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SOI: Silicon-on-Insulator technology 
Utilize 0.2 μm FD-SOI CMOS process by 
Lapis Semiconductor Co. Ltd.

High-Resistance

Support Base Silicon Layer

Low-Resistance Silicon Layer

for CMOS circuit

Buried Oxide Layer

(Insulator)

SOI Wafer

SOI Pixel Detector: Monolithic type detector 
- LSI is processed on Buried Oxide layer (BOX) 
- Smaller pixel size, complex circuit in pixel 
- Low material budget 
- Less single event effects (SEE) probability 
- Sensor thickness: 50 - 500 μm 
- Sensor Resistivity: > 1 kΩ∙cm

Sensors 
SOFIST for ILC 
PIXOR for Belle II 
XRPIX for X-ray astronomy 
INTPIX for general purpose 
FPIX, the highest granularity pixel  
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KEK ITDC, PF-AR Test Beam Line

https://itdc.kek.jp/testBeamLine/index.html

K. Hanagaki, JPS 2020 Autumn Meeting 
https://kds.kek.jp/event/35569/

PF-AR

PF-AR 
South Lab.Fuji

Beam rate is maximum at 2 GeV/c 
Currently ~1kHz 
Depends on the target position

Beam Shutter

QF & QD 
Test Area

Electric Hut 

Shutter Controller

Simulation

https://itdc.kek.jp/testBeamLine/index.html
https://kds.kek.jp/event/35569/
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Scintillator + PMT

KEK PF-AR Test Beam Line
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Lead Collimator
2 fold

Beam Rate (4 fold)

The current for the bending magnet can be changed by the user.


In 2023 
The beam rate was more than 1kHz at AR 5 GeV.

The target position was more inside than AR 6.5 GeV.


AR 5 GeV: 11/17 - 12/6

AR 6.5 GeV: 12/8 - 12/28 (our beam time: 12/13 - 12/20）
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Beam Profile
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Tristan Fillinger, KEK, 2023

The beam profile is obtained by stitching the hit map with five positions.

These hit maps are not normalized between runs.

Projection

Horizontal
XRPIX5 (SOIPIX) 

Trigger and beam profile 
monitor system


Pixel size: 36 μm × 36 μm

Active are: 2.5 cm ×  1.5 cm

σ = 306 pixels × 36 μm = 1.1 cm
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Telescope for KEK PF-AR Test Beam Line
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Position Resolution for Pixel Detector 
LHC ATLAS: 12 μm 
KEKB Belle II: 10 μm 
ILC: 3 μm

High-energy beams are available at CERN and Fermilab. 
Coulomb multiple scattering of the beam is negligibly small.  
In general, a tracker consists of multiple sensors that perform precise spatial resolution.

DUT

Telescope（σ < 10 μm）

Beam

Japanese Facility 
ELPH (Tohoku University) : ~820 MeV/c Positron Beam 
KEK AR-TB: 1- 5 GeV/c Electron Beam 

Development of a precision beam telescope system 
at the sub-GeV to GeV energy range. 
→ Better than 10 μm of position resolution at GeV order electron beam 
Need to be optimized 

• Number of Sensors for Tracking 
• Sensor Thickness 
• Tracking Method



Strasbourg2024/01/15

INTPIX4NA

9

- 3 - 
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T tracking performance in the 1–5 GeV range at the KEK AR-TB. A simulation based on

Geant4 is also conducted to examine the estimated results.

2 The beam telescope

2.1 INTPIX4NA sensor and SEABAS2 readout system

The series of integration-type pixel sensors, named INTPIX, is one of the SOI sensors

that have been actively developed. The main parameters of INTPIX4, one of the INTPIX

series sensors, are listed in Table 1 [3]. The INTPIX4NA sensors, used for the telescope at

the ELPH beamline, have the output buffers modified for faster response. Apart from the

modification and the wafer (resistivity and thicknesses), the two sensors are identical.

Table 1 Main parameters of the INTPIX4 and INTPIX4NA sensors.

