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Outline

• SiC sensors for MIP detectors at COMET muon experiment @ J-PARC (Japan Proton Accelerator 
Research Complex)


- Basic properties of the PN-devices

- Overview of the COMET experiment 

- Concept of muon beam monitor based on SiC

- Test beam results

- Future prospect
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Introduction

Property Diamond GaN 4H-SiC Si Ge CdTe CdZnTe

Eg [eV] 5.5 3.39 3.26 1.12 0.67 1.44 1.60

Ebreakdown[V/
cm]

107 4x106 2.2x106 3x105 105 TBD TBD

μe [cm2/Vs] 1800 100 800 1450 <3900*[2] 1090*[1] 906*[3]

μh [cm2/Vs] 1200 30 115 450 <1900 110 -

vsat [cm/s] 2.2x107 - 2x107 0.8x107 0.74x107*[5] 107 107

Z 6 31/7 14/6 14 32 48/52 48/52/30

εr (dielectric 
const.)

5.7 9.6 9.7 11.7 TBD TBD TBD

e-h energy 
[eV]

13 8.9 7.6-8.4 3.6 2.9 4.5 5.0

Density 3.515 6.15 3.22 2.33 5.3 5.9 5.8

Displacem. 
[eV]

43 20 25 13-20 15-18 5.3-6.2*[4] -

- SiC and diamond are more radiation-hard than standard n-type Si, 1014 neq/cm2 for SiC and 1015 neq/cm2 for diamond.

- Uniform device characteristics and productivity are still challenging. low leakage current

small signal chargeshigh radiation-tolerance

For stable device production, KEK-Esys collaborates with AIST power device group since 2019.
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SiC device fabrication

IEEE TRANS. NUCL. SCI. 2

critical for dedicated front-end electronics designs, and also to
establish the fabrication process for subsequent larger sensors.
In this paper, in section II we describe the fabrication process,
in section III we report the I-V characteristics, in section IV
we present the spectral studies using radioactive sources, in
section V we discuss the possibility of the fabricated devices
to the µ-beam monitor application, and finally in section VI
we present our conclusions.

II. DEVICE FABRICATION

Firstly, pn-junction diodes with a reverse bias tolerance of
over 3 kV were designed with a device simulator. Based
on the simulation results, the device was fabricated in the
prototyping facilities for power devices at National Institute
of Advanced Industrial Science and Technology (AIST) in
Japan. The epitaxial layer was grown on (0001) 4H-SiC n-type
substrate. The effective doping density (= Nd-Na) of the low
doping n-type drift layer was estimated to be 4.7×1014 cm�3

from the C-V measurement using the Hg, which was proved
using a monitor wafer grown in the same batch. The thickness
of the epitaxial layer was 52 µm and a reverse voltage of
⇠1.2 kV was calculated for full depletion of the epitaxial layer.

The schematic and cross-section of the pn diode are shown
in Figure 1. The die size is 5 mm⇥5 mm with an n+ field
stop ring and a junction termination extension (JTE) structure
for high reverse blocking capability in each pixel. The pn
diode consists of small cell-type pn structures, which can be
developed as needed for future hybrid pixel detectors. In this
work, all pixelated diodes are merged into a single diode by
connecting the electrodes with a common metal pad in order
to increase the active area for MIPs detection. The sizes of
Al metal pad and active diode areas are 3.1 mm⇥3.1 mm
and ⇠0.1 cm2, respectively. Low pressure chemical vapor
deposition (LPCVD) was used to generate a field oxide of
2 µm thickness to maintain a low reverse leakage current.
The Al pad diameter was 130 µm, the width of the JTE
structure was 40-50 µm, and the interval between each pixel
was 20 µm. The typical diameter of each pn structure was
160 µ The p-well and p+ anode, including the JTE region,
were formed by Al ion implantation at 500 �C. The activation
annealing was carried out at 1800 �C for ⇠5 min. Ohmic
contact for top and backside electrodes were formed by an e-
beam of Ni evaporation followed by post deposition annealing
at 900 �C for ⇠1 min using an infrared rapid thermal annealing
system. Al pads with 2.5 µm thickness were formed by metal
sputtering.

