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Chapter 3
The International Linear Collider
Accelerator

3.1 The ILC Technical Design
3.1.1 Overview

The International Linear Collider (ILC) is a high-luminosity linear electron-positron collider based on
1.3 GHz superconducting radio-frequency (SCRF) accelerating technology. Its centre-of-mass-energy
range is 200–500 GeV (extendable to 1 TeV). A schematic view of the accelerator complex, indicating
the location of the major sub-systems, is shown in Fig. 3.1:
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Figure 3.1. Schematic layout of the ILC, indicating all the major subsystems (not to scale).

• a polarised electron source based on a photocathode DC gun;

• a polarised positron source in which positrons are obtained from electron-positron pairs by
converting high-energy photons produced by passing the high-energy main electron beam
through an undulator;

• 5 GeV electron and positron damping rings (DR) with a circumference of 3.2 km, housed in a
common tunnel;

• beam transport from the damping rings to the main linacs, followed by a two-stage bunch-
compressor system prior to injection into the main linac;

• two 11 km main linacs, utilising 1.3 GHz SCRF cavities operating at an average gradient of
31.5 MV/m, with a pulse length of 1.6 ms;
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ILC Experiment 
• e+e− linear collider 
• Center of mass energy: 250 - 500 GeV (extendable to 1 TeV) 
• Precise measurement of the Higgs boson 
• Search for beyond the Standard Model

Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.
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ILC detector concept (ILD)

Vertex detector geometry 
(VTX-SL)

ILC TDR vol.4: Detectors 
ILD Concept Group, T. Abe et al., arXiv:1006.3396 [hep-ex].
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Requirements: 

1) Single point resolution: better than 3 μm 
 Pixel size: ~20 × 20 μm2 

2) Time resolution: single-crossing (554 ns interval) time resolution 

3) Detector occupancy: < 2 % 

4) Low material budget: X ≤ 0.1 − 0.2 % X0 / Layer 
corresponds to ~ 100 - 200 μm Si, including supports, cables and cooling 
low-power ASICs (~ 50 mW/cm2) + gas-flow cooling 

5) Radiation hardness:  
TID  : < 1 kGy / year 
NIEL: < 1011 1MeV neq / cm2 / year

ILC TDR v4 Detector 
LC Vertex / Tracking R&D 2nd Nov. 2015

~1300 bunches (every 554 ns)

We are designing and evaluating 
prototype pixel sensor with SOI technology 
to fulfill the requirements.
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Necessary functions for the ILC vertex detector: 

• Single point resolution 
Pixel size: less than 20 μm 
Calculate weighted center of charges (Charges are spread among multi pixels). 
→ Record an analog signal of a hit． 

• Timing resolution 
Bunch crossing occurs every 554 ns in 1-msec-long bunch train with an interval 200 ms. 
Identify a collision bunch of a hit to reconstruct a event. 
→ Record a time stamp of a hit. 

• Detector occupancy 
Hit information have to hold during 1 beam-bunch train. 
Increase detector occupancy. 
→ Need multiple memories 

• High speed data transfer 
Data have to be send to backend before 
next bunch train injection. 
→ Reduce a data to transfer.

~1300 bunches (every 554 ns)

We designed a prototype pixel detector 
SOFIST.
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In a Pixel 
- Pre-amplifier 
- Comparator 

Keep the analog signal and time stamp 
if a signal exceeds a threshold Vth. 

- Shift register 
Latch for multiple memories. 

- Analog signal memory 
Store signal charges up to two (or more) hits. 

- Time stamp circuit 
Store time stamps up to two (or more) hits. 

On Chip 
- Column ADC  

Digitize analog signal and time stamp. 
- Zero-Suppression logic 

Extract hit pixels and reduce the data to 
transfer to backend.

Designed by S. Ono (KEK)
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SOFIST: SOi sensor for Fine measurement of Space and Time 
Conceptual SOI pixel sensor for the ILC (inner most layer of the vertex detector).

