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Introduction
=\ Effects of radiation aging of SiPMs

Surface damage
© Caused by ionization losses under the influence of X-rays with energies below 300 keV
© oceur primarily in the anti-reflective coating and the first layer of the semiconductor
O 1t leads to small increase in dark current

Damage to the crystal structure due to

© Gammas, electrons, and positrons with energies great then of 300 keV

@ Protons or neutrons, with an integrated flux of up to 1012 particles/cm? cause
moderate damage; above 1012 particles/cm? damage is significant

._protons

@ It leads to significant increase in dark current

T -

e~
- y
electrons

© Partial restoration of properties is possible through annealing o {
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Restore

© This effect is due to the rearrangement of displaced atoms in the lattice particle energy [MeV] -
Dose [neq/cm?]

CMS (LHC) 6 x 1013@HCAL@300fb~ 1

Belle-ll (SuperkEKB) 1012@70ab~1

ScTau (Novosibirsk) 1011 @VD, DC@1 year

1.3 x 108 @4 months on orbit of ISS

Space
1.2 x 1010@6 years on orbit 550 km

SiPM radiation workshop (25 —29/04/2022, CERN)
© Initial and final radiation doses: 107 + 2 x 1012 neq/cm? and 6 x 1011 = 5 x 1013 neq/cm?
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Introduction
=\  Boron neutron capture therapy (BNCT) facility as source of fast neutrons

Scheme of the facility Neutron producing target

Injector Vacuum insulation tandem accelerator

Bending magnets

deuterons

[ .

Focusing magnets

Om

O Li substrate: thickness 100 mkm, diameter 90 mm

© 9 thermo sensors are located inside for
determining position of beam

Vacuum chamber
High voltage
power supply

Neutron © water cooling system is necessary part of such
producing target kind of device

Lead concentrator

Optical fibers

Concentrator

BNCT installation
Novosibirsk CMS group

-5m
© To produce of deutron beam hydrogen has been replaced with
deuterium in the negative ion source
© purpose - first level protection (generation of fast
© Basic nuclear reactions due the interaction of a deuteron beam with neutrons is performed inside) and raising
lithium target efficiency of irradiation (part of neutrons are
reflected from walls and then are used again
d+7Li—8Be +n+15.028 MeV gai)
© inner dimensions 350x350x 1000 mm
d+7Li—2%He+n+15.122 MeV © thickness of lead is 100 mm (walls, bottom and

top)
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Introduction

Calculation of neutron flux

Direct measurement of the neutron flux (neq/cm2) is impossible due to high doses of the order of 100 Sv/h, at least we do
not know such devices which can operating under such conditions.

6 FLUKA package was used for calculation of neutron flux

)

Experimental verification of the simulation
© special device for detection of slow neutrons (UDMN-100) was placed directly inside the concentrator for measuring

ambient dose rate equivalent of neutron radiation H*(10)

© Measurements of dose were performed under target with small beam current ~1 mkA due to the limitation associated
with the level of the maximum dose measured by UDMN-100 which is 0.1 Sv/h (working current is more than 1000 times)

Example description of geometry

dose [sv/h]

Comparision of simulation with experiment

@ distance 120mm: experimental data
linear fit

60mm: experimental data

30
02 + 4.25¢-03 [SvIN/mKA]
04 = 6.83¢.04 (Sv/n]

3
current [mkA]

The difference between experimental data and simulation results is around 10% j
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2. Irradiation tests
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Irradiation tests

Optical fibers to CMS detector

© The Laser Monitoring system of electromagnetic calorimeter of CMS detector uses optical fibres to inject the light into
crystals and reference pin diodes. Under the neutron flux, the fiber darkens due to the destruction of them structure,
especially in areas close to the beams, where the radiation background is the biggest. Luminosity and energy of LHC
beams will be increased = radiation load on detector systems will be increased too
reason to perform such kind of investigation at BINP
Scheme of the test