III. I-V CHARACTERISTICS

A. Device implementation
The fabricated 4-inch wafer was singulated into 260 dies.

Among them, 10% of total dies, which was 26 samples, were
randomly selected and implemented on an Al shielding box.
Figure 2 is a photograph of the devices we investigated. The
n-side was placed on the Al case and the p-side was connected
to an SMA connector via an Au wire. In consideration of the
scattering and absorption effects in spectroscopic studies with
radioactive sources, a small hole of �=2 mm was made on the

n+

130um

oxide

Al PAD

Ti(100nm)/Al(2500nm)

n-epi.

N+ sub.

270um

5mm

Fig. 1. Schematic and cross section of the pn diode. The pixelized electrodes
are merged in this work. The p+ anode and JTE region are indicated in colors
of red and yellow, respectively.

shielding box and only the fringe of the n-side of the sensor
was glued with an Ag paste for electrical contact. An Al cover
with the same hole was attached with four M2 screws. Finally,
the device was coated with silicone rubber (KER-2201; Shin-
Etsu) as a surface passivation to avoid electric discharges.

33 mm

20 mm

Fig. 2. Photograph of the fabricated device, mounted on an Al shielding box.

B. Leakage currents
The I-V characteristic were measured at room temperature

using a bias supply and a picoammeter (2410 & 6487; Keith-
ley). Negative voltages of up to 1.1 kV were applied to the
p-side of the diode while the n-side was connected to the
ground. The typical I-V characteristics are shown in Figure
3. The leakage current shows a device-to-device dependence
and are distributed between 1–8 nA at a reverse bias of 1 kV
(corresponding to leakage current density of 10–83 nA/cm2).
The fundamental reason of the distribution is beyond compre-
hension, however, the bulk defects in the crystal are the natural
interpretation. Compared with commercial SiC devices which
are known as an integrated p-n Schottky structure (Junction
Barrier Schottky, JBS), the obtained leakage current and its
distribution are suppressed in a wafer scale [18]. However,
the objective of this work is not to compare with the leakage
current of the Schottky diodes, but rather to study the variation

- PN diodes in wafer process, 5 mm x 5 mm simple diode

- Reverse bias tolerance of 3 kV

- 50 um epi grown on (0001) 4H-SiC n-type substrate @AIST

- Nd-Na: 4.7 x 1014 cm-3

- Thickness: 350 um

- 260 dies with 5 x 5 mm2 from 4-inch wafer, 4 x 4 mm2 active 

area

commercial CSA (AC-coupling)+shaper

Silicone rubber for preventing electric discharges

PN diodeSchottky diode
- Difficult process
(High temperature annealing)

- Easy process

- Sensitive to surface conditions - Less sensitive to surface conditions

Color map of leakage currents
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Device characteristics
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Fig. 7. 90Sr �-ray spectra acquired at room temperature under different bias
conditions.

Fig. 8. The Landau peaks as a function of the applied reverse bias voltage.

C. Pair Creation Energy with 241Am spectrum

The electron-hole pair creation energy ✏ was determined by
combining the calibration curves with the 241Am �-ray source.
The gate signals from a scintillator to the MCA were disabled
in this measurement. Figure 9 shows the spectra of 241Am.
The measurements were performed at room temperature with a
reverse bias voltage of 600 V. Mono-energetic 59.5 keV peaks
of 241Am were clearly observed with FWHM of 8.63 keV
and 5.43 keV for sample #1 and #4, respectively. Although
the obtained values are much worse than those in the previous
studies [15], [24], we note that the energy resolution or total
noise performance is mainly dominated by the performance of
readout electronics which depends on the sensor capacitance,
shaping time, and/or implementation between the sensor and
electronics connection, i.e. AC- or DC-connection. Since the
spectral widths were consistent with the pedestal distribution
including the diode, the signal deterioration due to charge traps
in the bulk defects can be ignored in the charge collection.
Thus, the difference of the FWHMs is interpreted as a char-

acteristic of leakage current. The value of ✏ was estimated by
the calibration curve to be 7.36–7.83 eV, which is consistent
with the previous report [15].

