Y KEK i

National Institute of

Unravelling the mysteries of Advanced Industrial Science

and Technology
AIST

matter, life and the universe.

Prototype of SIC beam monitor for the COMET
experiment at J-PARC

KEK Electronics-system group
Tetsuichi Kishishita

Y. Fujita, Y. Fukao, E. Hamada, K. Okabe, M. Shoji, X. Xu, R. Kosugi, K.
Kojima, K. Masumoto, and Y. Tanaka


mailto:kisisita@post.kek.jp

National Institute of

u
tI I n Unravelling the mysteries of Advanced Industrial Science
matter, life and the universe. and Technology
AIST

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

- 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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Property | Diamond GaN 4H-SiC Si G . e g
Eg [eV] 5.5 3.39 326 1 1.12 0.67 1.44 1.60
Eb“eag‘::]”“ [V/ 107 4x106 2.2x106 3x105 105 TBD TBD
ue [cm2/Vs] 1800 100 800 1450 <3900°12] 1090°11! 906°13]
un [cm2/Vs] 1200 30 115 450 <1900 110 -
Vsat [cm/s] 2 2x107 ; 2x107 0.8x107 | 0.74x107°15] 107 107
7 6 31/7 14/6 14 32 48/52 48/52/30
€ r (dielectric
5.7 0.6 0.7 11.7 TBD TBD TBD
const.)
e-h energy 13 8.9 7.6-8.4 3.6 29 45 5.0
evy 4+ 0y 0000 ol
Density 3515 6.15 322 | 2:33 5.3 5.9 5.8
D'S"[’:\‘/‘;em' 43 20 25 ., 1320 | 15-18 | 5.3-6.2'1 :

% high radiation-tolerance

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

small signal charges
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- PN diodes in wafer process, 5 mm x 5 mm simple diode i - | :
- Reverse bias tolerance of 3 kV | "
- 50 um epi grown on (0001) 4H-SiC n-type substrate @AIST

- Nd-Na: 4.7 x 1074 cm-3 ¢
- Thickness: 350 um . - Sensitive to surface conditions

- 260 dies With 5 X 5 MM2 from 4-iNC WATET, 4 X 4 IMIM2 GCHIVE oo comsmmsniamasisiasmsonsissnsosiis ool s ot e it
area Silicone rubber for preventing electric discharges

PN' diode

- Easy process Difficult process
| High temperature annealing)

Color map of leakage currents
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commercial CSA (AC-coupling)+shaper
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- 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 nimev/CmZ2, even with biasing EEE TNS. vol.68. b.9787. 201
. , VOl.68, p. , :
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Charges |e |

Reverse bias [V |
Landau peak is separated from pedestal in worst leakage device.

Full-depletion voltage is consistent with TCAD simulation.

How can we play with these devices?
Kisisita@post.kek.jp TWEPP2024, 30 Sep. - 4 Oct. 2024, Glasgow
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Demand for SiC sensor: COMET at J-PARC Uaveling the et

- 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 r e AR

AIST

8GeV CS : Capture Solenoid

Proton Beam — = t —
—_— — mjlﬂ:

T Production Target
(Graphite)

Search for neutrino-less muon to
electron conversion.
-+ (A L) - e + (A Z)

Transport Solenoid

L1 1 1 |
Contribution from Standard Model | 0 5m
by neutrino oscillation is ~O(10-54). :
Good probe for new physics search. Muon Stopping Target (Al)

Cylindrical Drift Chamber

Kisisita@post.kek.jp TWEPP2024, 30 Sep. - 4 Oct. 2024, Glasgow
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- 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)

CDC outer wall CDC

electron

Superconducting coils

tarpet

BM
: -300- '
2
r hodoscope | 1 '6e+1 |3 n1 MeV/]Cm cm
Vacuum window C‘[l:;;;:[_[- P - 'Bﬂﬂ ‘E[}ﬂ —4[][]'
o : 6.8¢+00 T T T
10’ 10° 107 10* 10°

y
'r::l Xy = 1:1.000e+00

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

Kisisita@post.kek.jp TWEPP2024, 30 Sep. - 4 Oct. 2024, Glasgow
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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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- MLF (Materials and Life science experimental Facility), D2 beam line m
- Pulsed muon beams (25 Hz, ~20 muons/bunch), 20~100 MeV/c. i |

- Very close to the actual experiment
- Readout electronics not ready in time for this beam test...(commercial CSA+shaper)
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- Triggered by beam-injection timing

Time structure of muons

Signals from SiC (>10 muons) Signals from SiC (2-3 muons) (double pulses/bunch)
10 ]
0 o
0 -
200 _100| ‘