Chip size 15.4 × 10.2 mm2

Active area 14.1 × 8.7 mm2

Pixel size 17 × 17 µm2

Pixel array 512 (row) × 832 (column)

13 blocks (64 cols) in parallel readout

Wafer ρ ∼7 kΩcm, 500 µm thick (INTPIX4)

n-type FZ ρ ∼11 kΩcm, 300 µm thick (INTPIX4NA)

modification Output buffer is enforced for INTPIX4NA

INTPIX4 (and INTPIX4NA) employs a correlated differential sampling method to sup-

press the noise associated with switching. The charge integrated for predetermined duration

(9 µs at ELPH testbeam) is reset periodically unless the STORE signal is received. The

STORE triggers readout sequence, holding the charges stored in the capacitors and sending

them one-by-one to external 12-bit analog-to-digital converters (ADCs).

The readout of each INTPIX4NA sensor is controlled by the SEABAS2 [4] readout sys-

tem. The INTPIX4NA chip is glued to a separate board, i.e., a sub-board, which is connected

to the SEABAS2 board via a pair of 64-pin connectors. The groups of 64-column data (times

512 row data) are fed into one ADC; overall, 13 ADCs are operating simultaneously on the

SEABAS2 board. The digitization time per pixel (or scan time), including switching time to

the next pixel data is set to 200 ns at the testbeam, whereas it functions reliably at a scan

time of 150 ns. SEABAS2 is equipped with two field-programmable gate arrays (FPGAs),

3

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/advance-article/doi/10.1093/ptep/ptac124/6695010 by guest on 17 O

ctober 2022

SEABAS2 FPGA Board

PC
SiTCP

ADC: 12 bit, 16 ch

Sub Board FPGA 
(user)

FPGA 
(SiTCP)

Analog Readout 
The Analog signal is read out from all of the pixels. 

and then digitized by external ADC on the DAQ board.

INTPIX4NA is a general-purpose sensor, and it can be used in many applications.  
Implemented minimum circuit in pixel for analog readout and global shutter imaging. 
Position resolution is ~1.56 μm (120 GeV Proton Beam at FTBF)
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Telescope Position Resolution for Electron Beam Energy
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Layer #1

Layer #2

Layer #3

DUT

Expected position resolution  
by using three upstream sensors for tracking. 
Simulated by Geant4

Sensor thickness, t 
• 500 μm  
• 300 μm (default) 
• 50 μm (need wafer thinning) 

Charge spread in the sensor, σ 
• 4.0 μm (obtained by past beam test) 
• 1.3 μm 
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IP
T tracking performance in the 1–5 GeV range at the KEK AR-TB. A simulation based on

Geant4 is also conducted to examine the estimated results.

2 The beam telescope

2.1 INTPIX4NA sensor and SEABAS2 readout system

The series of integration-type pixel sensors, named INTPIX, is one of the SOI sensors

that have been actively developed. The main parameters of INTPIX4, one of the INTPIX

series sensors, are listed in Table 1 [3]. The INTPIX4NA sensors, used for the telescope at

the ELPH beamline, have the output buffers modified for faster response. Apart from the

modification and the wafer (resistivity and thicknesses), the two sensors are identical.

Table 1 Main parameters of the INTPIX4 and INTPIX4NA sensors.

Chip size 15.4 × 10.2 mm2

Active area 14.1 × 8.7 mm2

Pixel size 17 × 17 µm2

Pixel array 512 (row) × 832 (column)

13 blocks (64 cols) in parallel readout

Wafer ρ ∼7 kΩcm, 500 µm thick (INTPIX4)

n-type FZ ρ ∼11 kΩcm, 300 µm thick (INTPIX4NA)

modification Output buffer is enforced for INTPIX4NA

INTPIX4 (and INTPIX4NA) employs a correlated differential sampling method to sup-

press the noise associated with switching. The charge integrated for predetermined duration

(9 µs at ELPH testbeam) is reset periodically unless the STORE signal is received. The

STORE triggers readout sequence, holding the charges stored in the capacitors and sending

them one-by-one to external 12-bit analog-to-digital converters (ADCs).

