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The Electron-lon Collider

a machine that will unlock the secrets of the strongest force in Nature
is a future electron-proton and electron-ion collider at BNL (USA)

foreseen to start operation in early 2030’s

e the major US project in the field of
nuclear physics
o one of the most important scientific facilities for
the future of nuclear and subnuclear physics
e the world’s first collider for
o polarised electron-proton (and light ions)
o electron-nucleus collisions
e will allow to explore the secrets of QCD

o understand origin of mass & spin of the nucleons
o extraordinary 3D images of the nuclear structure

www.bnl.gov/eic
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Particle identification at the EIC

one of the major challenges for the detector

e physics requirements _
o pion, kaon and proton ID ° i
o over awide range |n| < 3.5
o with better than 3o separation
o significant pion/electron suppression 10x100 GeV

- Q%> 1 GeV?
) momentum-rapldlty coverage

o | forward: up to 50 GeV/c
o central: up to 6 GeV/c
o backward: up to 10 GeV/c

e demands different technologies

e-endcap

p (GeV/c)




The ePIC experiment

layout of the barrel detector

e tracking

o new 1.7 T magnet
o Si-MAPS + MPGDs
e calorimetry

o e-side: PoWO, EMCal
o barrel: imaging EMCal
o h-side: finely segmented
o outer barrel HCal

fe particle ID )
o AC-LGAD TOF
o pfRICH
o hpDIRC

o dRICH—
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The dual-radiator (dRICH) for forward PID at EIC

compact and cost-effective solution for broad momentum coverage at forward rapidity

radiators: aerogel (n ~ 1.02) and C,F, (n ~ 1.0008)

MIrrors: large outward-reflecting, 6 open sectors

sensors: 3x3 mm? pixel, ~ 3 m? of photodetectors
o single-photon detection inside high B field (~ 1 T)
o outside of acceptance, reduced constraints
o  SiPM optical readout
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SiPM option and requirements for RICH optical readout o
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Studies of radiation damage on SiPM
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High-temperature annealing recovery _ Qvenannealing - CHTH
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“Online” self-induced annealing

fraction of damage
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light gray points are all sensors
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thermal studies for “in-situ” SiPM recovery
sensors heated with up to 1 W power/sensor
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detailed studies on a large sample of sensors
how much damage is cured as a function of temperature and time

fraction of residual damage seems to saturate

at 2-3% after ~ 300 hours at T=150 C
continuing at higher T = 175 C seems not to help curing more



detector integration
and electronics



INFN

I SiPM sensor matrices mounted on carrier PCB board
PhOtOdeteCtor un It e 4x 64-channel SiPM array device (256 channels) for each unit
conceptual design of PDU layout o need modularity to realise curved readout surface
e 1248 photodetector units for full dRICH readout
cold plate / heat exchanger SiPM o 4992 SiPM matrix arrays (8x8)

sensors o 319488 readout channels

SiPM matrix array /

. — flexPCB

™~

back-side connectors

Aerogel

~15-20 cm

front-end
board

ALCORASIC

[

readout connections to services
board HV, LV, DAQ, ...

1




ALCOR ASIC: integrated front-end and TDC N

ALCORt developed by INFN-TO
N\ 64-pixel matrix mixed-signal ASIC
N mmg?l';'im{nm,‘ / current versions (v1,v2,v2.1) have 32 channels, wirebonded
RN TG LT

ALCOR_FE

1 03/2021
MMignone

final version will have 64 channels, BGA package, 394.08 MHz clock

e the chip performs

o  signal amplification
o conditioning and event digitisation
e each pixel features
o 2 leading-edge discriminators
o 4 TDCs based on analogue interpolation
m 200r40psLSB (@ 394 MHz)
o digital shutter to enable TDC digitisation
m  suppress out-of-gate DCR hits
m 1-2 nstiming window
m programmable delay, sub ns accuracy
e single-photon time-tagging mode
o continuous readout
o also with Time-Over-Threshold

o fully digital output
o 8 LVDS TX data links
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Timing performance measurements with ALCOR <B

standard ALCOR front-end bias configuration

laser-SiPM correlations (time-walk corrected)
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detector prototype
and beam tests



dRICH prototype



aerogel light
reflected by
first mirror

dRICH prototype
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gas light
reflected by
second mirror

dRICH prototype



light imaged
onto the SiPM

readout plane

dRICH prototype



DAQ and DCS
computers

auxiliary control
electronics crates

gigabit ETH
switch for DAQ
and DCS

low voltage and
high voltage
power supplies

dRICH prototype on the T10 beam line at CERN-PS in Octobe
T

r 2023
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| dRICH
— prototype

SiPM

photodetector
readout box

DAQ FPGAs and
clock distribution

PDU 3 PDU 4

bias voltage: bias voltage

53.0@ 53.0¢

PID control |
|

| Onjy Ong
30580 -40:cd -40s¢

-394 °c -399 °c -398 °c

SiPM at low temperature



2023 test beam at CERN-PS CNFN

successful beam test with prototype SiPM photodetector units (CERN-PS, ended on 18th October)