400 _200
-20 -
- I 300~
800 aol -
A - 400
—Eﬂﬂ_— _4.|'_'|__ u
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@lowest intensity beams
= . - - = 400
S 2000 S 2401 1 R
- Q — — -
~ 1800f 0 2201 S 3501
o 2001 2 T [
180 E 3[][]:—
1400 - E [ 20 muon
: 160 2110 ) |
1200 140F N
10005 120 200F-
800 100p 150
6001 S0F :
: 60 1001
400F 40F sol-
200 20 - 1 muon
:I | | I I | ] Ll | [ I . I_I_LI I | I I :I | | I I | | I I | I I | I I | | I I | | I I Bl DD:I |-|-|-|-|-|-|-|-|-|-|TTl-l-l-l-l-l-l-l-l-l-l-l-l-lI
% 10 20 30 40 50 60 70 % 10 20 30 40 50 60 70 1 2 3 A 5
mv mv varage oinciaence
- Dlscretlzgd peaks (|.Ike photc?n§) PMTs {_:
- Pulse heigh determined by fitting, ~13 mV/muon ===
- Linear correlation with electrons, up to 30 muons [ :
. decayed
SiC sensors are ready for the muon beam monitor. . electrons
muons '=/

stopping target
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Readout electronics (SCIBER, Silicon Carbide IC for beam m@nfiﬁsr'f

Radiation-tolerance also required to front-end ASIC.

[] ANALOG
DIGITAL
* 8ch Amp-Shaper-ADC w/PLL —
e Technology: TSMC CMOS REF CLK -
65nm LP TEST PULSE IN 80MHz
* Supply Power: 1.2V (Core),
1.8V (1/0) ~ | gggm:z/
+ Chip size: 960um x 2,000 um | _Iq 2
e 8-bit SAR ADC AL I m
— Sampling Rate: 12.5MS/s or | I\ CHO II'
10MS/s  cR_RC>H Aapc HHH
+ PLL: 800MHz or 640MHz 1o~ | 2 > I! ol
(W/80MHz REF CLK) \/r ;-.. CML
* Inputs: 8 channels to S Driver
connect sensors .
 Qutputs: Digitized \ v
differential signals, CML Vesa Ve _re Slow Control
Monitor available

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

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

e @ Cable 10m

250

50 250 250

200 200 200 200

150 150 150 150

100} 100} 100} 100}

50/ 50/ 50/ 50/
0-111111lllllllllllllllllll 0-lllllllllllllllllllllllll 0-1111111111111111111111111 0-111111111111111111111111[
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
250+ 2501 250 250
200 200 200 200

File Edit Applications Utility Help
Plot 1 - Eye Diagram (Meas 6) 1 50

150 150 150

100} 100} 100} 100}

e

o0 ops [ S TR

@10 m ——— — ——

50L 501 501 50[

Glllllllllllllllllllllllll 0lllllllllllllllllllllllll 0lllllllllllllllllllllllll 0llllllllllllllllllllllll[

0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

Eye height: 275.7 mV, Eye width: 449.8 ps CML-TX is sufficient for driving 10 m cables.

Kisisita@post.kek.jp TWEPP2024, 30 Sep. - 4 Oct. 2024, Glasgow
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Analog blocks (CSA+CRRC) OKEK
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- 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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- 2nd prototype ASIC is under testing. Variable peaking times Variable voltage gains

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

. Hit timing distribution
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We submit the final ASIC in this December.

Bunch timing with every 1.17/1.75 us
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Further Demand for SiC sensors (more challenging)

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

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

(Véc

Muon

Stopping
Target

=i

Wlndow TI 500

m

Main Proton Pulse
(108 proton/pulse)

©KEK
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matter, life and the universe.
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» Time (us8)

Kisisita@post.kek.jp
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Requirements for Extinction Monitor
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- 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) T p—
B NGUtron fluence Of 2'1 X 1014 neq/Cm2 during Phase_1 4 """"""" » """ G
. :  Main Proton Pulse k
,':? 1‘00 n)s i (108 proton/pulse) NG e |
S\ o oo
' Prompt Background , M  TEEEEER Proton
': Stopped Muon Decay ~) K
---------------- 10~15 mn
/ < Timing Window > ot n el oLl
SIGNAL

<

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

- Segmented

- Dedicated electronics with timing-gate structure ————————yp

Kisisita@post.kek.jp

17 s » Time (us)

electrodes (pixels or strips) to reduce event rates

see the Poster, “The GAROP-2, a Radiati
Beam Monitor Readout of the COMET Experiment”, by X. Xu

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

TWEPP2024, 30 Sep. - 4 Oct. 2024, Glasgow
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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

(o]
”

(b)

N+ guard ring

Iijl_lx‘l-..n-
Q"Ll.tilnn-
.l-l...-

270um

130um

Kisisita@post.kek.jp

Ti(100nm)/Al(2500nm)

©KEK
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Passivation (Parylen or Silicone rubber) is necessary to
prevent electric discharges @1 kV.
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Spectral performance

- HV: +600 V

- Exposure: 3 days

- Mode: HG

Counts
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- HV: +600 V
- Exposure: 0.5 days
- Mode: HG IEEE TNS, vol.70, p.1210, 2023.
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Imaging performance

- Blind search of pinhole position in Pb sheet
- Count Sr-90 events between 1000-6000 e-, 1 min for each pixel
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- Finer segmentation is realistic and nice uniformity expectable in larger devices

- SiC performance is closing to silicon.

Sr-90
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- Still long way to realize the proton extinction monitor, but SiC is an important candidate.
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For the extinction monitor, SiC-strip sensor (1 cm x 1 cm, 52 strips with 200 um pitch) will be available soon!

10,485um#s

Thank you very much for your attention.
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