The readout of each INTPIX4NA sensor is controlled by the SEABAS2 [4] readout sys-

tem. The INTPIX4NA chip is glued to a separate board, i.e., a sub-board, which is connected

to the SEABAS2 board via a pair of 64-pin connectors. The groups of 64-column data (times

512 row data) are fed into one ADC; overall, 13 ADCs are operating simultaneously on the

SEABAS2 board. The digitization time per pixel (or scan time), including switching time to

the next pixel data is set to 200 ns at the testbeam, whereas it functions reliably at a scan

time of 150 ns. SEABAS2 is equipped with two field-programmable gate arrays (FPGAs),

3

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/advance-article/doi/10.1093/ptep/ptac124/6695010 by guest on 17 O

ctober 2022

INTPIX4NA is a general purpose sensor, and it can be used in many applications.  
Implemented minimum circuit in pixel for analog readout and global shutter imaging. 
Position resolution is ~1.56 μm (120 GeV Proton Beam at FTBL)

H. Suzuki, Univ. Tsukuba, 2020
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Trigger system 
XRPIX5 (RoI) 
or Scintillator

DAQ Master Board

Trigger Reset 
Timing

Timestamp 
CLK Busy

Trigger

Trigger 
enable

Telescope 
INTPIX4 

(N=5)

NN

Beam

N N

Timestamp and ADC

PC

Network Hub

Rate 
XRPIX5 trigger


rate: > 1 kHz

latency: ~2.5 μs

 


Telescope DAQ rate 

Full frame readout: ~ 25 Hz 
Zero-suppression: ~145 Hz


Breakdown 
Time for signal integration


100 μs

Time for AD conversion


200 ns per pixel

200 ns × 518 row × 64 col = 6.6 ms


Time for readout per sensor

Speed: 1Gbps

Data size: 16bit/pixel

(512 row × 832 col × 16 bit)/109 s = 6.8 ms


DAQ rate for 5 sensors

1/(6.6 ms + 5 × 6.8 ms) = 25 Hz 

TLU
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XRPIX5
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第3章 X線天文用SOIピクセル検出器の
開発

京都大学ではX線天文用の SOIピクセル検出器として「XRPIX」の開発を推進してい
る。XRPIXの最初のプロトタイプ「XRPIX1」でX線の撮像分光を成功させてから [21]、
京都大学が中心となって、KEK、宮崎大学、東京理科大学、静岡大学などと共に、XRPIX
の改良を重ねてきた (図 3.1)。XRPIXの最大の特徴とも言える、高時間分解能と高スルー
プットを実現する「イベント駆動読み出し」にも成功している [25]。この章では、XRPIX
の読み出し方法とその回路の詳細について説明し、XRPIXの基本的な要素を解説する。

20152014

XRPIX4

4.6 mm

6.0 mm
New Readout Circuit

XRPIX4, 4b

2016

Large Size !!24.6 mm

15.3 m
m

XRPIX5, 5b

21.9 mm

13.8 m
m

608 × 384 pixels
36 µm × 36 µm pixel

Pixel Structure
4.45 mm

XRPIX6H
XRPIX6E
XRPIX6D

XRPIX1b

2.4 mm

1.0 mm

XRPIX1

2.4 mm

1.0 mm

XRPIX2

6.0 mm

4.0 mm

6.0 mm

4.6 mm

XRPIX2b

First Model 
Trigger Output 

(Event-driven readout)
Middle Size Buttable

Charge Sensitive 
Amplifier

XRPIX3

1.0 mm

2.9 mm

XRPIX3b

1.0 mm

2.9 mm

2011 2012 20132010 2014

図 3.1: XRPIXシリーズの開発歴史。XRPIXのサイズスケールは合わせていない。

3.1. XRPIXの読み出し方法 23
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図 3.2: イベント駆動読み出しの流れ [25]。

ヒット情報信号とヒットアドレス信号
ヒット情報信号とヒットアドレス信号は、ヒットしたピクセルの Columnと Rowの射
影情報を格納するヒットパターンレジスタの演算で出力される。図 3.3は、その概念図を
示している。ヒット情報信号により、そのイベントを読み出すかどうかを判断することが
できる。例えば、複数のピクセルに連続してまたがっているようなイベントがあった場
合、そのイベントは荷電粒子によるイベント、つまりNXBとして判断し、そのイベント
は読まないで捨てる、ということが可能である。ヒットアドレス信号は、ヒットしたピク
セルのアドレスを素子内のエンコーダーでエンコードして、パラレルで FPGAに送る。