10 GeV negative beam
accumulated data dual radiator configuration

PDU

4x SiPM matrix arrays
(256 channels)

hits from
one event

C,F, gas

ﬂ \ aerogel

III|III|III|III|III|III|III|III|IIIIIII

-80 -60 40 20 0 20 40 60 80
x(mm) 20
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front-end electronics
(ALCOR ASIC inside)




Upgraded in 2024 with 2k channels

Harpgmatsu S13360-3050/3075 8x8 MPPC arrays

fully-equipped, 2048-channels SiPM readout surface with cooling and TDC electronics



2024 test beam at CERN-PS (N

another successful beam test with prototype SiPM photodetector units (CERN-PS, ended on 5th June)

unfortunately one ASIC chip (32 ch) had some front-end problems

PDU

4x SiPM matrix arrays
(256 channels)

E
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front-end electronics

(ALCOR ASIC inside) all the rest was rather full of photons

> 2000 SiPMs with TDC readout at work 22



Beam momentum scan

positive particles, aerogel only

reconstructed radii vs. beam momentum
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something went wrong with the

beam configuration for 9 GeV
(that's a pity, data seems not good)

reconstructed ring radius at 8 GeV/c beam momentum
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Interplay between aerogel and gas radiators <R

gas ring tags pions, at 10 GeV/c kaons and protons are below C_F_ gas threshold

10 GeV/c positive beam with no selection applied reconstructed ring radius at 10 GeV/c with gas veto
E " accumulated data
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towards construction

2024 2025

electronics v2.1

265 kh
2022

electronics v1

>

2023

electronics v2 electronics v3

final prototype

+ 5 ns timing cut
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Summary
e dRICH SiPM option fulfills dRICH requirements

o magnetic field limitations
o excellent timing and efficiency

e technical solutions to mitigate radiation damage
o low temperature operation
o online “in-situ” self-annealing
o extend lifetime of good detector performance for Physics
m present solutions can be optimised/improved to extend it further

e SiPM readout with full electronics chain
o based on ALCORASIC
o successful beam tests at CERN-PS in 2022, 2023 and 2024
o overall 1-pe time resolution approaching 100 ps
o ring-imaging, particle-identification and more
o beam test data-analysis ongoing
e clear path for optimisation towards TDR and beyond
o refinements, engineering and SiPM sensor selection in 2025 and 2026

o  SiPM readout mass production in 2027-2029
o dRICH detector installation in the ePIC experiment in 2030

<R
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2023 test beam data analysis ongoing
event-by-event ring reconstruction: Hough Transform Method
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2023 test beam data analysis ongoing

event-by-event ring reconstruction: Machine Learning I 10 GeV negative beam

only aerogel radiator

Original Image 2 Original Image 7 Original Image 12 Original Image 47

image

input

4

Predicted Image 2 Predicted Image 7 Predicted Image 12 Predicted Image 47

ML prediction




2023 test beam data analysis ongoing circie it on ML pregiction

event-by-event ring reconstruction: Machine Learning 10 GeV negative beam

only aerogel radiator

Original Image 2 Original Image 7 Original Image 12 Original Image 47

image

input

-50 -25 0 25 50 75 100

4

Predicted Image 2 Predicted Image 7 Predicted Image 12 Predicted Image 47

ML prediction




Number of photoelectrons

is large as expected

11.5 GeV/c negative beam, n = 1.02 aerogel (accumulated events)

£ I X, =0.75 £ 0.01 mm
< 8of- .
60 Y,=0.45 £0.01 mm
40
: R = 73.87 +0.00 mm
20—
or og = 1.63 +0.00 mm
L average number of
—20 signal photons for
C 100% acceptance
—40 C includes SiPM efficiency
- = +
i N, = 29.13 +0.07
CL1 | [ | I L 11 | 111 | 111 I 111 | 111 | L 11 I L1 | 111

-80 60 40 -20 0 20 40 60 80
X (mm)

2D fit to accumulated data with realistic model (ring + background) global ring parameters and performance, running also online 31