© Measuring equipment and materials were provided by
the Saclay team

© Novosibrsk group (NSU) was a member of the CMS collaboration «» laboratory of hadronic interaction physics, so it is
Control room 108

Picoammeter

TTITTTTTTT
Light

In experiment

Layout the disposition of investigated fibers

ugm Source

12voe
[T
(laser dlode) & oerbund)
]

Radiation area (concentrator)
5APDS + 5 PNs + 33 charge pumps

3XHCP200 fbers 0 |
| imadiate (iength 20m)

Y
2XHCG200 fibers (o
iradiate (length 50m)

3XHCG365 fibers 10!
imadate (length 50m)

In simulation (to estimate fluence neg/cmq)
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. Irradiation tests

=\ Optical fibers to CMS detector: results

Example degradation of transparency for HCP200-20 fibers

integral of current over shifts
summary fluence: 121.96 mAh

current [mAh]
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© The degradation of transparency at level from 20% to
35% (over the full length of the fibres) was obtained for
a fluence of 1014 neq/cm?

© Such a drop in the amplitude of the calibration signal
can be restored by increasing amplitude level of source
light

© Also, since such level of dose will be obtained at CMS
within an estimated period of 3 to 5 years, the results
obtained are fully satisfactory to the CMS team

It was our first irradiation experiment at BNCT, it gave two
main statements

© BNCT facility at BINP SB RAS provides irradiation the
dose at level 1024 neg/em? (in case of continuous
generation, the time will be about 110 hours), this is
quite enough to check the radiation resistance of
materials, which are proposed to use in the HEP
projects

O The uniqueness of this radiation tests in contrast to
irradiation in reactor is the precise control of the
accumulated dose with continuous measuring of
degradation fiber transparency

© The program investigation together with CMS team was
planned for many years in advance. Unfortunately, the
cooperation was stopped

© In2023 we began developing a stand to study the
radiation aging of SiPMs
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Irradiation tests

=\  Prototype of stand to investigate aging of SiPMs

© There are three main parts: climatic chamber, light distribution system and DAQ

Light distribution system
© Light source is laser MCLST (ThorLabs)
O A =640 nmis used
© 4 lines to investigation of SiPMs
© 2 lines to monitor stability of laser

@ 1 line to check optical transparency of
transport optical fiber

Control room

DAQ based on Keithley electrometer 6517B

© Scan card 6521 provides up to 10
channels

© standard RS-232 is used to link with PC
(SCPI command language)

© SiPMs scheme connection )

I
SiPM
siem

o
-
i LN
£ El
sew HE:
a g
ogee i
g
£idciron iy ot
c@inatic chalfjen 1
O
= Low radiation area High radiation
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i po— [
oo 055 .
— o e LI
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1im

pigtail FC(UPS)

FCFC

ESTONN L Lo

= 3Em slom Tporc  -1om) .

ey [ e wwwws»nmg“m‘.swji
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st

. Eiberbunde

st
_END PIN diode 11 (51336 88Q)
_ENI:I Power meter (PM16-130)
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Irradiation tests
=\  Prototype of stand to investigate aging of SiPMs

Climatic chamber
Based on Peltier element with external cooling loop and set of heaters
© One temperature sensor is located close to the SiPMs in order to provide feedback, and six additional sensors are placed
in various locations on the stand to monitor temperature
© Automatic feedback (temperature sensor — power of Peltier element or heaters) ensures fast and accurate control of
the heating and cooling process, without the need for any software cycle

tested SPM

cuprum plates,

© The achieved accuracy of temperature setting and stability are £0.06°C
© obtained temperature range is from —10°C to +55°C
We conducted testing run in November 2024 using SiPMs from Hamamatsu. These were designed in 2012 for the HCAL of the
CMS (phase | upgrade)
© amount of tested SiPMs - 4 o .
© photocathode diameter - 2.8 mm quench resistance Rq = 1.2 MQ

o © PDE =400 + 800 nm (420 nm edge),
Q@ cell size - 15 mkm PDEmax ~ 36%@A475 nm

© number of cells Ney = 2.75 x 104 10/25



|; . Irradiation tests
=\ Prototype of stand to investigate aging of SiPMs

What we can measure using | - V curve only ?