3.1.2 フレーム読み出し
フレーム読み出しは、イベント駆動読み出しと違い、トリガー情報を一切使わないで読
みだす方法である。X線の入射の有無に関わらず、こちらが指定したピクセルのアナログ
信号を、読み出し、リセットして露光し、また読みだす、という動作を繰り返す。フレー
ム読み出しはCCDの読み出し方法を真似ている。異なる点としては、CCDでは電荷転送
の都合上全てのピクセルを読み出さなければならないが、XRPIXでは各ピクセルに読み
出しノードがあるため、全面ではなく指定したピクセルのみの読み出しが可能である。本
論文では、32 × 32ピクセル、8 × 8ピクセルのフレーム読み出しを行う。また、露光時間
は 1 msに設定し、フレーム読み出しの際には、トリガーが出力されないようにX線によ
るアナログ信号がトリガー閾値電圧を超えない電圧値に設定にしておく。

AR-TB Beam Test in 2022 (3 GeV)

Designed by A. Takeda, Univ. of Miyazaki

PIXEL2022: https://indico.cern.ch/event/829863/contributions/4479488/attachments/2568027/4428082/20221215_PIXEL2022_takeda_v1.pdf

XRPIX series are pixel sensors for X-ray astrophysics.

Outputs trigger and hit position address when a hit is 
detected.

Region of Interest function is implemented.

https://indico.cern.ch/event/829863/contributions/4479488/attachments/2568027/4428082/20221215_PIXEL2022_takeda_v1.pdf
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Trigger system 
XRPIX5 (RoI)

DAQ Master Board

Trigger Reset 
Timing

Timestamp 
CLK Busy

Trigger

Telescope 
INTPIX4 

(N=5)

NN

Positron 
Beam 

820 MeV/c

N N
EN

Spacing between sensors: 3 cm

Sensor thickness: 300 μm

H. Suzuki et al., 2022, https://doi.org/10.1093/ptep/ptac124

• Stack the sensors as close to each other as possible.

• Reconstruct the upstream and downstream tracks of the DUT.

• Extrapolate the track from the hit immediately before the DUT.

• Define the beam position by taking the average of the two tracks.

https://doi.org/10.1093/ptep/ptac124
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Beam Test at ARTB in 2022
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Trigger system 
Scintillator 

or XRPIX5 (RoI)

DAQ Master Board

Trigger Reset 
Timing

Timestamp 
CLK Busy

Trigger

Telescope 
INTPIX4 

(N=5)

NN

Electron 
Beam 

5 GeV/c

N N
EN

Spacing between sensors: 3 cm

Sensor thickness: 300 μm

p = 5 GeV/c

T. Omori, Univ. Tsukuba, 2023

Residual
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Beam Test at ARTB in 2022

15p = 4 GeV/c p = 5 GeV/c

Tracking for large amounts of material budget detector.

T. Omori, Univ. Tsukuba, 2023

2mm thick Al plate emulates thick DUT. Assuming DUT is very thick like a calorimeter.

L5 can not be used for tracking.

Method w/o Al

(μm)

w/Al

(μm)

Method Residual (μm) Method 3*-0

𝛘2 > 20: 5.68 ± 0.06 μm

<latexit sha1_base64="ocUPSiFcJBoJfd+LgSKW2fPZEcA="></latexit>

�2 =
L3X

i=L1

⇢
hitposi � recposi

�int

�2

�int = 1.5 µm
Residual (μm)



Strasbourg2024/01/15

INTPIX4 Sensor, Zero-Suppression Logic
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Procedure 
• Column is divided into 13 blocks and 1 block 

consists of 64 columns.

• Each block is connected to each channel of 

the on-board ADC.

• The analog signal is read out from all pixels 

and then digitized by the on-board 12-bit ADC 
in parallel with 13 blocks.


• Set a threshold for each block to find the 
cluster seed.


• The ADC counts of the cluster seed and the 
5×5 pixels surrounding the seed are read out 
to the PC.


Data structure

ADC ADC CA RA Timestamp

5 × 5 pixels

16bit 16bit × 2

CA and RA

of Seed

The size of the register for data TX is 16-bit.



Strasbourg2024/01/15

INTPIX4 Sensor, Zero-Suppression Logic
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Breakdown of DAQ rate 
Time for AD conversion


200 ns per pixel 
200 ns × 518 row × 64 col = 6.6 ms


Time for readout per sensor

Speed: 1Gbps

Data size: 16bit × 29

(29 × 16 bit)/109 s = 0.46 μs


DAQ rate for 5 sensors

1/(6.6 ms + 5 × 0.46 μs) = 150 Hz 

Assuming a beam rate of 1kHz, the trigger rate corresponding to 
the active area of INTPIX4 would be about 100 Hz (area ratio).


