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

- Application to muon beam monitor and
proton extinction monitor
- Characteristics of the PN-sensors

Diamond sensors for neutron detection at Fukushima nuclear power plant

- Device fabrication and characteristics
- Detector system and prototype performance
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Introduction

- SiC and diamond are more radiation-hard than standard n-type Si, 1014 neg/cm?2 for SiC and 101® neq/cm?2 for diamond.
- Uniform device characteristics and productivity are still challenging.
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% high radiation-tolerance

For stable device production, KEK-Esys collaborates with AIST power device group from 2019.

small signal charges
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- PN diodes in wafer process

- 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 . - Sensitive to surface conditions |

- 260 dies With 5 X 5 Mm2 from 4-INCh WATEr, 4 X 4 MIM2 QCHIVE o cimnisrsissmcssnistise b ctonesss s oottt
area Silicone rubber for preventing electric discharges

] Schottky diode : PN diode
- Easy process ' Difficult process
' - (High temperature annealing)
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commercial CSA (AC-coupling)+shaper
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Device characteristics
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- Stable Landau peak position (no polarization/charge-up)
- Full depletion voltage 1000 V for 50 um epi (TCAD).
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Charges |e |

Landau peak is separated from pedestal in worst leakage device.

Leakage current <10 nA (26 samples from 260 dies), uniform within one order of magnitude
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Full-depletion voltage is consistent with TCAD simulation.

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino

What can we do with these devices?
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Needs for SIC sensor: COMET at J-PARC Uaveling hempsetes

- 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.

Kisisita@post.kek.jp
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\

| J-PARC = Japan Proton Accelerator Research Complex
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What do we do in GCOMET: Muon to Electron Transition TR
> Conversion of a muon to an
-, % electron is “Charged Lepton
Flavor Violation” process and

strongly prohibited in the
Standard Model.

~ |ts discovery Is an evidence
of the new physics.

Standard Model New Physics
H b A > © H+ H : ;( — H | "
_ s X
' V' - 9 —p- —p— q d > : > .
+ Muon can decay to electron - Sensitivity for the new physics
with neutrinos. scale is >1000TeV.
v J-e conversion via neutrino v H-€ conversion has SenSitiVity o
oscillation is <O(1O-54)_ both phOtOniC and nOn-phOtOniC
Interaction.

It’s good opportunity to install “own” detectors to contribute to new physics!
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- 8 GeV proton beam is injected to Pion production target.
- Pions decay to muons during transportation in Solenoid magnet.

8 GeV Proton Beam

T N
=
(Vé-_.. Window : Ti 500um)
—SiC Muon Monitor.
\ N
Stopping 2 N NIR
Target (T A MANPVANIRON
.5 - 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, 2MGX at Phasel

cf. monitor with scintillating fiber
IS begin developed at

Sun Yat-sen University. .
Radiation-tolerance is the key to the muon beam monitor.

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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| HIA3BA-40PA-2. 54DSA |

HV

% S oooo ]
g OO0OO0ono .
SOO0ooOooO0 mE AN
7 000000000 ooog
sl ooOoooOoOoOoOao ODoOog _
E % 0000000000 00 0o Front-end
S ooooDoooood oooo
o 5 0000000000 0OOooO ASIC
N Z 0000000000 0000
NN oooooooood ooog Board
4000000000 ooog
~00000000R Oog-
~ 00000000 0o~
SRR & attached by L-angle connector

| HIA3BA-40PA-2. 54DSA | Hit Distribution : mu-

SiC board (~200um) ~ SIC (5x5mm?, 350umt) | I
Frame Board (1.6mm)

* Center region Is thin Kapton board. Edge region is nhormal
board to support the center region.

» Signal wires run between SiC sensors. I

7550 7600 7650 7700 7750
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Readout electronics (SCIBER-1, Silicon Carbide IC for beamﬁmn%r)‘

Jakub’s talk—

Technology: TSMC CMOS
65nm LP

Supply Power: 1.2V (Core),
1.8V (1/0)

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

[] ANALOG
DIGITAL
* 8ch Amp-Shaper-ADC w/PLL —
REF CLK -
TEST PULSE IN 80MHz
| 640MHz/
1/ 800MHz
~7
1/
| N I,
csA S>HCR RCO>H ADC “E'
AIN<O> ‘/r !_;. CMIL DOUT
;b. Driver
3
VC\;A Vg e Slow Control

differential signals, CML

Monitor available

ADC Sampling Rate:
10MS/s or 12.5MS/s

National Institute of
dvanced Industrial Science
and Techno/ogy
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Preliminary test results

Pad for
HV connector

Wires for
Slow Control

4 F
Pad for . 3
=IC 24 3 ADC outputs from 50 kHz sin-wave
: S e I
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Prototype of the SiC matrix board
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We can make the muon beam monitor on

time before the COMET Phase-1.