Fig. 9. 241Am �-ray spectra acquired at room temperature with a reverse
bias voltage of 600 V.

V. FUTURE PROSPECTS: APPLICATION TO THE COMET
MUON BEAM MONITOR

Our devices have demonstrated the MIPs detection and
spectroscopic capabilities irrespective of the leakage currents
with stable operation. This result overcomes the low produc-
tion yield or small active area of SiC devices, and provides
a multi-sensor approach to cover the comparable area of
a single silicon sensor. Charged particle beam monitors in
HEP experiments are valid for such applications since the
replacement of running silicon or the new detector installation
with higher radiation tolerance and comparable active area
is a primary concern in most facilities. Since the initial pn
fabrication process has been proven, here we discuss the
feasibility of application to the µ-beam monitor in the COMET
(COherent Muon to Electron Transition) experiment at J-
PARC (Japan Proton Accelerator Research Complex) [25]. We
stress that the obtained basic device properties are also quite
useful for designing dedicated front-end electronics, and for
the feedback to the process parameters and/or sensor structures
of subsequent larger devices.

The experiment aims to search for neutrinoless muon-to-
electron conversion processes in the field of the nucleus,
e.g., µ� + (A,Z) ! e� + (A,Z), as a charged lepton
flavor violation process. Figure 10 shows the overview of the
detectors and beamlines during the physics measurement in the
COMET Phase-I experiment. The µ-beams are generated from
the decay of pions, which are generated by the primary proton
beam collisions with the pion-production target. The pions are
then collected by the solenoidal field and transported to the
main detectors during the decay to muons. Mono-energetic
electrons from muon decay are emitted from the µ-stopping
target and detected by a cylindrical drift chamber (CDC).

The planned µ-beam monitor will be inserted in a vacuum
chamber and located in front of the µ-stopping target and the

Best leakage current device

β線のスペクトル例 
• 90Sr 線源を照射して MCA で取得 

6 
Landau ピークが観測できる 

Best leakage current device

Landau peak is separated from pedestal in worst leakage device.

- Leakage current <10 nA, uniform within one order of magnitude

- Stable Landau peak position (no polarization/charge-up)

- Full depletion voltage 1000 V for 50 um epi (TCAD)

- No signal / leakage current degradation, even after 10e+13 n1MeV/cm2, even with biasing

Full-depletion voltage is consistent with TCAD simulation.

How can we play with these devices?

IEEE TNS, vol.68, p.2787, 2021.
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Demand for SiC sensor: COMET at J-PARC

  

COMET in J-PARC

COMET

Pacific Ocean

4- COMET (COherent Muon to Electron Transition) starts from 2027 (one of the KEK core projects)

- They require rad-hard beam monitors for high-intensity 8 GeV protons / secondary particles
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What do we do in COMET: Muon to Electron Transition

- COMET aims to achieve x100 higher sensitivity from the past.

- It’s good opportunity to install “own” detectors to contribute to new physics!

π Production Target
(Graphite)

0 5m

Cylindrical Drift Chamber

8GeV
Proton Beam

π/μ
beam

CS : Capture Solenoid

Muon Stopping Target (Al)

Transport Solenoid

μ–
A, Z

e–

ν

ν

Search for neutrino-less muon to
electron conversion.
μ– + (A, Z) → e– + (A, Z)

Contribution from Standard Model
by neutrino oscillation is ~O(10–54).
Good probe for new physics search.
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COMET Phase-1 and muon beam monitor (μBM)

muon

μBM

electron

- Radiation-tolerance is the key to the muon beam monitor.

- Pions decay to muons during transportation in Solenoid magnet.

