI detector development is being pursued by Fermilab at two different 

foundries
– OKI Electric Industry Co. Ltd. in Japan through Multi-Project Wafer submission (KEK)
– American Semiconductor Inc. (ASI) in US, through SBIR phase I grant (Cypress 

semiconductor)

• Goal is to understand the advantages and problems of SOI detector design, in 
particular issues related to trapped charges in the BOX layer due to radiation 
and its potential remedies through voltage on the substrate and the reduction 
of “back gate effect”

OKI ASI 
Process 0.15µm Fully-Depleted SOI CMOS 

process 
 
1 Poly, 5 Metal layers 

Process 0.18µm Partially-Depleted dual 
gate SOI CMOS process, 
Dual gate transistor (Flexfet) 
No poly, 5 Metal layers 

SOI 
wafer 

Wafer Diameter: 150 mmφ 
Top Si : Cz, ~18 Ω-cm,  
p-type, ~40 nm thick  
Buried Oxide: 200 nm thick 
Handle wafer: Cz、>1k Ω-cm  
(No type assignment), 650 µm thick 

SOI 
wafer 

Wafer Diameter: 200 mmφ 
 
 
  
Handle wafer: FZ>1k Ω-cm  
(n type) 

Backside Thinned to 350 µm 
no contact processing 
plated with Al (200 nm). 

Backside Thinned to 50-100 µm 
polished, laser annealed and 
plated with Al. 
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Pixel Design in OKI Process
• MAMBO Chip: Monolithic Active pixel Matrix with Binary cOunters

– A wide dynamic range counting pixel detector plus readout circuitry, sensitive to 
100-400 keV electrons, high energy X-rays, and minimum ionizing particles, 
designed in the OKI 0.15 micron process

• OKI process incorporates diode formation by implantation through the BOX
• Chip architecture (simplified due to design time constraint): 

amplifier – shaper – discriminator – binary counter 
• Design submitted Dec. 15, ’06
• Chip delivered June ’07 
• Characterization of test structures 

underway 

– Array size  64x64 pixels, 26µmx26µm 
– 13 µm implant pitch, to minimize the 

“back gate” effect
• 4 diodes per pixel

– 350 micron detector thickness

13 um

26 µm
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Pixel Design in ASI Process
• SBIR Phase I grant with American Semiconductor (ASI), Boise, Idaho
• ASI process (0.18µm) based on an SOI dual gate transistor called a Flexfet™

– Flexfet has a top and bottom gate
– Bottom gate shields the transistor 

channel from 
• Charge build up in the BOX caused 

by radiation.
• Voltage on the substrate and thus 

removes the back gate voltage problem
– Modeling and process simulation 

of a thinned, fully depleted 
sensor/readout device.

– Circuit design for ILC pixel cell
• Voltage ramp for time marker
• ~20 micron analog pixel
• Sample 1 - crossing time
• Sample 2 - time over threshold for 

analogue pulse height information
• Coarse time stamp

http://www.americansemi.com/

Diode simulation in Flexfet process
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Vertical Scale Integrated Circuits (3D)
• SOI detector technology offers several advantages over MAPS; 3D offers 

advantages over SOI detectors

• A 3D device is a chip comprised of 
2 or more layers of semiconductor 
devices which have been thinned, 
bonded, and interconnected to form 
a monolithic circuit
– Increased circuit density due to 

multiple tiers of electronics
– Fully active sensor area 
– Independent control of substrate 

materials for each of the tiers
• Process optimization for each layer 

– Ability to mate various technologies 
in a monolithic assembly

• Technology driven by industry 
– Reduce R, L, C for higher speed
– Reduce chip I/O  pads
– Provide increased functionality
– Reduce interconnect power, crosstalk 

Opto Electronics
and/or Voltage Regulation

Digital Layer

Analog Layer

Sensor Layer

50 um

Power In

Optical In Optical Out

• Critical issue are: 
– Layer thinning to < 10 µm
– Precision alignment (< 1 µm)
– Bonding of the layers
– Through-wafer via formation 
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Architecture of Demonstrator Chip
• Design: 

– Provide analog and binary readout information
– Time stamping of pixel hit for ILC environment

• Divide bunch train into 32 time slices; each hit pixel can store one time stamp equivalent 
to 5 bits of time information

– Sparsification to reduce data rate
• Use token passing scheme with look-ahead to reduce data output

– During acquisition, a hit sets a latch
– Sparse readout performed row by row with x- and y-address stored at end of row 

and column

– Chip divided into 3 tiers 
• Pixels as small as possible but with significant functionality.
• Design for 1000 x 1000 array but layout only for 64 x 64 array.