Safety factor 2 × 100 Hz = 200 Hz ← target value

ADC ADC CA RA Timestamp

5 × 5 pixels

16bit 16bit × 2

CA and RA

of Seed

1 25 26 27 29

The size of the register for data TX is 16-bit.
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Beam Test at ARTB in 2023
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• SOI Telescope system with Zero-Suppression Logic

• DuTiP1 (Ishikawa)

• Micro spectrometer (still work in progress)

13th - 20th Dec.
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T. Omori, Univ. Tsukuba, 2024

Method Full Frame

(μm)

Zero-Suppression

(μm)

p = 5 GeV/c



Backup
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Emulation of Zero-Suppression Logic
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Data: Full frame readout. Pedestal is evaluated by the on beam full frame readout data.

Emulation: Set threshold for each block. Seed is the first pixel which exceeds the threshold.

Cluster Size

7.03

Cluster Size

7.48

Cluster Charge

363 ADC

Cluster Charge

375 ADC

# of clusters/event

1 (~98%)

# of clusters/event

1 (by definition)

p = 820 MeV/c at ELPH

Residual 

Full frame readout: σ = 11.10 ± 0.10 μm

Zero-Suppression: σ = 12.17 ± 0.12 μm

Zero-Suppression
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Setup at AR-TB in 2023
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Beam Profile

Beam

~12 cm2


(100 %)
INTPIX4

~1.3 cm2


(~11 %)

XRPIX5

~3.75 cm2


(~31 %)

6 cm

2 cm 1.5 cm

2.5 cm

0.87 cm









Setup at AR-TB in 2023

Beam

Trigger system 
XRPIX5 (RoI) DuTiP1Telescope 

INTPIX4

DAQ Master Board

Trigger 
out Reset Timestamp 

CLK Busy

Trigger in

Trigger 
enable

Telescope 
INTPIX4

32 mm

N N N N

IP-16 IP-26IP-22IP-13IP-14 IP-15

Permanent magnet 
~0.3 T 

IP-8 IP-9 IP-6

67 mm

150 mm

Beam

Trigger system 
XRPIX5 (RoI)

DAQ Master Board

Trigger 
out Reset Timestamp 

CLK Busy

Trigger in

Trigger 
enable

Telescope 
INTPIX4

N N N N

IP-16 IP-26IP-22IP-13IP-14 IP-15
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1.3. � Pixel 

(�#,V(ipix4)�>U�? 8�? 9��-���'�? 11�O��Pixel�D�
� 17um x 17um

�-0"07�LG�������3EV�H< 9.2 um x 12 8.65 um� Non Dummy MetalYA�T

�����	���RPN /&/!0����2�(�#,�;9���V9�Q�����

PSUBXK�CJ 1.4 um�:4SJ�M�6����=��I 12 um�BJZSJ� BPW�Q���

�� 

8VX@�$���+*�? 10�O�� 
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? 9�FW� Pixel>U?� 

INTPIX4NA Time Chart and Pixel Circuit

Run 74, p = 4GeV/c 
INTPIX4NA Integration Time: 100 μs

V_RST and V_RST_CDS Width: 150 and 160 ns

V_RST and V_RST_CDS Period: corresponds to Integration Time

XRPIX5 Trigger Latency: ~2.2 μs





Beam

Designed by T. Tsuboyama, 2023 



(511,0)  (511,63)


(0,0)         (0,63)

Block1

(511,0)  (511,63)


(0,0)         (0,63)

(511,0)  (511,63)


(0,0)         (0,63)

Column

R
ow Block2 Block13

(Row, Column)

Block** (Row, Column)


Block1 (0, 0)       


Block1 (0, 63)     

Block1 (1, 0)


Block1 (1, 63)


Block1 (511, 0) 

Block1 (511, 63) 

Block2 (0, 0)       

Order of Readout



Data Structure (RAW) Data in ROOT file

ADC[7:0]ADC[11:8]TS[3:0]

16 bit

B1 (0, 0)

ADC[7:0]ADC[11:8]TS[7:4]B1 (0, 1)

ADC[7:0]ADC[11:8]TS[10:7]

ADC[7:0]ADC[11:8]TS[31:28]

B1 (0, 2)

B1 (0, 7)

TS: Timestamp, 32-bit, 1kHz Clock

There are no header and footer.