- Muons are decayed into electrons in the stopping target.

- Beam profile monitor, bunch stability, ToF background estimation etc.

Neutron estimation (MARS)

1.6e+13 n1MeV/cm2

μBM
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Concept of SiC-based μBM

  

SiC Muon Beam Monitor (2)
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Front-end
ASIC
Board

32
ch

SiC board（~200um）

Frame Board（1.6mm）

Signal (digital)、LV
Slow control

SiC (5x5mm2, 350umt)

attached by L-angle connector

2
2
0

 m
m

● Center region is thin Kapton board. Edge region is normal 
board to support the center region.

● Signal wires run between SiC sensors.

HV

  

ミュー粒子ヒット数/バンチ  

Structure of SiC Sensor Part
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Beam

ASIC
Board

SiC (350um)

Base (PI-25um)

Signal Layer (Cu-18um)

HV Layer (Cu-18um)

Resist (PI-25um)

Resist (PI-25um)

Support (PI-100um)Design is still ongoing

SiC Sensor Board Frame Board
(outside of
red line)

- 1.6mmt FR-4

2
2
0
m
m

~
1
8
0
m
m

Qsig: 75 MIPs (11 ke-/MIP), continuous waveform digitizing in 10 MHz.
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Beam test results

proton target- MLF (Materials and Life science experimental Facility), D2 beam line

- Pulsed muon beams (25 Hz, ~20 muons/bunch), 20~100 MeV/c.

- Very close to the actual experiment

- Readout electronics not ready in time for this beam test…(commercial CSA+shaper)

solder paste + Au wire
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Signals from SiC sensors

- Triggered by beam-injection timing

Time structure of muons 
(double pulses/bunch)

600 ns

Signals from SiC (>10 muons)

600 ns

Signals from SiC (2-3 muons)

ns ns ns
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1

1
2

1

2

Pulse height distribution@ low intensity μ-beams

- Discretized peaks (like photons)

- Pulse heigh determined by fitting, ~13 mV/muon

- Linear correlation with electrons, up to 30 muons 

@lowest intensity beams

SiC sensors are ready for the muon beam monitor.

mV mV

1 muon

20 muon

PMTs

decayed 
electrons

muons
stopping target
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SCIBER1構成
• 8ch Amp-Shaper-ADC w/PLL

8

AIN<0>

CR_RC

ANALOG

DIGITAL

ADC

CH7

CH0

TEST PULSE IN

* Control Status Register

CSR*

Monitor available

DOUT

VCSA                   VCR_RC 

CSA

Serializer

CML 

Driver

3

Slow Control

64

PLL
REF CLK

80MHz

640MHz/

800MHz

ADC Sampling Rate: 

10MS/s or 12.5MS/s

• Technology: TSMC CMOS 
65nm LP

• Supply Power: 1.2V (Core), 
1.8V (I/O)

• Chip size: 960um x 2,000 um
• 8-bit SAR ADC

– Sampling Rate: 12.5MS/s or 
10MS/s

• PLL: 800MHz or 640MHz 
(w/80MHz REF CLK)

• Inputs: 8 channels to 
connect sensors

• Outputs: Digitized 
differential signals, CML

Readout electronics (SCIBER, Silicon Carbide IC for beam monitor)

Radiation-tolerance also required to front-end ASIC.
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Signal integrity test (ADC+CML)
アイダイアグラム観測 テスト条件

• 3種の Board
– Board A: SCIBER1 実装
– Board B: データ転送中継用
– Board C: レシーバ、FPGA 接続用

• A-B 間： 10m ケーブル
– データ転送（CML）

• B-C 間： 1m ケーブル
– データ転送

• A-C 間： 5m ケーブル
– スローコントロール（2.5V）

• パルサーから A へテストパルス印加

A
B

C+Nexys

10m 1m

5m

入力パルス*の ADC による復元
• @ Cable 2m • @ Cable 10m

*サイン波 50kHz 200-800mV

ケーブル 10m での正常動作を確認済み

Eye Diagram @LFSR

• 10m cable • 20m cable*

サイン波復元 OK

EyeHeight: 275.7mV, EyeWidth: 449.8ps EyeHeight: 91.32mV, EyeWidth: 461.3ps

バイアス調整により、サイン波復元 OK

* CML_B = 506mV, CML_BD = 623mV

278mV 91mV

Eye height: 275.7 mV, Eye width: 449.8 ps

640 Mbps

@10 m

Cable length estimated as 10-15 m from μBM to backend electronics.