Integrator

Discriminator

Analog out

Time
stamp
circuit

Test inject

Read all
R
S

Q Pixel
skip
logic

Write data

D FF

Data clk

Read
data

To x, y
address

T.S.
out

Hit latch
Vth

Analog front end Pixel sparsification circuitry Time stamp

Schematic pixel cell 
block diagram 
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VIP Chip
• 3D chip Vertical Integrated Pixel (VIP) chip submitted by Fermilab to DARPA 

funded MIT-LL 0.18 µm 3D process 
– Chips due to arrive in a couple of weeks; key features: 

• Analog pulse height, sparse readout, high resolution time stamp, front-end 
power ~ 1875 µW/mm2 (before cycling), 175 transistors in 20x20 µm2 pixel

Tier 3
8.2 µm

Tier 2
7.8 µm

Tier 1
6.0 µm

oxide-oxide 
bond

3D 
Via

Buried Oxide
(BOX) 400 nm 
thick2000 ohm-cm p-type substrate
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Development of Thinned Edgeless Sensors
• 3D chip provides only readout. In parallel we are designing mating sensors 

on 6”, high resistivity, float-zone, n-type wafers to be bonded to 3D chips

• Sensor fabrication also at MIT-LL
– Thinned to 50, 75, 100 microns, implanted 

and laser annealed
– Sensors sensitive to the edge, 

4-side abuttable, i.e. no dead space
– Deep trench etch, n doped poly-silicon 

fill provides edge doping

• Sensors to be submitted to beam and 
probe tests

– Validate the technology which 
provides thinned detectors sensitive 
to the edge

– Measure the actual dead region in 
a test beam

– Bond with 3D readout chip 
(and FPIX chip)

• First design which, in principle meets ‘all’
of the ILC requirements for thickness, 
resolution, power dissipation, time stamping

Detector Cross section near
one detector edge

Implant with
laser annealing

Trench on
detector 
edge filled
with poly
and connected
to bottom
implant

Diode implants

Detector
bias

To other
pixels

20 µm
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Device Bonding
• Using RTI Cu-Sn Bond procedure to gain 

experience with device bonding 
– Develop bonding plan to work 

with 20 µm pitch pixels 
• replacing bump bonds now  

used with hybrid pixels
– Technique uses Cu pillars 

with diameter limited to 7 um

bo
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20 µm

3D Chip sensor

n++ n+

Bonding Techniques

• Ultimate goal is to bond ILC pixel array with VIP 
chip
– Pursuing a three step procedure 

• Test placing pillars on test Si wafers using 
FPix pattern 

• Bond FPIX ROIC to pixel array using Cu-Sn
bonding technique.

• Bond ILC pixel array from MIT LL to 3D ROIC 
from MIT LL
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Vertex Detector Mechanical Design
• Multi-layered, high precision, very thin, low mass detectors 

– Goal: layer thickness of 0.1% X0 per layer, equivalent of 100 µm of Si
• Collaborating with the University of Washington 

on carbon-fiber mechanical support structures

• Developing techniques for fabricating and handling 
thin-walled carbon fiber structures

• Prototypes of carbon-fiber support structures  
– Three prototype half-shell structures fabricated 

for evaluation and testing 
• Develop assembly tooling/mandrels

– Assembly mandrel, end ring glue fixture and 
vacuum chuck for precision placement of silicon 
wafers on support structure

• FEA analysis of mechanical and thermal behavior 
– Deflection under gravity OK

• maximum deflection vector is about 0.6 µm 
– Thermal deflections unacceptably large 

• assuming -10 0C operation, CTE mismatch
• CTE = -1.9 ppm/C. δmax = 10.3 µm

– CTESi is 2.49 ppm/K

Prototype

T = -10 0C, CTE = -1.9 ppm/C
δmax = 10.3 µm
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Outer Tracker Design
• In collaboration with SLAC, completed: 

– First pass optimization of outer tracker design for SiD concept
– Sensor and module design for outer tracker 
– Guided by two major reviews

• Internal sensor design review in November ‘06
• ILC WWS tracking review at ILC/GDE/ACFA 

meeting, Feb. ’07
• Readout does not employ a hybrid 
• Sensor design uses bump-bonded

readout chip 
– Sensor size 93.5mm x 93.5mm
– Strip/Readout pitch 25 / 50 µm
– Number of RO (IM) strips 

1840 (3679)
• Need two readout chips

– Double metal layer optimized for 
strip geometry 

• Minimize capacitance and balance 
with trace resistance

– S/N goal of 25
• Module design

– CF/Rohacell/CF frame: ~50% void
• Sensor order submitted to Hamamatsu

this month Detail trace 
routing to chip 
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Tracking Software
• Added a group from Computing Division to tracking software effort 
• Effort will concentrate on various fronts: 