Number of photoelectrons

large as expected

11.5 GeV/c negative beam, n = 1.02 aerogel (accumulated events) event-by-event distribution of hits in the ring
i - o 0.1¢
= 80:— 3 0.095 p=23.69 £0.05 )
60F- o 0.08F-
B e C
40 g 0.07F
B - - average number of
20~ 0.061— hits within ring region
C C also include background
o 0.05
-20 0.04
_a0F 0.03F
601 0.02F-
80 2 0.01F
:l 11 | [ | I L 11 | 111 | 111 l 111 | 111 | L 11 I L1 | 111 0: 11 1 | l I ()
-80 60 -40 -20 0 20 40 60 80 0 10 20 30 40 50 60
X (mm) number of hits within 3¢

2D fit to accumulated data with realistic model (ring + background) Poisson fit to data, average number of hits is large 32



Background studies

data taken without aerogel radiator

with two n = 1.02 aerogel tiles (accumulated events)
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with timing cuts applied, large background as seen in past years removed the aerogel tile, background remains 33



Background studies

basically all the background remains after removing aerogel, not from DCR

distribution hit radii with and without aerogel

§2)
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in-time (40 ns window) background is ~ 10x larger than out-of-time (40 ns window) background (mostly DCR) | origin still unclear | to be understood 34



Background studies

there is often one background hit in the ring, this will impact resolution

11.5 GeV/c negative beam, n = 1.02 aerogel (accumulated events) event-by-event distribution of hits in the ring
= E ) 0.6
E n = -
£ soF e L —— signal + background
> C ()} |
60— E 0.5 —— background
- R ]
40 © 1
- £ 04t
20 —
C I
O 0.3
- = <0.7
C 0.2
—40— L
o0 0.1
-80F : ;4 -
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-80 60 -40 -20 0 20 40 60 80 0 10 20 30 40 50 60
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2D fit to accumulated data with realistic model (ring + background) background in ring region estimated with data taken without aerogel 35



2023 test beam at CERN-PS CNFN

successful beam test with prototype SiPM photodetector units (CERN-PS, ended on 18th October)

10 GeV negative beam
- accumulated data dual radiator configuration

PDU

4x SiPM matrix arrays
(256 channels)

_work in progress

hits from
one event

C,F, gas

ﬂ \ aerogel
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2022 test beam at CERN-PS

- - | .

dRICH prototlpe on PS beamlme W|th S|PM-ALCOR box
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successful operation of SiPM
irradiated (with protons up to 10)
and annealed (in oven at 150 C)
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2022 test beam at CERN-PS

e

dRICH prototipe on PS beamline with
, 1

==x)

successful operation of SiPM -
irradiated (with protons up to 10°)

and annealed (in oven at 150 C)

-50 -40 -30 -20 -10 0 10

time coincidences

SiPM-ALCO

<R

* 5 ns timing cut
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7 8 GeV negative beam (aerogel rings)
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E n VI ro n m e nt MARCO magnetic field maps eH&S

1.7 T field Field Strength (T)

R (cm)

0
-300 -200 -100 0 100 200 300

2.0 T field Field Strength (T)

25

R (cm)

-300 -200 -100 0 100 200 300
Z(cm)

non-uniform, strong magnetic field ~ 0.7 T

field lines ~ parallel to photodetector surface
39



SiPM cooling for low-temperature operation (=30 °C or lower) <R

cold plate / heat exchanger

SiPM matrix array

external chiller with fluid recirculation (ie. siliconic oil)
the chiller here one is just a commercial example

cooling and heating capacity
could use heating capability for annealing? must be demonstrated to be feasible

cooling capacity at -40 C is large (1.5 kW)

General & Temperature Control

Temperature range =55:.:250°C

Temperature stability +0,01K

Heating / cooling capacity

Heating capacity

Cooling capacity

40



Laser timing measurements with ALCOR

pulse generator data

climatic chamber

test pulse

915000000

ND filter




Laser timing measurements with ALCOR

reference ALCOR pulse period

Time-over-Threshold values

T

V
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bias
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laser-SiPM signal synchronisation by

sending test pulse to reference ALCOR
° to measure laser pulse t
e  with 50 ps LSB TDC
° in synch with ALCOR readout

measure time coincidences At between
reference and ALCOR reading SiPM
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normalised counts

Hamamatsu S13360-3075

laser-SiPM correlations (time-walk corrected)

o
o
©
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narrow response V
FWHM < 300 ps

gaussian core 0 ~ 100 ps

exponential late tail not understood yet

bias

T T

=565V

might originate from laser/optics and/or be SiPM intrinsic

late tail

0 0.5

includes contribution for
laser-ALCOR synchronization

measured to be Ogyne = 30 ps
and reference time resolution
measured to be o___ = 27 ps

start
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Small vs. large SPAD sensors
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sensors operated at Hamamatsu recommended over-voltage
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[datasheet] 50 um sensors have 40% PDE, 25 ym have 25%
[measured] 50 ym sensors have lower DCR than 25 ym when new
[measured] both sensors have similar DCR after irradiation