CML-TX is sufficient for driving 10 m cables.
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Analog blocks (CSA+CRRC)

  

Test bord for Front-end 
ASIC（SCIBER1）

Pad for
SiC

Pad for
HV connector

SCIBER1
(ASIC)

Wires for
Slow Control

Pulse
Signal

Slow
Control

Test pulse

  

Test bord for Front-end 
ASIC（SCIBER1）

Pad for
SiC

Pad for
HV connector

SCIBER1
(ASIC)

Wires for
Slow Control

Pulse
Signal

Slow
Control

Test pulse

- Analog blocks working, but we need faster shaping times.

- We changed the architecture from CSA to TIA in the 2nd prototype chip.
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TIA+CRRC architecture

モニターで観測される二次粒子

• 負ミュー粒子の空間分布
を調べたい

• 二次荷電粒子のうち、
ミューオンが到達する時
間は 100ns ~ 300ns に集
中しており、100ns 以下の
時間分解能が必要

4

主な二次粒子の時間分布

- Fast shaping time of <100 ns required since muons 
arrive at 100~300 ns in the hit timing distribution.

((((

(((((
100 ns

60 ns

800 mV

560 mV

Variable peaking times Variable voltage gains

Bunch timing with every 1.17/1.75 us

- 2nd prototype ASIC is under testing.

We submit the final ASIC in this December.
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Further Demand for SiC sensors (more challenging)

  

Introduction

(Vac. Window : Ti 500um)
SiC Muon Monitor

Muon
Stopping

Target
 - Monitor beam profile and
   its stability (at CDC mode).
 - It’s difficult to use as ToF counter
   for BG program due to poor
   timing resolution.
 - Good Radiation tolerance
   cf. 1e+13 n/cm2, 2MGy at Phase1

cf. monitor with scintillating fiber
is begin developed at
Sun Yat-sen University.

8 GeV Proton Beam

- 8 GeV proton beam is bunched in every 1.2us.

- Pion is BGD. Select muon events by timing difference.

π/μ Beam

2

Reminder: Proton Extinction at J-PARC MR for COMET Experiment

Reminder : Available Two Measurements
5

✤ FX : Fast Extraction for Neutrino beam
✤ Abort monitor is installed in front of 

the beam dump to measure extinction
✤ SX : Slow Extraction for Hadron hall

✤ By measuring the secondary beam, 
extinction at hadron hall is measured

FX

SX

•Last measurement
•2014 @MR abort, 8 GeV
•Result:

              Ext. = 10-11 ~ 10-12

COMET R&D Status
• Proton beam study (Extinction 

Measurement)

• Measurement at MR abort line 
(Fast Extraction) and Secondary 
beam line (Slow Extraction)

• Both provided consistent result

• Extinction: (5.4 ± 0.6)!10-7

• Further improvement expected (O
(10-6)) by double injection kicking

• External extinction device 
improves even more (O(10-6))

• US-Japan cooperative 
research program

!"#$#%&'()*&+(,-%.-#%&*()/0"(*(%$1&

!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$
!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$

23&

4)/$&(,$").-#%&

'0%.5(6&/7#8&
(,$").-#%&

'0%.5(6&/7#8&(,$").-#%9&

o &:()/0"(*(%$/&$);(%&<"#*&$5(&=>!?@A&
/(.#%6)"B&C()*7D%(&E&F2G2'@&

o &&H,-%.-#%9&
&+IG3&J&KGL1&M&2K>N&

!"#$#%&'()*&+(,-%.-#%&*()/0"(*(%$1&

!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$
!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$