ADC[7:0]ADC[11:8]TS[3:0]B1 (0, 8)

ADC[832*512]
event_tagDecode

B1 (RA, CA)



Digilent Cmod S7 
FPGA: Spartan 7
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エレキハット ビームライン

DAQ 本体 
(DuTiPDAQ01)

オシロスコープ

Network Hubhp

Remote Controller 
(soi-sofist3)

控室

ネットワーク 
ARTB クラスタ

エレキハットは狭いので 
できればここで DAQ をしたい

内部ネットワーク 
IP: 192.168.**.** 

Mask: 255.255.0.0

SEABAS 1/2

192.168.16.** 
192.168.10.**

130.87.225.128 
192.168.16.30

192.168.16.**

130.87.155.13

リモートデスクトップ 
（vnc）

HV

HV

HV

INT4NA

INT4NA

DuTiP1 
XR5，MPPC

Keithley 2612

11 ports

Network Hub

5 ports

SFP+

GbEth × 2 
SFP+ × 2

192.168.16.40

GbEth

192.168.16.41

192.168.16.42

GbEth

NETGEARQNAP

ネットワーク 
Tsubaki-III

SSD（Original data） 
HDD（Copy）

HDD（Copy）

ssh
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XRPIX5 Trigger latency via USAGI3
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水平位置 高さ

ビームライン設置の半電動ステージ．ステージの大きさは 60 × 60 cm で 10 cm ごとに固定用のネジ穴がある． 
垂直方向が電動の足踏みペダル式．メジャーの最小目盛 1 mm を目視で確認． 
水平方向は手動．ハンドルを回し，メーターで 0.1 mm 単位で確認可能．

60 × 60 cm
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DuTiP (Dual Timer Pixel) 
Two down time counters for hits in a pixel

Belle2 upgrade pixel

• Pixel構成確認:   

• アナログ部 

• 3-stage: Pre-amp, Shaper, Comparator

• デジタル部 

• Latch + 7bit counter + Trigger comp. + Hit reg 

• Dual counter: sequencerで制御・切替 

• Previous, Current, Next: 3bit 出力

Latch

Pre-amp Shaper Comparator

Test pulse 
(Capacitive input)

Threshold adjust.
(~bit DAC) Pixel mask

Latch

Sequencer

7bit counter

7bit counter

Trigger 
comp.

Trigger 
comp.

Trigger input

Hit
Reg

Hit
Reg

PCN: 3 bit

Arbiter
(i th) 

MUX

Address
encoder

(i - 1 th)

(i + 1 th)

Analog circuit Digital circuit

Pixel: Analog block Pixel: Digital block Scan block

 3

Readout block

Peripheral

Trigger Decision

(Latency < 10 μs)

Down Time Counters

Sense Node

Timing:

Previous, Current and Next

Timer 1

Timer 2
ALPIDE Type

Analog block: Usual configuration for the binary detector

Hit memory: Timing of Previous, Current and Next collision

Signal: Coincided with event trigger ← Down time counter corresponds to trigger latency

Background: Random, out of time window ← Suppressed by coincidence

Multiple hits in trigger latency: Multiple timer and memory are controlled by Sequencer
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DuTiP1 (2020—)

6 × 6 mm2

DuTiP1 Pixel

45 × 45 μm2

DuTiP2 (2021—)

18.4 × 6 mm2

Pixel 
- Pre. amplifier (ALPIDE type)

- Shaper

- Comparator

- Dual down time counters (7 bit)

- Timing memory

(Previous/Current)

Readout 
- Row address (5 bit)

- Column address (5 bit)

- 2 bit hit (Previous/Current)

- CMOS in/out

90Sr β-ray test: Obtained hit signal

Design 
- Dec. 2021 submitted → deliver in Spring 2022

- Pixel design is almost completed by DuTiP1

- Row 320 pixels (Full size for Belle II) for design of large-area sensor

- FIFO, LVDS in/out, DAC

DuTiP3 (2023—)
Design 

- June 2023 submitted
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Confirmation of the Double-Timer Function 
Double-pulse wave was input to simulate the hit in a pixel.

Test Result 
- The dual counter operation was confirmed. 
- Two pulses were separated by the sequencer. 
- The third hit was properly ignored by the sequencer and did not 

appear in the output.