<R

sensors with small
SPADs have lower SNR
also after irradiation

small SPAD sensors are
not radiation harder
for single-photon
applications (RICH)

similar results and
conclusions obtained with
SENSL sensors
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Laser timing measurements with oscilloscope

0.14

0.12

—&— measured signal

—®— 0, = 30 ps subtracted

50

approaching o, = 50 ps time resolution
will soon measure effect of radiation damage on o,

58

bias voltage (V)

normalised counts
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0.05

laser-SiPM correlations (time-walk corrected)

Hamamatsu S13360-3075
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very narrow response V
FWHM < 200 ps
gaussian core 0 ~ 50 ps

exponential late tail not understood yet
might originate from laser/optics and/or be SiPM intrinsic

bias

200 ps

late tail

=55V |

1 ! IA | SR | L 2l
—%.5 0 0.5
includes contribution for At (nS)
laser-oscilloscope synchronization
measured to be Ogyne = 30 ps
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Commercial SiPM sensors and FBK prototypes

=<

X NUV-HD-CHK
uCell V PDE DCR .
board sensor bd »  window notes
(Hm) ) (%)  (kHz/mm?)
{ NUV-HD big cells
23533\?8 30 53 40 55 siicone | “Toae’ | & it bt ftiaeni
B | "M q- | e,
513360 y wesi | =R | e
3025VS 25 53 25 44 silicone | cmaierspap = ’
o
c
s 814160 R newer model g :
] 3050HS 50 38 50 silicone lower V., - 5
HAMA2 - m FoK.-Contdenta
=
iﬁ e 15 38 32 78 silicone " radaton - = NUV-HD-RH
| 3015PS hardness “»
M|CROFJ different A K A NUV-HD-RH
od ’ ——1
. . 30035 3 5 24 5 38 50 g IaSS an?l(lovtvl:e::eilK f I l Tgcr_mology und_er_ development_
s E N SL optlmlzet:‘onF; Laxdl;:trli(;]ne:zrdness in
MICROFJ the smaller E « Cell pitch 15 pm with high fill factor
30020 20 24 5 30 50 glaSS SPAD version ON Semiconductor” § Ac|iv; area ’ :':letrreecch(;\:zziiTse r:s’muced celloccupancy
XXYi=3.0X3.Lmm + Primary DCR @ +24°C ~ 40 kHz/mm?
AFBR I Comme'ua"y « Correlated noise 10% @ 6 V
. bl
’ BCOM S4N33C013 30 o - 111 g F;}‘(’»arlllfjvfm © BROADCOM e
3.10 mm

FBK - Confidential

electric field ...

multiple producers: different technologies, SPAD dimensions, V, ,, 45



Detailed studies of SiPM online self-annealing <l

online self-annealing with reverse bias

a) _|_|'|'|'|'|T|| IIIIIHT| T IIIIIﬂ'l] |||||m| TTT III[|T|] II[IIITl] IIIIII'I[I TTTI IIIIIHT| [II]IHT| IIIII|'|T|—T—|'
o
© o test on a large number of proton
& 1y «——— afterirradiation -+ —_ . . .
o ; : : 1 : irradiated sensors how much damage is
© .
“ cured as a function of temperature and
c time
0
g in this study, the same sensors have undergone
= self-annealing in increasing temperature steps and
107'F Ex Y ES 2 increasing integrated time steps
Kes o0 95 e started with T =100 C annealing
| 3o | o performed 4 steps up to 30 hours integrated
g : e followed by T =125,150 and 175 C
10721 T T gie &
T=100°C { T=125°C{ T=150°C | T=175C |
IIIIII.I.II IIIIII.I.I| I- IIIIII.|.I| IIIIIU.I| I- IIII[I.I.I] IIIIII.I.I] IIIIIl]lI IIIII“III||I.I.l| IIIIII.I.I] IIIIII.lIJ_I_[
110 1 10 1 1010° 1 10 10?
ght gray points ae al sensars annealing time (hours)
coloured points are averaged over sensors
46

coloured brackets is the RMS



Detailed studies of SiPM online self-annealing

online self-annealing with forward bias

% _|_|_|'|'|'|T|| IIIIIHT| T IIIIIﬂ'l] IIIIIml T IIII[|T|] II[IIITl] IIIIIﬂ[I IIIII‘ IIIIIHT| [II]IHT| IIIII|'|T|—T—|'
g 1 - il 1 forward bias online
o ] . self-annealing is
= more effective
(@)
o=
e
©
©
—
107 T ' T 1
1672 T g iz .
T=100°C 1 T=125°C 1 T=150°C | T=175C i
IIIIII.I.|| IIIIII.I.I| I- IIIIII.|.I| IIIIIIJ.I| I- IIII[I.I.I] IIlIII.I.I] IIIIIl]lI IIIII“III||I.I.[| IIIIII.I.I] IIIIII.lIJ_I_[