23&

4)/$&(,$").-#%&

'0%.5(6&/7#8&
(,$").-#%&

'0%.5(6&/7#8&(,$").-#%9&

o &:()/0"(*(%$/&$);(%&<"#*&$5(&=>!?@A&
/(.#%6)"B&C()*7D%(&E&F2G2'@&

o &&H,-%.-#%9&
&+IG3&J&KGL1&M&2K>N&

•Last measurement

•2010 @ SX, 30GeV

•Result:

         Ext. < 5.4×10-7 

•w/o any treatment 
to improve extinction

• Should be repeated 
with the final condition

1.2!s

Hajime NISHIGUCHI (KEK)                                                       ”8GeV Campaign”  　　                                                      COMET CM24, Osaka

✤ COMET needs an excellent extinction 
of proton beam between its bunches 
✤ Requirement : Extinction < 10-10 to 

achieve Sensitivity of O(-17)
✤ Need to Measure the extinction 

of J-PARC MR
✤ Need to Establish the dedicated 

extinction treatment

Main Proton Pulse
(108 proton/pulse)

Prompt Background

Stopped Muon Decay

Timing Window

SIGNAL

Time (μs)

a.
u. 100 ns

1.2 !s

✤ How to make a 1.2!s of bunch separation, How to measure the extinction at MR
✤ Bunch separation can be realised by filling only one RF 

bucket out of 2 of RCS (= filling 4 buckets out of 9 of MR)

✤ Two extinction measurement opportunities:

✤ At Fast Extraction (FX) : Abort monitor is installed near the 
FX kicker to measure the extinction → Possible to study the 
extinction directory by the opportunity of accelerator tuning.

✤ At Slow Extraction (SX): By maintaining RF voltage during 
SX, pulsed structure would be realised so-called “Bunched-
SX”. By counting the # of secondary particles at HEF with 
bunched-SX, extinction for COMET can be studied.

Want to confirm no leaky protons (extinction) between bunches. → On-axis beam monitor with SiC!
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素子サイズ: 3.24mm

5 mm

10~15 mm
9.72mm+3ギャップ分

……

-144 ch/chip x 3 chipはチャンネル数が多すぎる? 
-ASICは65 nm CMOSで作るとして2 mm角を2個? 
(パッドピッチを100um、stagger構造にして40ch/ASIC) 
→pixelセンサーを6個1まとまりにすると144x3/6=72ch 
なので2個のASICで読み出せるか

(0.35 umプロセスなら5mm角で50万程度)

バンプボンディング

センサー素子

ワイヤーボンディングパッド

シリコン基板(配線とメカニカル)

ワイヤーボンディング

メタル配線(内部配線を含む)

上から見たイメージ 断面図

default: 350um (Si)

SiC 厚さdefault: 350 um

700um x 2 (オモテ・ウラ) x 2 = ~3 mm (Si+SiC)

-2.4s spillの長さ 
(その中で~1s beamが出ている) 
-timingはわかりそう。 
-diaで220m, differential 
-10m metal cable デジタル差動 
-wake fieldはスイッチヤードは問題にならないかもしれない 
(phase-alphaで試験したい)

岸下：放射線耐性の観点から65 nmで 
ASICを作るべき。コストはかかるが実現可能性は高い
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Requirements for Extinction Monitor
2

Reminder: Proton Extinction at J-PARC MR for COMET Experiment

Reminder : Available Two Measurements
5

✤ FX : Fast Extraction for Neutrino beam
✤ Abort monitor is installed in front of 

the beam dump to measure extinction
✤ SX : Slow Extraction for Hadron hall

✤ By measuring the secondary beam, 
extinction at hadron hall is measured

FX

SX

•Last measurement
•2014 @MR abort, 8 GeV
•Result:

              Ext. = 10-11 ~ 10-12

COMET R&D Status
• Proton beam study (Extinction 

Measurement)

• Measurement at MR abort line 
(Fast Extraction) and Secondary 
beam line (Slow Extraction)

• Both provided consistent result

• Extinction: (5.4 ± 0.6)!10-7

• Further improvement expected (O
(10-6)) by double injection kicking

• External extinction device 
improves even more (O(10-6))

• US-Japan cooperative 
research program
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•Last measurement

•2010 @ SX, 30GeV

•Result:

         Ext. < 5.4×10-7 

•w/o any treatment 
to improve extinction

• Should be repeated 
with the final condition

1.2!s

Hajime NISHIGUCHI (KEK)                                                       ”8GeV Campaign”  　　                                                      COMET CM24, Osaka

✤ COMET needs an excellent extinction 
of proton beam between its bunches 
✤ Requirement : Extinction < 10-10 to 

achieve Sensitivity of O(-17)
✤ Need to Measure the extinction 

of J-PARC MR
✤ Need to Establish the dedicated 

extinction treatment

Main Proton Pulse
(108 proton/pulse)

Prompt Background

Stopped Muon Decay

Timing Window

SIGNAL

Time (μs)

a.
u. 100 ns

1.2 !s

✤ How to make a 1.2!s of bunch separation, How to measure the extinction at MR
✤ Bunch separation can be realised by filling only one RF 

bucket out of 2 of RCS (= filling 4 buckets out of 9 of MR)

✤ Two extinction measurement opportunities:

✤ At Fast Extraction (FX) : Abort monitor is installed near the 
FX kicker to measure the extinction → Possible to study the 
extinction directory by the opportunity of accelerator tuning.

✤ At Slow Extraction (SX): By maintaining RF voltage during 
SX, pulsed structure would be realised so-called “Bunched-
SX”. By counting the # of secondary particles at HEF with 
bunched-SX, extinction for COMET can be studied.

素子サイズ: 3.24mm

5 mm

10~15 mm
9.72mm+3ギャップ分

……

-144 ch/chip x 3 chipはチャンネル数が多すぎる? 

上から見たイメージ

To prove the concept, we investigated the sensor segmentation and performance uniformity.

- Want to detect 1 proton after the main bunch

- Max. 1.6 x 107 proton/bunch with beam spot of φ~1 cm (TBD)

- Neutron fluence of 2.1 x 1014 neq/cm2 during Phase-1

Detector concept

- Need larger active area (~1 cm x 1 cm)

- Segmented electrodes (pixels or strips) to reduce event rates

- Dedicated electronics with timing-gate structure

Proton

see the Poster, “The GAROP-2, a Radiation-Hard ASIC for Particle 
Beam Monitor Readout of the COMET Experiment”, by X. Xu
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Sensor segmentation (hybrid pixel detector)

2

N+ guard ring

(a)

(b)

Fig. 1. (a) Closeup photograph of the fabricated SiC pixel sensors. The die
size is 5 mm×5 mm and each die includes individual 12×12 p-n diodes. (b)
Cross section of the device. The p+ anode and JTE structure are respectively
highlighted in colors of red and yellow.

is 52 µm, and 260 dies are available from a single wafer. In
the hybridization, we have selected a device randomly.

B. Front-end ASIC

Figure 2 shows a layout of the front-end ASIC (Application-
Specific Integrated Circuit), implemented in 0.35-µm CMOS
(Complementary Metal Oxide Semiconductor) technology. The
chip contains 12×12 pixel readout cells with a chip size of
5 mm×5 mm and a bonding pad of 40 µm×40 µm for
assembly with a SiC pixel sensor. Each pixel cell contains the
signal processing chain, as shown in Figure 3. The detector
signal passes through a CSA (charge-sensitive amplifier), pole-
zero cancellation circuit, and 2nd-order CR-RC filter with a
shaping time of 5 µs. The gain of the circuit is designed
as 605 mV/fC. The feedback resistance of the CSA (Rf ) is
controlled by the gate voltage VGG of the n-channel transistor,
which is normally operated in the range of several GΩ. Test
pulses can be injected to each pixel cell via an on-chip 100 fF
capacitor. The shaper output from each channel is buffered
and connected to a common output pad via analog switches.
Selecting an arbitrary pixel for test pulse injection and analog
monitoring is controlled with on-chip registers.