@ Noise Iggrk for single value of Vpiqs = point

@ Noise Iyqrk for range Vpiqs = curve

@ Linearity (photosensitivity) < Iphoto/Iphoto_0, Where:
O Iphoto - current in geiger mode (Vpigs = Vpq)

© Iphoto_o — current in doide mode (Vpigs = 0) s ; s ens
© and Iphoto = liight — Idark w o
SIPM We: CS HCAL phase I uporade (Hamamatsu) 27 i £ 2™
° m'l-/‘ 1 Ty =270 2 00°C m‘_/
o F TR o y
B I T e
BU=U=Ups V] DU =U~Ups V]

@ Quench resistance Rgq for cell of SiPM on forward
voltage < linear fit If (Vpiqs)
3Vpias/[dlf = Rg/Ncet (Ncelt = number of cells)

| SiPM #2: CMS HCAL phase | upgrade (Hamamatsu)
From 2024-11-15 00:04:36 to 2024-11-15 00:08:29 (00:03:53)

@ Breakdown voltage Vg <> peak position of % o rampaae 4532008
LD = 9l0g()/3Viias o Seoe

040 045 050 055 060 065 070
Forward bios (V]

— Re=25M2

W otz ot o6 o6
Forward bias (V]
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Irradiation tests

Prototype of stand to investigate aging of SiPMs:

experiment & results

@ O ©@OE 0O @ 0}
sol /"/ -
¢ g H
5 N
10[s L 7‘ \
R l. ; \
o L ) A //\\ /'\\ I \\ B
=Y \\ \ ‘ \
.,s““ep o o 0 ‘1\““““ .13“”00 .f)"°°° a o o 1 h !
wo! w ! ! w W ot w P I A o o
Tag (date) Temperature [°C] Integral of dose [neq/cm?]
(a) Initial point (14 - 17/11/24) 0+ 55 (step 5°C) =
(b)  Firstday (18/11/24) 15 4.86 x 108
(c)  Annealing in stand (19/11/24) 55 4.86 x 108 (0)
(d)  Third day (20/11/24) 15 5.75 x 108 (0.89 x 108)
(e)  Fourth day (21/11/24) 15 6.63 x 108 (1.77 x 108)
(f)  Fifth day (22/11/24) 15 7.40 x 108 (2.54 x 108)
(9) Point before (23 - 25/11/24) 0+ 55 (step 5°C) =
(h)  Restore (26 —29/11/24) 15 -
Annealing in oven (06 - 12/12/24) 240 =

Point after annealing (13 - 15/12/24)

0+ 55 (step 5°C)
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Irradiation tests

Breakdown voltage

Initial point: Iygrk

SiPM #3: CUS HCAL phase | uparade (Hamamatsu)

0 I———

Linearity (photosensitivity)

SiPM #2: dose dependence
(T =15°C)

Y

First day: Iygrk
1.3x 108 neq/cm2

HEAL phase 1 uparade (Hamamatsu)

e

I——

— V- —esav.r-om

dependence (before &

SiPM #2: temperature
after)

e

Vpg Vs dose (T =15°C)

Prototype of stand to investigate aging of SiPMs: experiment & results

Vpg VS temperature

% ke

P— te
b

oo T o

SiPM #6: dose dependence
(T=15°C)

SiPM #6: temperature
dependence (before & after)

overvotage (v
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Irradiation tests
=\  Prototype of stand to investigate aging of SiPMs: experiment & results

Quench resistance

SiPM #7: dose dependence (T =15°C) SiPM #7: temperature dependence

e © strong temperature dependence

Rq(0)/Rq(55) = 2 (initial point)

H g © After irradiation: Rpef/Rirr =~—4%
: © After restore: Rpef/Rrel = 4%

N cotee © After annealing in oven:

4] 20 . Rbef/Rann ~25%
I P § i % % i %

o temp
Noise (point)