1 10 1 10 1 10 10° 1 10 10?
annealing time (hours)

light gray points are all sensors
coloured points are averaged over sensors

coloured brackets is the RMS

<R

test on a large number of proton
irradiated sensors how much damage is
cured as a function of temperature and
time

in this study, the same sensors have undergone
self-annealing in increasing temperature steps and
increasing integrated time steps

e started with T = 100 C annealing

o performed 4 steps up to 30 hours integrated

e followed by T =125, 150and 175 C

fraction of residual damage seems to
saturate at 2-3%
after ~300 hours at T=150C

continuing at higher T = 175 C seems
not to cure more than that
47



Automated multiple SiPM online self-annealing <B

online self-annealing with forward bias

)
o . .
g comparison between two annealing
3 temperatures
© "
S i both reach and exceed the oven limit
B of ~ 2-3% residual damage
©
o0 e atT=175C
E o there seems to be a faster “sudden” cure
| S | o followed by a similar rate of reduction with
evel with |
97% cured time
HEMEES - e oven-level annealing reached fasterat T=175C
102k o <10 hours integrated
- e oven-level annealing reached at T =150 C
i | L] | Lol | [ 1111 @) <100h0ursintegrated

157 1 10 10?

annealing time (hours)
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Preliminary comparison of neutron vs. proton damage <

neutrons from Be(d,n) reaction with 4 MeV deuteron beam

§ - HPK S13360-3050VS \\\\\\‘*

%’ . ] n-irradiated and oven annealed “‘w

) 10 = B neiradiated P

P = . neutron

) = @  p-irradiated and oven annealed 4 . .

3 [ & pirad B —— irradiated

- L p-irradiated (LNL)

®,

2107

3 =

— ~ 7’

C 7

9;)10_7 == -

=] = 7

_3 C s 7

s [ o’

© —/ P

10° we have very preliminary results on comparison between
m ~ proton neutron and proton damage which indicate that
i P irradiated
~ 7’
A (TIFPA 150 MeV) neutron damage is larger after same n__ fluence
§I L1 Ll il L using NIEL scaling for normalisation
108 10° 10" .
Irradiation level (1-MeV n, ) by approximately a factor of 2x

we use a 10x safety factor for radiation damage estimates
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Preliminary proton vs. energy damage

Normalized damage to 138 MeV

N o
) (3 w o

-
(&)}

IIIIII|IllllllllIlllllllllllllllll

—@— HAMA S13360-3050
_ ® — HAMA S13360-3075 (shift = + 1.3)
| ® — HAMA S14160-3050 (shift = + 2.3)

° [ s

~8% overall systematic uncertainty not shown

Huhtinen & Aarnio (1993)

I 1 1 l | | l 1

I 1 1 1 I | 1

80 100 120 140

60
Proton energy (MeV)

<R

we have very preliminary results
on comparison between of proton
damage vs. proton energy to
NIEL hypothesis which indicate
that the scaling is valid within
30-50%

using NIEL scaling for normalisation
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Detailed studies of SiPM online self-annealing <@

after many hours of online annealing
we noticed alterations on the SiPM windows
in particular in one board that underwent
500 hours of online annealingatT=175C
the sensors appear "yellowish" when compared to new

& L[

qc__) 1.4_—

k3 B

@

c 1.2

Rl i

g T

T Se-oS4—4-—F oo oo

© -4 .7-‘".\

2 L e

(o] L ‘-\.

§ = N

g O.ST e

2 -

B 0.6F
. 175C

04 150 C
[ 125C
0.2~
i 100C ratio wrt. new sensor
0_ 1 1 1 1 l 4 | 1 1 1 1 1 1 1 i l 1 ! 1 1

0 50 100 150 200

annealing cycles (hours)

detailed studies are ongoing, preliminary results indicate efficiency loss after 100 hours of
annealing at T = 175 C. lower temperatures unaffected up to 150 hours 51




Automated multiple SiPM online self-annealing <B

system for online self-annealing with temperature
_— monitor and control of each individual SiPM

thermal camera

SiPM sensors &
control electronics

thermal image

monitor and logging system

52



Beam momentum scan

positive particles, aerogel only

reconstructed radii vs. beam momentum

i S

E [ —

2 . —

= 80~ =

© - et S—

[@)]

£

= 70 —
o —

IIII[lIIIII]

50
\ approximated
40 expectations
1 1 I I | | | | 1 1 I 1 1 1 | | | | | 1 1 1 I
£o 2 4 6 8 10 12

momentum (GeV/c)

nice!