– Tracking infrastructure improvements
– Track finding in forward region 

• Leaves much to be desired in many experiments
– Vertexing involving in b-jet/c-jet separation
– Physics benchmarking processes 
– Optimization of detector design 

• Now have complete coverage of all aspects of 
vertex and tracking detectors
– Sensors
– Readout 
– Mechanical design 
– Vertex and track finding 
– Physics processes
– Detector optimization 

• Effort ongoing to include outside collaborators  

Simulation

Digitization

Track Fitting

Performance analysis

P

P

P

P

Track FindingTrack Finding
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Geiger-Mode Avalanche Photo Diodes
• Avalanche photodiode operating in Geiger mode, 

also called Multi-Pixel Photon Counter (MPPC) or 
Silicon photo-multiplier (SiPM), PPD, …

– Array of pixels connected to a single output
– Signal = Sum of all cells fired
– If probability to hit a single cell < 1 

=> Signal proportional to # photons 

• Characteristics:
– Pros

• Very compact, High PDE (15~20% for 1600 pix)
• Insensitive to magnetic field
• High gain (105~106), good timing resolution 
• Operational at Vbias=70~80 V

– Cons
• Thermal noise rate (100kHz~300kHz @ 0.5 pe)
• Response is non-linear due to limited number 

of pixels (saturation effect)
• Sensitive to temperature change
• Cross-talk and after-pulsing 

• Multiple applications
– Dual readout, lead-glass – scintillator 

sampling calorimetry
– Analog scintillator tile hadron calorimeter 
– Muon detector based on scintillator strips 

Substrate p+

p+
Guardring n-

n+ SiO2

Si  Resistor* Al-conductorVbias

p-

1mm

1m
m

IRST

3x3x0.5 cm3

UNIPLAST
1 mm WLS 
Kuraray fiber 
Y11(300)
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PPD Characterization and Plans
• Developing tools for complete characterization 

of the detector response 
• Four step program envisioned

– Characterize and understand the detector 
response

– Develop a method for selection of the 
operating conditions and  the effective 
calibration of the detectors

– Develop an integrated read-out chip
– Work with industry on their development 

• Develop strategies and calibration 
procedures for multiple applications 
and synergies

– Use the detectors for measurement of light 
yield and timing characteristics for dual 
readout calorimetry

– Muon detection 
– CMS interest as potential replacement of 

HPD’s
– MPPC’s are baseline for T2K for which 

Fermilab provides the readout
– (Medical imaging)

varying T

2 p.e. plateau
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Test Beam Facilities
• The old Fermilab Meson Test Beam Facility (MTBF) 

– Could not deliver a pion beam lower than 4 GeV
– Electrons had a low flux because of 

significant material in the beam 

• We recognized that test beams will be the lynchpin 
for new detector R&D for the ILC and we should 
support the community by providing the infrastructure 
for beam tests

• Completed the update of the Mtest beam line 
in early January ’07, retaining former capabilities

– New movable target at 700’ upstream of the user 
areas to increase low energy beam rates

– Upstream target on moveable platform   
– New Stable low current power supplies
– Installed ¼” movable lead sheet at focal point to reduce electron rates if needed

• Also motivated by the ILC community, revised the spill structure and restated the 
program impact

– SY120 beam can impact the program at the 5% level following a flexible algorithm
– Spill structures: 

• One 4 second spill every minute, for 12 hours a day
• Two 1 second spills every minute, for 12 hours a day
• One 4 second spill every two minutes, 24 hours a day (this is implemented if MIPP is 

running in MCenter)
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Current Performance
• Moving the target to MT3 (L=1273-1388’ goes to L= 451-566’) reduces the 

decay length for pions and reduction of the material in the beamline

• Note: 
– Upstream target moved out of the beamline for the Low Energy mode.  Flux 

improved orders of magnitude 

• Very positive feedback received from community on refurbishing beam line 
• Many users lined up to use the facility long term, notably CALICE 

collaboration
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Beam Line Instrumentation and PID
• Building a pixel beam telescope with a pointing resolution of ~3 µm

– Synergy with the development and testing of thinned readout chips, 
FPiX in collaboration with RTI

• One threshold Cherenkov detector 
currently being converted into 
differential counter

• New TOF system: two large scintillator 
hodoscopes with 4 PMT’s on each one
– Separation of ~30 m, 4mm thick scintillator
– Time-of-flight for beam less than 4 GeV

with ~250 ps resolution; aiming for 40 ps

• Construction of four sets of scintillating fiber 
tracking detectors operating in vacuum