Designed by S. Ono (KEK)
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MX2040 MX2xxxMX1850
SOFIST ver.1 ver.2 ver.3 ver.4 (3D)

Upper Chip

Lower Chip

Under design Under design

Chip Size (mm2 ) 2.9 × 2.9 4.45 × 4.45  6 × 6 4.45 × 4.45
Pixel Size (μm2 ) 20 × 20 25 × 25 30 × 30 20 × 20

Pixel Array 50 × 50 64 × 64 (Time Stamp)
    1 × 64 (Analog Signal) 128 × 128 64 × 64

Functions (Pixel) Pre. Amplifier (CSA)
Analog signal memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)

Shift register (DFF × 2)
Analog signal memory (2 hits)

or
Time stamp memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)

Shift register (DFF × 3)
Analog signal memory (3 hits)
Time stamp memory (3 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)

Shift register (DFF × 3)
Analog signal memory (3 hits)
Time stamp memory (3 hits)

Functions (On Chip) Column ADC (8 bit) Column ADC (8 bit)
Zero-suppression logic Column ADC (8 bit) Column ADC (8 bit)

Wafer FZ n -type (Single SOI) Cz p -type (Double SOI) FZ p -type (Double SOI) FZ p -type (Double SOI)
Wafer Resistivity (kΩ∙cm) 2 ≤ 1 ≤ 3 - 10 3 - 10

Status Delivered (Dec. 2015)
Under evaluation Delivered (Jan. 2017) Under desing (Submit June 2017) Under desing (Submit June 2017)

0.2 μm FD-SOI CMOS process by Lapis Semi. Co. Ltd.
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SOFIST ver.1
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Pixel size: 20 × 20 μm2  
Chip size: 2.9 × 2.9 mm2 

Active area: 1.0 × 1.0 mm2 (50 × 50 pixels) 
Wafer: FZ n-type, Single SOI, 500 μm thickness

1 mm

Pixel array

Column ADC
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Pixel 
- Pre. amplifier (Charge sensitive amplifier) 

gain: 0.12 V/MIP (assuming 50 μm thick sensor) 
- Analog signal memories (two memories) 

On chip 
8 bit column ADC

SOFIST ver.1

Pixel size: 20 × 20 μm2
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SOFIST ver.1 Beam Test with FPIX2 

at Fermilab Test Beam Facility (Jan. 20th - Feb. 8th, 2017)

Colleagues 
SOFIST (KEK):  

T. Tsuboyama, M. Togawa, S. Ono and M. Yamada 
FPIX (Univ. Tsukuba): 

D. Sekigawa and S. Endo

Beam 
120 GeV proton beam 
1 spill: ~4 sec

Evaluation 
- S/N ratio 
- Position resolution
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Trigger: ATLAS upgrade pixel sensor (FE-I4) && Scintillator (Downstream) 
(Some data were taken by coincidence of two scintillators for checking the DAQ system.) 

DAQ rate: ~300 events/s

2017/03/17 ��	
���72�����Scintillator
(Trigger)

Scintillator
(Trigger)

FE-I4 sensor
(ROI Trigger)

 

Proton Beam

20mm 30mm

170mm

SOFIST:
Pixel	size:	20x20	μm2

Active	area:	1x1	mm2

FPIX:
Pixel	size:	8x8	μm2

Active	area:	1x1	mm2

2 × 2 mm2 2 × 1.75 mm2 5 × 5 mm2

DAQ board (SEABAS2)

SOFIST

Trigger

Telescope for SOFIST 
Reconstruct track with four layers of FPIX2.

FPIX2 SOFIST ver.1
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FPIX2
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FPIX2 (SOI Pixel sensor) 
• Chip size: 2.9 × 2.9 mm2 

• Single-SOI (FZ p-type, 500 μm) 
• Pixel size: 8 × 8 μm2 
• Active area: 1024 × 1024 μm2 (128 × 128 pixels) 
• Readout: Rolling shutter, 8 line parallel 
• 1 ms frame time 
• External 12 bit ADC (SEABAS2)
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They are already subtracted their pedestal.