<R

something went wrong with the

beam configuration for 9 GeV
(that's a pity, data seems not good)

reconstructed ring radius at 10 GeV/c beam momentum

107! = p

C ot
1072 3

- K*
1078 =
107

1 1 1 | 1 1 1
55 60 65 70 75 80

ring radius (mm)

asdasdasd 53



Repeated irradiation-annealing cycles (INe

oven annealing

< : -
~ = HPK S13360-3050VS Voyer =4V = test reproducibility of repeated
C : : L] - L] .
10 = irradiation-annealing cycles
S ;_ < < _; simulate a realistic experimental situation
10 8 8 = e consistent irradiation damage
E = == T = — — N .
L N o DCRincreases by ~ 500 kHz (@ vover = 4)
- k / k —a— Ej o after each shot of 10°n
-8 — . .
107 o — e consistent residual damage
== s s E o ~15kHz @ vover = 4) of residual DCR
10-10 ;_ § % _i o builds up after each irradiation-annealing
= E
10_125 = annealing cures same fraction
3 E of newly-produced damage

new irradiated annealed irradiated annealed irradiated annealed irradiated annealed

\ g ) o ~ 97% for HPK S13360-3050 sensors
eycle 2™cycle 3%cycle 4™cycle
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“Online” self-induced annealing studies for “in-situ” SiPM recovery (INFN

multiple cycles: 30 minutes at 175 C
~ 1 W power/sensor delivered with forward bias voltage

'..'.. ’,:“ = =
L o7k HPK S13360-3050VS Vovr =4V
oC C gl
8 10° = 500 kHz - 10x DCR reduction =

5[ ]
irradiation interleaved 10%¢ sokhz. i =
with annealing cycle " =

realistic experimental case 10 =

1 03 very promising results from first
xploratory study done in 2022

Irradiation Joes not reach recovery level
2x10% n, obtained with oven, but

° 100 times faster

° can be done in-situ

]

lIIIIII| IIIIIIII| IIIIIIII| lIIIIIIII IIIIIIII|

( m
—
o
N
IIIIIII| IIIIIIII| IIIIIIIII IIIIIIIII

10 e  repeated many times
—e— 10° neq
1 —o—online@T=175°C
—8— 200 hours @ T = 150 °C
“e\N -\“ad\a\ed ““ea\ed a‘\"\e’&\ed
o \)“e(\ el



Detailed studies of SiPM online self-annealing

fraction of damage

—
<

oven

level with
97% cured
damage

1072

online self-annealing with forward bias

_|_|'|'|T|T|| IIIIIHT| T

T IIIIﬂ'll |||||m| T

T III[|T|] IIIIIITl] IIIIIﬂ[I IIIIII T IIIIﬂT| [II]IHT| IIIII|'|T|—|_|'I

oven annealing

E T T T T
= HPK $13360-3050VS Vover =

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

T=100°C 1 T=125°C1 T=150°C 1 T=175C 1
IIIIII.I.|| IIIIII.I.I| I- IIIIII.|.I| IIIIIU.I| I- IIII[I.I.I] IIlIII.I.I] IIIIIl]I.l IIIII“III|II.I.l| lIIIII.I.I] IIIIII.IJJ_I_[
110 1 10 1 10 107 1 10 10°

light gray points are all sensors
coloured points are averaged over sensors
coloured brackets is the RMS

annealing time (hours)

<R

test on a large number SiPM sensors
how much damage is cured as a
function of temperature and time

the same sensors have undergone self-annealing
increasing temperature steps
increasing integrated time steps

e started with T =100 C annealing

o performed 4 steps up to 30 hours integrated

e followed by T =125, 150 and 175 C

fraction of residual damage
seems to saturate at 2-3%
after ~ 300 hours at T=150 C

continuing at higher T = 175 C seems
not to cure more than that
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EIC ePIC-dRICH SiPM photodetector prototype

4x SiPM matrix arrays
(256 channels)

flex PCB

cooling stack
(water-cooled Peltier)

minicrate with
fron-end electronics
(ALCOR ASIC inside)

aerogel tile
(not shown)

PhotoDetector Unit (PDU) Readout Box

cables and services
(not shown)
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dRICH SiPM photodetector prototype in 2023