Belle2 upgrade pixel

• Pixel構成確認:   

• アナログ部 

• 3-stage: Pre-amp, Shaper, Comparator

• デジタル部 

• Latch + 7bit counter + Trigger comp. + Hit reg 

• Dual counter: sequencerで制御・切替 

• Previous, Current, Next: 3bit 出力

Latch

Pre-amp Shaper Comparator

Test pulse 
(Capacitive input)

Threshold adjust.
(~bit DAC) Pixel mask

Latch

Sequencer

7bit counter

7bit counter

Trigger 
comp.

Trigger 
comp.

Trigger input

Hit
Reg

Hit
Reg

PCN: 3 bit

Arbiter
(i th) 

MUX

Address
encoder

(i - 1 th)

(i + 1 th)

Analog circuit Digital circuit

Pixel: Analog block Pixel: Digital block Scan block

 3

Readout block

Peripheral

Trigger Decision

(Latency 5.18 μs)

Down Time Counters

Timer 1

Timer 2

Test Pulse

Output
1st Hit

2nd Hit

1st Hit

2nd Hit

T. Tsuboyama, JPS 2023 Spring Meeting 
https://kds.kek.jp/event/45609/

https://kds.kek.jp/event/45609/
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Improvement with thinner sensors 
Tracking performance improvement

at low-energy electrons.

Sensor thickness for G4 simulation


300 μm: σ is better than 10 μm at 1 GeV/c

~2 μm at 5 GeV/c


130 μm: the best performance

  60 μm: not improve due to low S/N
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Fig. 10 The residual sigma of (2*-1) tracks with respect to the L3 hits as a function of

1/momentum.

Also plotted in the figure are the evaluations at ELPH momenta and 1-5 GeV electrons

based on a Geant4 [11] simulation. While Geant4 precisely traces the electron trajectory

considering detailed physical interactions with the material, the conversion from the energy

deposition in the sensor to the pixel charge spread needs to be implemented addition-

ally. Instead of relying on dedicated simulation such as TCAD, the beam data are used

to parameterize the charge spread.

The distribution of pixel charges normalized by the maximum pixel charge in an event

is projected in pixel column and row directions, and then, the projected distributions are

fitted with a Gaussian function. Figure 11 shows the Gaussian sigmas σspread on the ordinate

axis obtained in the ELPH beam for the five layers in both column and row directions, in

total 10 values. The value ranges from 11.0 to 11.8 µm. In the Geant4 simulation, the

deposited energy is distributed in the column and row directions according to Gaussain with

a given spread σsim, and the pixel charges are defined as the integral of the charge in the

corresponding pixel area of 17×17 µm2. The electron beam is injected uniformly across the

pixel area. With an increase in the σsim value, σspread obtained with regard to the beam data

increases as shown in the figure. The optimum σsim is set to 9 µm from this plot. Further

steps are added in the simulation to correct for the charge spread in the pixels apart from

the seed pixel and for the finite ADC pedestal spread.

The (2*-1) track residual sigma estimated for 5-GeV electrons is 2.68± 0.14 µm from

Equation (1) and 2.21± 0.02 µm based on the Geant4 simulation. The difference in the

estimation should originate in (I), where the beam data overestimate the resolution as there
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Fig. 12 2*-1 track residual sigmas as a function of electron momentum estimated using

Geant4 based simulation for the sensor thicknesses of 60, 130 and 300 µm.

The measured data combined with the data derived using 120-GeV protons were used

to evaluate the performance of GeV electrons. The Geant4-based simulation describes the

measured results reasonable well. The tracker resolutions, including the intrinsic DUT res-

olution, were estimated to be 2.68 µm of the beam data and 2.21 µm of the Geant4-based

simulation for 5 GeV electrons.
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G4 Simulation

Estimation of tracking precision in GeV range 
Data 

ELPH: 200, 300, 500 and 822 MeV/c, Positron Beam

Fermilab: 120 GeV, Proton Beam


G4 Simulation 
200 MeV/c - 5 GeV/c, Electron Beam


Tracking method: ②
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tions obtained by Methods (2*-1) and (1-*2) are averaged. The intrinsic INTPIX4 resolution

is included in these values; however, the value of ∼1.5 µm is considerably smaller and not

subtracted.