FPIX #1 FPIX #2 FPIX #3

FPIX #4

SOFIST #1

SOFIST #2

FPIX2 
HV = 70 V (not fully depleted ~400 μm) 
Reset cycle = 1 ms

SOFIST ver.1 
HV = 130 V (fully depleted ~500 μm) 
Reset cycle = 10 μs
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SOFIST setup 
Readout: 12 bit external ADC (SEABAS2 onboard) 
Bias voltage = 130 V 

Clustering 
1) find seed pixel which is ≥ 64 ADU. 
2) add pixels which are ≥16 ADU to cluster. 
3) check 2) for 6 × 6 pixels centered on the seed pixel.

Cluster Size

Threshold 
Seed: ≥ 64 ADU 
Cluster: ≥16 ADU

COL

R
O

W

Seed

Cluster
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Signal spectrum

Signal peak: ~800 ADU
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Pedestal sigma (Noise) 
Mean = 2.2 (All pixels)Pedestal (1 pixel)

Signal to Noise ratio 
Signal peak = ~800 ADU 
Pixel noise = ~2.2 ADU

S/N ~ 360 (Full depletion of 500 μm thickness)

Pedestal sigma 
(1 pixel)

SOFIST setup 
Readout: 12 bit external ADC (SEABAS2 onboard) 
Bias voltage = 130 V 

Clustering 
1) find seed pixel which is ≥ 64 ADU. 
2) add pixels which are ≥16 ADU to cluster. 
3) check 2) for 6 × 6 pixels centered on the seed pixel.
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Signal peak dependence on a bias voltage.

Signal spectrum fitted by Landau function. 
(Readout: On chip 8 bit ADC) 

→ Plot MPV as a function of the bias voltage.
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Scintillator
(Trigger)

Scintillator
(Trigger)

FE-I4 sensor
(ROI Trigger)

 

SOFIST	x2

FPIX x4

Beam

Detector	system

Sensor alignment (software) 
Parallel shift (x and y) and rotation (around the z-axis). 

Hit position reconstruction 
Calculate weighted center of charges (6 × 6 pixels). 

Track reconstruction 
Find track candidates by four layers of FPIX. 
The track that has the minimum chi2 is chosen  
for calculating the residual. 

Residual 
Difference between reconstructed track and actual hit 
on the SOFIST.

y

x

z

SEABAS
Sensor

Beam

Residual
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Tracking for FPIX 
Reconstruct track with three layers of FPIX without DUT.

FPIX #1 FPIX #2

FPIX #3 FPIX #4

D. Sekikawa (Univ. Tsukuba) 
JPS 72nd annual meeting, Mar. 2017

FPIX #2 and 3 achieved residual better than 1 μm.
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FPIX Position Resolution
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M. Togawa (KEK) 
LC Vertex Detector Workshop, Ringberg 
May 2nd, 2017

Intrinsic Position Resolution (μm)
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Residual X: SOFST 2

SOFIST Residual
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Residual X

Residual Y

1.65 ± 0.05 μm

SOFIST #1 SOFIST #2

1.71 ± 0.05 μm
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Residual Y: SOFIST 2

1.46 ± 0.03 μm 1.65 ± 0.05 μm

SOFIST achieved the residual to ~1.5 μm with 20 × 20 μm2 pixel. 
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SOFIST ver.2
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Wafer: FZ p-type

Pixel size: 25 × 25 μm2  
Chip size: 4.45 × 4.45 mm2 

Active area: 2.0 × 1.6 mm2 (80 × 64 pixels) 
Wafer: CZ p-type, Double SOI, 300 μm thickness

2 mm

Pixel array

Column ADC 
Zero-suppression
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Pixel 
- Pre. amplifier (Charge sensitive amplifier) 
- Comparator (Chopper inverter) 
- Shift register 
- Analog signal memories (two memories) 

or Time stamp memories (two memories) 

On chip 
8 bit column ADC 
Zero-suppression logic
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Signal output

SOFIST ver.2 
Analog pixel

Pixel size: 25 × 25 μm2
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SOFIST ver.2 
Time stamp pixel

Pixel size: 25 × 25 μm2

Pixel 
- Pre. amplifier (Charge sensitive amplifier) 
- Comparator (Chopper inverter) 
- Shift register 
- Analog signal memories (two memories) 

or Time stamp memories (two memories) 

On chip 
8 bit column ADC 
Zero-suppression logic
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Time Stamp Pixel
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- Pre-amplifier 
Charge Sensitive Amp. 