For the purpose of investigating the technology, we con-
structed the analog circuit blocks with different layouts, i.e.,
one type with process standard n-channel FETs (Field-Effect
Transistors) and the other with rad-hard technique proposed
by [12] with a H-shape gate structure. P-channel FETs are

5 mm 40 μm

270 μm

Fig. 2. Layout of the front-end ASIC. The readout circuits in the upper half
matrix were constructed with process-standard transistors, while in the other
half with replacement of n-channel FETs by H-shape gate structures.

Cf

VGG

TP

AIN

TPENB

Cpz

Vbias

Vbase
+

-

Csh1

Csh2

Rsh1

Rsh2

buffer buffer

RpzRf

MON

ENB_MON
Ctp

Fig. 3. Block diagram of the signal processing chain. The capacitor values
are Ctp = 100 fF, Cf = 25 fF, Cpz = 1.2 pF, Csh1 = Csh2 = 200 fF.
The nominal values of resistors are 8 and 2 MΩ, respectively. The feedback
resistor Rf is normally operated in the range of several GΩ.

all process-standard layouts. As highlighted in Fig. 2, the
upper half of the pixel matrix is composed of process-standard
layout, and in the other half replaced with a custom-layout n-
FETs. Since the SPICE (Software Process Improvement and
Capability dEtermination) models are not available and tech-
nological design rule violations are remaining for the custom
layout FETs, we have chosen an in-situ approach by comparing
the performances of the two matrices. Since the deep n-well
isolation is not provided in the technology, the volume of
digital circuits is minimized and only control registers were
included in the chip. Table I summarizes the performance
measurements of the ASIC.

C. Hybridization and experimental setup
Figure 4 shows a photograph of the SiC pixel detector. The

SiC pixels and the readout ASIC channels were individually

TABLE I
SUMMARY OF THE ASIC PERFORMANCE MEASUREMENTS.

Chip size 5 mm × 5 mm
Pixel size 270 µm×270 µm
Number of pixels 144 (12×12)
Gain 605 mV fC−1

Peaking time 5 µs
Noise 96±6 e− (standard-layout)

55±5 e− (custom-layout)
Power supply ± 1.65 V
Power consumption 300 µW/pix

- 5 mm x 5 mm with 12 x 12 electrodes, 270 um pitch

- readout with low-noise ASIC

- Au/In stud bump technology

Passivation (Parylen or Silicone rubber) is necessary to 
prevent electric discharges @1 kV.
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FWHM: 1.72 keV @17.6 keV 

- HV: +600 V

- Exposure: 3 days

- Mode: HG

59.5 keV26.3 keV

21 keV

17.6 keV13.9 keV

Np XL

- HV: +600 V

- Exposure: 0.5 days

- Mode: HG

Spectral performance

Confirmed β-ray events from all pixels.

IEEE TNS, vol.70, p.1210, 2023.
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φ :1 mm

0 2 4 6 8 10
X

0

2

4

6

8

10

Y

Sr-90

0

20

40

60

80

100

120

140

160

180

Sr-90Sr-90

C
ounts

Imaging performance

- Blind search of pinhole position in Pb sheet

- Count Sr-90 events between 1000-6000 e-, 1 min for each pixel

• Finer segmentation is realistic and nice uniformity expectable in larger devices

• SiC performance is closing to silicon.

• Still long way to realize the proton extinction monitor, but SiC is an important candidate.
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Thank you very much for your attention.

For the extinction monitor, SiC-strip sensor (1 cm x 1 cm, 52 strips with 200 um pitch) will be available soon!

Future prospect
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