*Commercial SiC epi-wafer is another
option. (6k euros/wafer).

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Further Needs for SiC sensors (more challenging) ton e it bt e
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AIST

- 8 GeV proton beam is bunched in every 1.2us.
- Pion is BGD. Select muon events by timing difference.

=i

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

M uon ] %gin Prfto? P111ls)e
. 3 8 proton/pulse
Stopping «
Target X

< » Time (us)
1.2 s

Want to confirm no leaky protons (extinction) between bunches. = On-axis beam monitor with SiC!

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Requirements for Extinction Monitor e

- Want to detect 1 proton after the main bunch Detector concept < 5 mm
- Max. 1.6 x 107 proton/bunch with beam spot of ¢~1 cm (TBD) st}

i NGUtron fluence Of 2.1 X 1 014 neq/Cm2 during Phase_1 IZIIIT'.'.'.'.'IIZI'.'.'.'.'."IIII.'".'.'II'IZI.'.".'.'III'I.'.'.'.".'IIIZ'.'.'.'.'."IIIZI'.'.' """""" > """ g : : : : : :
. " Main Proton Pulse FfEE
51 <5 L @O proton/pulsd) N | TR
S|\ S oo Tl

': Prompt Background ': ............... olelelee]e]e]el E E E E E : Proton
" Stopped Muon Decay g EHEaE

RRRnn 10~15 mmr

Q1
i

‘/< T1mmg Window > TS E “l' : : : : :

-------

------

Why SiC?,
< » Time(us T NERRREREREE

realistic? 1.2 us

1. Relatively large-area devices can be fabricated in wafer process.—»many detectors & | E
2. Machine maintenance period is available every week.— We replace the detector! |
- Electrodes should be segmented (pixel/strips) to reduce the eventrates. .. B o A
- Readout electronics placed sidewards to avoid proton beam spot for radiation reason.

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

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Sensor segmentation (hybrid pixel detector)

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

- readout with low-noise ASIC
- Au/In stud bump technology

(a)

" e

L BN B B

(b)

N+ guard ring

l.mlftitlll
Ql.tlln--
.ll.l...

270um

130um

Kisisita@post.kek.jp

Ti(100nm)/Al(2500nm)

©KEK

Unravelling the mysteries of
matter, life and the universe.
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Passivation (Parylen or Silicone rubber) is necessary to
prevent electric discharges @1 kV.

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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TSMC 0.35 um CMOS

270 um x 270 um pixel size, 12 x 12 pixel cells

CSA (DC-coupling to SiC)+Shaper with 5 us shaping time
Used wirebonding for DC-power supply/control signals

270 um

H.V. Buffer MCA | . pC
(CPO663P) (MAX4201) (MCAS000D)

Lﬁ*:it;ﬁ*:f il dn“}.L

Padf 250 um

Iﬁ;ﬁfj

HE

’Z_A_Jﬂ

b & mael

<— normal FETs

LS AL S T AN TN 8
* 1- 1-‘_}p

gt

|

I

| -test pulse enable
| -pixel select etc.

<— ELT/H-shape FETs
(originally proposed by Walter)

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Spectral performance

Np XL

13.9keV 17.6 keV

P

I T T T T I

21 keV

26.3 keV 59.5 keV

| |

- HV: +600 V
- Exposure: 3 days

- Mode: HG
150_

125

100

= _

- /5 i

O _

O I

50 |

25 |

N

0
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FWHM: 1.72 keV @17.6 keV

20 40 60

Energy |keV]

- HV: +600 V

- Exposure: 0.5 days

- Mode: HG

Counts

600 [
500
400 |
300 |
200 |

100
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I I

I

I

2000

4000
Charges |e™ |

Confirmed [3-ray events from all pixels.

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Imaging performance
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- Blind search of pinhole position in Pb sheet
- Count Sr-90 events between 1000-6000 e-, 1 min for each pixel
Sr-90 Sr-90
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- Finer segmentation is realistic and nice uniformity expectable in larger devices
-+ SiC performance is closing to silicon.

- Still long way to reach the proton extinction monitor, but SiC is an important candidate.
Kisisita@post.kek.jp
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- Nuclear decommission is on-going at Fukushima Nuclear Power Plant.
- Need “eye” to know exact locations of nuclear debris for robotic arms (at least monitor the neutron flux to protect workers).
- No data of radiation environment yet.

Gamma-rays from Cs every direction: max. 1 kGy/h (100 krad/h)

Site of the Fukushima Nuclear Power Plant Concept of the neutron detector
‘ R T

-
A
—~ -

—

:j{obotic Arm

==

' g neutron detecto

I EEEEEEEEEEIb! =5 e
Illl'iilllllllllllllIIIIIIIIIIlI]'_! 1eV.Horl

Pacific ocean Under high y-BGD, thin sensors are required for neutron detection.—»Diamond!