Readout Box (front)

Hamamatsu S13360-3050 8x8 MPPC arrays

partially-equipped, 1280-channels SiPM readout surface with cooling and TDC electronics



Radiation damage estimates

1 MEQ neutron equivalent fluence (cm?/fb™)
minimum-bias PYTHIA e+p events at 10x275 GeV

average: 3.56e+07 | max: 6.01e+07 | min: 2.19e+07

108

y (cm)

.........
......
- .
""""
o P
......

o1 0’

108

o
v
o2t

.
.
............

ePIC background gro

-200-150-100-50 0 50 00 150 200
x (cm)

Most of the key Physics goals defined by the NAS
require an integrated luminosity of 10 fo' per center of
mass energy and polarization setting

The nucleon imaging programme is
more luminosity hungry and
requires 100 fb™

per center of mass energy
and polarization setting

over the years the EIC will accumulate
1000 fb™" integrated £ corresponding
to an integrated fluence of ~ 6 10" neq/cm2

PIg

study the SiPM usability for single-photon
Cherenkov imaging applications in
moderate radiation environment

max fluence = 6.38 107 neq/fb™ at the location of dRICH photosensors
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“Online” self-induced annealing studies for “in-situ” SiPM recovery (INFN

multiple cycles: 30 minutes at 175 C
~ 1 W power/sensor delivered with forward bias voltage

'..'.. ’,:“ = =
L o7k HPK S13360-3050VS Vovr =4V
oC C gl
8 10° = 500 kHz - 10x DCR reduction =

5[ ]
irradiation interleaved 10%¢ sokhz. i =
with annealing cycle " =

realistic experimental case 10 =

1 03 very promising results from first
xploratory study done in 2022

Irradiation Joes not reach recovery level
2x10% n, obtained with oven, but

° 100 times faster

° can be done in-situ

]
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10 e  repeated many times
—e— 10° neq
1 —o—online@T=175°C
—8— 200 hours @ T = 150 °C
“e\N -\“ad\a\ed ““ea\ed a‘\"\e’&\ed
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Detailed studies of SiPM online self-annealing

online self-annealing with forward bias

a) _|_|_|'|'|'|T|| IIIIIﬂT| T |||||m| |||||m| T IIII[|T|] IIIIIITl] IIIIIﬂ[I TTTI IIIIIﬂT| [II]IﬂT| IIIII|'|T|—T—|'
(@)
©

& 1 - T T T .

@ ] : 1 ]
©
©
C
0
[3)
©
R

107 T ¥ ]

oven 1 1

level with | . A g 2
97% cured M

damage + =,

10721 T T e 7

T=100°C 1 T = 125°C T =150°C T T=175°C 1

IIIIII.I.|| IIIIII.I.I| I- IIIIII.|.I| IIIIII.l.Il I- IIII[I.I.I] IIlIII.I.I] IIIIIl]I.l IIIII“III||I.I.[| lIIIII.I.I] IIIIII.IJJ_I_[

1 10 1 10 1 10 10° 1 10 10?
annealing time (hours)

light gray points are all sensors
coloured points are averaged over sensors

coloured brackets is the RMS

<R

test on a large number SiPM sensors
how much damage is cured as a
function of temperature and time

the same sensors have undergone self-annealing
increasing temperature steps
increasing integrated time steps

e started with T =100 C annealing

o performed 4 steps up to 30 hours integrated

e followed by T =125, 150 and 175 C

fraction of residual damage
seems to saturate at 2-3%
after ~ 300 hours at T=150 C

continuing at higher T = 175 C seems
not to cure more than that
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Ageing model

repeated irradiation-annealing cycles
simulate realistic experimental situation

2 - [ [ \ E

= & HPK S13360-3050VS Voo =4V =

o= g J
L0
S E

5 ;

°© FE g e

F 8 8 7

10°c B 8 =

F = == F —e—e = o 3

10°® i ( k / k = == %

% j=2) = jo2} 3

= £ £ =

o[ 5 5 -

1007 g E

1012 é

£ 1 x
new irradiated annealed irradiated annealed irradiated annealed irradiated annealed
leycle 2"Ycycle 39cycle 4" cycle

model input from R&D measurements done in 2022
e DCRincrease: 500 kHz/10° n_

° residual DCR (fast annealing):q50 kHz/10° Neg

° residual DCR (full annealing): 15 kHz/10° Neg
1-MeV neq fluence from background group
e 6.38107 N/ fb’

Hamamatsu S13360-3050 @ Vover=4V, T=-30C

T TT T T T

I|||||||I|III||||||
—— no annealing
—— annealing limit
—— possible operation

N
=
il [
o 10
@)
o

in-situ annealing significantly extends SiPM lifetime

10°

10* g 200 o' 3
: | | | | L1 1 | | | I | | L1 1 | | | 1 1 1 | | L1 1 :

0 50 100 150 200 250 300
integrated luminosity (fo™)
| L 1 L 1 I | Il Il | Il 1 1 I | 1 | 1 |

0 5 10 1 x10°

delivered fluence (1-MeV n, _/ cm’?)