- Comparator 
Chopper Inverter type 

- Shift register 
D-FF

1) Input a RAMP waveform. 
2) Open a store switch (ST1) when 

a comparator output 
changes to High. 

3) Keep the voltage of RAMP to 
the time stamp memory 
as a time stamp. 

4) in the same way for 2nd hit.

Outside of the chip

Designed by S. Ono (KEK)
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Time Stamp and Analog Pixel
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Simulation of 1 μs transient analysis

Pre. amp

COMP

DFF ST1

DFF ST2

Signal (Simulation) 
correspond to 1 MIP (50 μm)

55 nA, 10 ns 
→ ~3400 e−

Hold analog signal of 1st hit

Hold analog signal of 2nd hit

Hold time stamp of 1st hit

Hold time stamp of 2nd hit

RAMP

0.72 V

0.42 V

0.3 V

Pre. amp (focus)
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SOFIST ver.3 & 4
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Timestamp 
output

Signal output

SOFIST ver.3 

Pixel size: 30 × 30 μm2

Pixel 
- Pre. amplifier (Charge sensitive amplifier) 
- Comparator (Chopper inverter) 
- Shift register 
- Analog signal memories (three memories) 
- Time stamp memories (three memories) 

On chip 
8 bit column ADC

All the functions are implemented in a pixel but lager pixel size.

SOFIST ver.3 is still under designed. 
We are going to submit in June 2017.
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SOFIST ver.4 (3D)
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U
pp

er
 C

hi
p

Upper chip: Digital part (D-FF, analog memories and time stamp memories up to 3 or more hits) 
Lower chip: Analog part (pre.amp and comparator)

Sensor

Lower 
Chip

Upper 
Chip

Back Gate Adjust Electrode

200 nm FD-SOI 
(or more fine process)

3D integration of SOI sensor 
for implementation of complex circuit within 20 × 20 μm2 pixel.
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SOFIST 3D
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Sensor

Lower 
Chip

Upper 
Chip

Back Gate Adjust Electrode

200 nm FD-SOI 
(or more fine process)

3D integration of SOI sensor 
→Connect the upper and lower chip by Au cone bump (2.5 μmφ).

Tohoku MicroTec Co., Ltd. 
http://www.t-microtec.com

Lower pixel

Upper pixel

http://www.t-microtec.com
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We are designing and developing a monolithic type pixel detector with SOI technology for the 
ILC vertex detector (SOFIST). 

SOFIST ver.1 
We evaluated S/N and position resolution by using 120 GeV proton beam at Fermilab beam 
test facility in Jan. 2017. 

- S/N ~360 at HV = 130 V for 500 μm thickness sensor. 
- Position resolution (residual) ~1.5 μm. 

SOFIST ver.2 
Chip have already delivered to KEK in Jan. 2017, and we are preparing DAQ. 
We will evaluate  

- Time stamp function for multiple hit (up to two hits). 
- Thinned sensor (75 μm). 

SOFIST ver.3 and 4 
ver.3 and 4 chips are still under designing (submit in June 2017). 
ver.3: all necessary functions are implemented in a single pixel but 30 × 30 μm2 pixel size. 
ver.4: all necessary functions are implemented in 20 × 20 μm2 pixel with 3D integration 
technology (Au cone bump).
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Backup
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Analog Pixel
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Time Stamp Pixel
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Pre-amplifier
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DMOS 
1 fF

Cpara. 
~0.7 fF
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Comparator
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Memory
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DMOS 
25 fF

DMOS 
25 fF
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Column ADC
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0-suppression Logic
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Data Flow
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