In general, best tracker resolution is achievable for higher-energy particles of which trajec-

tories are reconstructed using multiple sensor planes with finer pixel pitch. For lower energy

electrons, due to multiple scattering, requirements of fine pitch pixels and multiple layers

may become less important. However, as shown in the study presented here, while more than

two planes on one side are not necessary, sensors with fine pixel pitch play an important role

to set the track anchor point near the DUT.

Fig. 7 The residual sigma of (2*-1) tracks with respect to L3 hits as a function of bias

voltage, demonstrated in X and Y directions.

The bias dependence of (2*-1) tracking precision with L3 chosen as the DUT is plotted

in Figure 7. The dependence is weak, where the spatial resolution improves with a decrease

in the bias except at 2 V. At 2 V, the S/N ratio is roughly 1/10 of that at 20 V, and the

charge spread is not large enough.

As a good spatial resolution is realized by adequate charge spread among pixels with good

S/N, the use of the SOI sensor that can realize fine pixel size and superior S/N is the key for

the high-performance tracker. For example in [8], we demonstrated that the intrinsic position
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Full Depletion
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5 Comparison with the existing tracker and possible system improvements

5.1 Comparison with the EUDET tracker

One of the performance beam trackers suitable for electron energy ranging from sub-GeV

to GeV is EUDET beam telescope [11] based on MIMOSA26 monolithic active pixel devices.

The MIMOSA26 sensor consists of pixels sized 18.4 × 18.4 µm and a sensor thickness of

54 µm. For 6 GeV electron/positron beam, the spread of the biased residual distribution,

including tracker and DUT resolutions, was 2.88± 0.08 µm. By subtracting the DUT intrinsic

resolution of 3.24± 0.09 µm, the track resolution using an equidistant plane spacing of 20 mm

is estimated to be 1.83 ± 0.03 µ for 5-GeV electrons.

By subtracting the INTPIX4NA intrinsic resolution of 1.5 µm, the values mentioned in

the previous section correspond to 2.22 µm of the beam data and 1.62 µm of the Geant4-based

simulation; the values are comparable to the EUDET evaluation.

5.2 DAQ rate and possible improvement

Fig. 11 The DAQ rate of the 5-layer system as a function of the number of readout row

pixels and for the number of readout column blocks (each block contains 64 columns). The

pixel scan scan time is set to 200 ns.

The present tracker system employs a switching hub to collect all the five layers of

INTPIX4NA data and one layer of the XRPIX5 data to a computer. The DAQ rate when

all the five layers are read out is plotted in Figure 11 as a function of the number of readout

row pixels (up to 512) for various settings of the number of readout column blocks (up to

13). The DAQ rate of single sensor is primarily determined based on the pixel scan time,

15

Breakdown 
• Row address scan time (200 ns/1 row)

• Analog to digital convert time (external ADC)

• Data transmission to PC


Number of cluster per event is ~1.

→ Necessary pixels are maximum 5 × 5 pixels   

     for each event.
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Fig. 3 The distribution of number of pixels in a cluster (left) and of the cluster charge

(right) of L1 INTPIX4NA sensor at 20 V bias voltage.

Table 2 S/N ratios at 20 V bias for the five layers. Noise and signal MPV values are

defined in the unit of ADCs.

layer noise σped signal MPV S/N

L1 1.6 363 225

L2 1.8 327 181

L3 1.8 341 186

L4 1.7 262 148

L5 1.6 364 230

3.2 HV dependence of cluster characteristics

The bias voltage dependence of the CCs is plotted in Figure 4. The curve exhibits a

plateau above ∼30 V, implying that the sensor is fully depleted. The full depletion voltage

defined by the voltage of the intersection where the plateau constant and linear line fitted

to CC vs. Vbias data points with Vbias ≤ 20 V ranges from 26 V (L1 and L5) up to 38 V

(L4). As the nominal wafer resistivity is in the range of 10.1–12.1 kΩcm, the expected full

depletion voltage is in the range of 27–33 V for 300-µm-thick n-type silicon; the estimation

is almost consistent with the measured voltages.
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Zero-suppression logic based on FPGA 
After AD convertion, pixels are selected by threshold on FPGA.

Threshold is evaluated by pedestal data (all the pixels).

(Maximum value of pedestal) is set as threshold.

Pixel which has maximum ADC value is identified as center of cluster.

Surrounding  5 × 5 pixels ADC, CA and RA are send to PC.



Reticle size: 31.0 mm × 24.8 mm