300 kHz

<R

safe single-channel DCR for

optimal Physics performance
~ 10 noise hits / sector within 500 ps

—

beyond 200 fb-! without need
of touching/replacing SiPM

working on optimisation of
annealing protocol, maybe one could
reach beyond that

these predictions are according to
present knowledge / tested solutions

there are more handles to
further mitigate DCR

lower Vover, 3V
lover T operation -40 C or below  go



Slew-rate vs. ToT mode

working with fixed threshold electronics

ALCOR ToT mode ALCOR slew-rate mode
) £ » L i 1
£ [z £ & —— =
o 3 o 3 > = a5
£ B = - =
o 2.5 ol 2.5
c C c C
Qo L (0] B
8 2t k5] 2
o B o C
L 15F L 15F -
= C == C
1= = 1 "
0.5 ) 0.5
o W oF
051 ) 05[
_1f_ - _1:_-- _ -
:IIIITIIII[IIIIIIIIIIIIIIlIIIIlIIIIlIIII :lllllIIII|IIII|IIIIr-F=IIIr-IIII|IIIl|IIII
20 30 40 50 60 70 80 90 100 0 0.5 1 1.5 2 2.5 3 3.5 4
time over threshold (ns) time to second threshold (ns)

after correction for laser yield and background light, measurements of sensor under study are compatible
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Slew-rate vs. ToT mode

working with fixed threshold electronics

ALCOR ToT mode ALCOR slew-rate mode
@ C I @ F i T
£ = e £ C = i
© 3 - = cannot distinguish ® 3 £ - s
£ EReC, i between afterpulses £ B
@ 2_5:— “-0- slow-rise time, large ToT [} 2.5:—
2 Fome and cross-talk <3 -
g oL fast rise-time, large ToT g ol
° °
-~ 15F & 1.5 -
e r e i
1 . = 1 .
C T -
0.5 =" 0.5
o L of-
E = C
~0.5[ - . ~0.51
As B e _
:||||T||||[||IIIII||IIII|IIII|IIII|IIII :IllllIIII|IIII|IIIIr-F=IIIr-IIII|IIII|IIII
20 30 40 50 60 70 80 90 100 0 0.5 1 1.5 2 25 3 3.5 4
time over threshold (ns) time to second threshold (ns)

after correction for laser yield and background light, measurements of sensor under study are compatible



Slew-rate vs. ToT mode

several measurements repeated on the same NEW sensor

hit - reference time (ns)

ALCOR ToT mode

—
III|IIII|IIII|IIII|IlII|IIII[IIII|IIII|IIII|III

IIIlTIIIIlIIII'IIIIIIIIIlIIIIlIIIIlIIII

10’

|

10

= cross-talk

cross-talk

20

30 40 50 60 70 80 90 100
time over threshold (ns)

hit - reference time (ns)

ALCOR slew-rate mode

I

250 - coi
o =l 'pe
1.5F B -
1= %
0.5
o
-0.5F
Bt 2 pe
_1'_- 3 pe cross-talk
E: cross-talk -
_IIII|IIII|IIII|Illlrﬂ-lllr-lIII|IIII|IIII
0 0.5 1 1.5 2 2.5 3 3.5 4

time to second threshold (ns)

10°

10

after correction for laser yield and background light, measurements of sensor under study are compatible
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Number of photoelectrons

even-by-event photon counting in the ring

11.5 GeV/c negative beam, n = 1.02 aerogel (accumulated events) event-by-event distribution of hits in the ring
i - o 0.1¢
= 80:— 3 0.095 p=23.69 £0.05 )
60F- o 0.08F-
B e C
40 g 0.07F
B - - average number of
20~ 0.061— hits within ring region
C C also include background
o 0.05
-20 0.04
_a0F 0.03F
601 0.02F-
80 0.01F
:l 11 | [ | I L 11 | 111 | 111 l 111 | 111 | L 11 I L1 | 111 0: 11 1 | l I ()
-80 60 -40 -20 0 20 40 60 80 0 10 20 30 40 50 60

X (mm) number of hits within 3o

2D fit to accumulated data with realistic model (ring + background) Poisson fit to data, average number of hits is large 66