SiPM #3: dose dependence (T =15°C) SiPM #3: temperature dependence

I [LE- sipm-3

@ First day: noises rapid increase by 4
orders 3x 10710 = 4 x 106

© Annealing in stand: noise reduction
by 4times 4 x 1076 = 1 x 10~

© other 3 days: smooth increase to
4x10°°

© self restore: 2-fold decrease
4x1079=2x10"°

, . . Q@ Annealing in oven: 20 times noise
% 3
empeature 1 reduction 2 x 1076 = 1 x 107
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Irradiation tests

\ Prototype of stand to investigate aging of SiPMs: experiment & results

Noise (curve)
SiPM #2: dose dependence (T =15°C)

10-3} sipm-7
=t

"' — 4.86e+08 nea/cm2
5.27e+08 neg/cm2

630557 — 5.75¢+08 neqiemz
410 — 6.10e+08 nea/cm2
2x109] — 6.63+08 neqjem2

10-5- — 7.02e+08 neg/cm2
7x10%F — 7.40e+08 neg/cm2

noise [A]

-2 -1 0 1 2 3
over voltage [V]

Achieved main results

noise [A]

SiPM #7: temperature dependence

sipm-2

— before: T=30C
— before: T=35C
— before: T=40C
— before: T=45C
— before: T=50C
— before: T=55C

15¢

— after
— after
after: T=20C
— after: T=25C
— after: T=30C
— after: T=35C
— after: T=40C
— after: T=45C
— after: T=50C
— after: T=55C

]

over voltage [V]

Main goal of conducted experiment was test performance prototype of stand under flux of fast neutrons
© Tested SiPMs (which were designed to HCAL of CMS) are not used in real experiments. Obtained results are mainly

important to check performance of stand

© The overall performance of stand prototype is good. The electronics of climatic chamber are able to operate under a flux

of fast neutrons and DAQ is quite sufficient

Systems of stand which should be redesined

© Light distribution system needs to be upgraded in order to ensure uniform intensity and stability when stand is moved

from BNCT to laboratory

© The temperature range of the climatic chamber needs to be increased, especially in the negative direction

© Initial dose should be decreased to 10~ neq/cmq
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Irradiation tests

Stand to investigate aging of SiPMs

| design of climatic chamb

and light distribution system

eylinder (ceramic)

spring (steel )

cap

plate (cooper)
quartz plate

N

frase to fix heaters
L front frame

heater

second cascasde

2 peltier elements

T82-(127-127)1.3

__side frase

I..

Tunit to fix optical fiver

2
first cascade
Laird module(s Peltier elements, water cooling) 3

base (ster)

screw to fix
Caira module (caproton)

__siPn (s13360)

__sockets to link POU 1 % THY _cooper plate

Sockets to Link POU 22
support (caproton)

and

ing of climatic chamb

Test of Laird module

\ D

Scheme of thermal
resistance

Performance of
TB-2-(127-127)-1.3

0 st 11 o, e Wk (A

+ thermal insulation

Frame to fix thersal insulation

__pin (caproton)

Obtained results (calculation)

© temperature range from —40 °C to
+70 °C with good reserve

Q itis need to 20 minutes to set —40 °C
from room temperature level
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Irradiation tests
Stand to investigate aging of SiPMs

Simulation to evaluate the uniformity of light output from quartz plate

Example description of the geometry and light distribution The final shape of the quartz plate. The
o s = WA % nonuniformity of light flux across all SiPMs is 3%

0‘
| R

h

of light distribution sy

Principal
Control room Low radiation area

High radiation area

SiPMs (up 10 6)
o ] ST-STIUPS quartz optical fiber HCG365 s et
SC-STIUPS -3sm

sc.sciups
FC-FCIUPS splitter ST-ST/UPS quartz optical fiber HCG365
O—-o0 Tt | | T
11m  fc-sciups SC-STIUPS

5@ PIN diode | (51223-01)