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino 18
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Use neutron converters (6LiF/10B4C) and detect alpha-particles
Detect neutrons (~1 Hz) under high gamma-ray BGD (~1 MHz)
- Sandwich configuration to increase detection efficiency
gray : 46 um sensor with high S/N type frontend IC

Concept of the neutron detector 10000 " red: 70 um sensor with high S/N type frontend IC

g o O/ y ray BG spectrum
moderator O 100 blue : neutron spectrum using
@A 10 boron converter
diamond *C-U'
. ‘ . . N
SCIr ation
converter = o1 ° g&rgh qup (S,P
= - BY fitn sensors
8 0.01 :
O 4001 At W | :
1E-4 :
neutron—w | 1E-5 4 ' u - u - .
% 0.0 0.5 £ 1.0 1.5 20
Energy(MeV)

To detect neutrons with 1 Hz, we need more than 1000 diamonds! How to realize such number?

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino 19
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Self-supported diamond with reusable substrate Single-crystal substrate
30-50 um thickness to avoid cracking e |
Na-Nd: 1011-1012 cm?-3

Long process time (>2 weeks), yield issues, wire-boning etc.

Carbon ion bombardment 3 MgV, CH4/H2 plasma
2x1076 ions/cm?2

MAAAA

sC substrate

(HPHT lla) Chemical Vapor Deposition

Self-supported device \
lon beam etching (surface ~10um) _
+ iImplant p+ layer |

Reusable substrate Electrolytic etching

Long process time is covered by parallel CVD

machines by venture company.

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino 20
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- Cathode luminescence method, free-exciton recombination line@ 235nm
- IBE (lon Beam Etching) on 10 um surface to mitigate roughness

- Implant p+ layer on Ohmic side Am-241 spectrum under y-BGD (260 Gy/h)

Al

Without IBE (80 um-t)

[ 1 5350m . — F / self-supported diamond
S 10°7 | fFree Exciton luminescence With IBE (70 um-1) Ia{er
3 ) ] / TiC + Au
N 100 . .
*g 10° - 2nd harmonic 3rd harmonic E : T With IBE + implant p+
= i / o . layer (70 um-t)
8 / F 10 3 ) y 2N
\; X X © : /’ \
L — — v/
QO o !\" ! “"‘\ ““1 of T l'.._‘l
+ O i Iy
£ ' W
J 0.1 = | ""'L
O Wl
' 1 %Best device J ' | 1
A P Moo RY 1!
. . l 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
2000 300 400 500 600 700 800 900 Energy [keV]

wavelength (nm) — .
y-rejection capability increased by IBE and p+ layer.

Kisisita@post.kek.jp X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino 21



mailto:kisisita@post.kek.jp

An a I 0 fro nt- e n d s & rOtOt e Unravelling the mysteries of ~ Advanced Industrial Science
matter, life and the universe. and Technology

@ K E K National Institute of

AIST

- TSMC 65 nm LP process, 1 mm x 1 mm Prototype of the neutron detector

- 8 channels, CSA+CR-RC+Disc.+counter
- No ENC degradation confirmed @ 1 MGy

Wa M

.3 ‘ -'zra;» 108, ,
. W I\—wmﬁ-’. . l.

—a
R w )
*y -' -! |

Kisisita@post.kek.jp

Nu-K_CSA (0.5 mW/ch)
Type charge sensitive
Peaking time 50nsec(tw~100nsec)
Noise ~1500e @Cdet=5pF
S/N ~350@Cdet=5pF

Sensor pads (4ch x 600 chips!)

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino 22
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. . . -ray response of the AFF (CSA
- Tested best device under y-BGDs, 1 kGy/h is the requirement ’ YTy TEsh 000000 ,( | ! L , ,
- Neutron converters under preparation 10 E : —— 600Gy/h
1 —— 1000Gy/h
" 7 - -1500Gy/h
—— . BG
1073 1.5kGy/h
d \% 100000 - . .
3 10% - o i No polarization/ charge-up
2 © e S
g b . ) O SO s e s
8 10 S S V
. O
8 - \ O 10000-:
O 10°- \ 1kGy/h N
@ E i T T T v T T v T
> - .\\. 0 500 1000 1500 2000
107 \ Time [s]
= R
o2 600Gyh L.
- 3
; '\'i“
10° {= = == = === === = === —Neutron signal level (0.001 cps@1 MeV)
. \
| | | I
0.5 1.0 1.5 2.0
Energy [MeV]

Readout system meets all requirement and we start to

develop actual detector from this October.
X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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Thank you very much for your attention.

X1l Front-End Electronics Workshop, 12-16 Jun. 2023, Torino
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