HDI + 8 bare die

Fiber tracking chamber
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Collaborative Efforts
• Our goal is to establish as many collaborative efforts as possible 
• Pixel sensor technology

– Continuous Active Pixel Sensors (CAPS): Hawaii – Fermilab collaboration
– Monolithic Active Pixel Sensors (MAPS): UC Berkeley – LBL – Fermilab –

Strasbourg 
– 3D Technology: Fermilab – Purdue – Cornell – Bergamo collaboration 

• Vertex detector Mechanical Design 
– Fermilab - SLAC – Strasbourg - UC Berkeley – U of Washington collaboration  

• ASIC development 
– DCAL chip for digital hadron calorimetry (RPC and GEM): Argonne – Fermilab –

UTA collaboration
• Hadron Calorimetry 

– SiPM characterization: Fermilab – INFN Pisa -- NIU – Udine – ITC-irst collaboration 
– Muon Tail Catcher mechanical and electronics design: Fermilab – NIU collaboration 

• Muon Spectrometer
– Fermilab – Indiana - NIU – Notre Dame - UC Davis - Wayne State collaboration 

• Solenoid Design
– Fermilab – Iowa – SLAC - Tokyo – KEK – Toshiba collaboration

• Tracking Software Development
– Brown – Fermilab – SLAC – Lecce collaboration 

• Communication
– Merged SLAC lcd meeting with Fermilab ILC detector and physics meeting into a 

weekly joined ALCPG Physics and Detector meeting
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• To address issues of critical importance to the ILC and the community at large and to strengthen its 
role to bid to host

– Hadronic Shower Simulation Workshop
• Understanding of modeling of hadronic showers
• Agreement to make it a periodic meeting
• Sept. 6-8, 2006 

– Test Beam Workshop 
• Evaluation of test beam needs at Fermilab
• Jan. 17-19, 2007

– SiD Workshop 
• Preparations for CDR for SiD detector concept
• April 9-11, 2007

– The LHC early phase for the ILC
• ILC-LHC interplay
• April 12-14, 2007

– Loopfest VI
• Radiative corrections for the ILC and LHC
• April 16-18

– Joint ALCPG/GDE Meeting
• Regional ILC meeting  
• October 22-26, 2007

– Pixel 2008 
• Most significant conference on pixel detector work 
• Use synergies with LHC and Imaging applications 
• Spring 2008

Physics Community Outreach
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Accomplishments Since Last Review
• Accomplished a fully integrated and coherent detector approach based on 

existing strengths; keyword is silicon 
– Pursuing most promising pixel sensor technologies with integration of 

readout 
• Only group world-wide pursuing 3D detectors 
• Fermilab has one of the strongest asic designer groups in HEP 

– Simultaneous development of mechanical support structures  
– Software efforts on track and vertex finding 

• Close communication between hardware and software developers  
– Pursuing silicon based GM-APD detectors with associated readout 
– Physics & Simulation efforts jump-started and active participation in 

physics benchmark processes for detector optimization 
• Detector R&D advancing well and maintaining a “horizontal” approach in 

most of our detector R&D 
• Significant investments in test beam infrastructure
• Directorate encouragement toward greater ILC profile of Fermilab

– Creation of a Physics Coordination Team
• Marcel Demarteau (EPP/PPD), Andreas Kronfeld (Theory/PPD), Erik Ramberg

(EPP/PPD), Robert Tschirhart (ILC/CD), Steve Wolbers (ILC/CD) 
• Meeting regularly with Y.K. Kim
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Goals for the Coming Year 
• The ILCSC will call for LOI’s to be submitted at the end of 2008
• We have the ambition to play a significant role in the preparation of the 

LOI’s for the different detector concepts consistent with our role as
potential host laboratory 
– For the detector R&D this means: 

• Maintain and enhance R&D on ultra-low mass vertex detectors and trackers 
• Pursue calorimeter R&D that is supportive and complementary to CALICE
• Assume leading role in calorimeter readout technology  

• Fermilab's approach keeps horizontal R&D vital during the crucial period of 
the call for LOI’s

• As a host lab try not make a ‘choice’ of detector concepts
– Support other concepts at an affordable level
– Maintain horizontal investments 
– Support all software platforms and low-level interoperability

• Host and support test beam activities and needs for all ILC detector R&D 
– CALICE test beam effort 
– TPC test beam needs 
– Pixel detector test beam needs 

• Continue to work towards becoming a recognized center for physics and 
detector R&D: a scientific destination for the ILC 