[ tight transmission line:
ST.STIUPS auartz opicalfiver HCG365
PIN dode I 151223n:y®m —

ST-STIUPS
e o check sabilty of quarz plate m T

Iine to check stabilty of light source

ST-ST/UPS quartz optical fiber HCG365

PIN diode I (sxzzwn»’@)ﬂ - =

Il ine o check transparency of opticl iber
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Irradiation tests
=\ Stand to investigate aging of SiPMs

SiPMs to test of radiation damage Layout of stand

S [mm cells
Control room

CPTA 149-35 4.41 1764

$10931-100P 9.0 900 laser MCLSL usB,

$13360-6025PE 36.0 57600 (640 nm) 5252 s e

S$13360-6050PE 36.0 14400 electrometer 56178 —

Integral 35um 1.44 1156 (+ scanning card 6521)

Integral 50um 1.44 576 Thorlabs UsB,

KETEK XX XX 10) 10) 10) Vbiss| powermeter o g

. . S meteo usp | — = H
Manufactured PCBs with SiPMs o - station — u
L PIN dlcdesT T G

_ Location with high climatic chamber: crate
radiation level )
PDU #1 ’PDU #ZI TMU ‘
L& @) ’ 4
e T

quartz plate
H

]

ethernet switch

digitizer D500-8

climatic chamber

Low level of radiation (bunker #2)

List of planned experiments (first stack of tasks)

© We will start with SiPMs by Integral production (these SiPMs will be used to
upgrade ToF system of KMD-3 detector)

@ 1In parallel scintillation strip will be tested to estimate the efficiency of neutrons
registration (needs to Belle Il muon system)
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Irradiation tests
=\  Stand to investigate aging of SiPMs: status

3. Light box 6. LVPS for Laird module
4. Electrometer 7. Digitizer

5. Laser 5. LVPS for SiPMs
- Quartz plate
Quartz optical fibers

N
N

1. Ethernet switch
2. Climatic chamber electronics

Climatic chamber without insulation PCB with SiPMs
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Irradiation tests
\ Stand to investigate aging of SiPMs: immediate plans

© Testing run in November 2024 demonstrated us that reduce initial value of dose (intensity of deutron beam) needs, in
contrast to investigate degradation transparency of fibers (CMS)

© S0, needs to start with a fluence of 10° + 107 neg/cmq. Subsequently, as dose integral increases, the neutron flux
density can be increased depending on the behavior of tested SiPMs

Simulation was performed to select optimal scenario

© We can play with energy and oo
current of the deuteron beam, [
with location of SiPMs, and
we can add some material T —
(neutrostop)
il B

© Another option is to use a set
of cooling diaphragms to
collimate the deuteron beam.
Design is done, manufacture
is in progress Keo o mNEESIE |

Designed scenario to carry out the experiment -~ ~
Summary timetable in 2025

Ec1MeV, I,-0.1mA E=1.5MeV, L=1nA

| Si : design and simulation have been conducted

R
shifts (7h each)

September—-October: all parts are manufactured and
needed items are purchased

November: installation and standalone verification

0 systems of stand

First half of December: preparation of stand to
experiment (calibration, carry out of testing runs and so
on)

Second half of December: stand will moved to BNCT and
.................. the study of SiPMs aging will begin

fluence [nea/cna]

First shift

second shift + four shifts

20/25



3. Test Beam facilities
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Test Beam facilities
=\  Test Beam facility at BINP

Layout of the test electron beam

Primary beam

It is possible to close
of electrons

the channel for
free access to hall

Experimental hall

Test beam of electrons Target Radiation safety

' Detector
Prototype Channels

@) System to measure Bremsstrahlung intensity

Parameters of the beam © Trigger system on the base scintillation counters or two MCP PMT

Energy range 0.1+ 3.5GeV (in latest case time resolution is about 20 psec)

Average intensity 50 + 100 electrons/sec © Coordinate system, it is using GEM trackers (0x,y ~ 35+ 50um)
Energy spread of 7.8% @0.1 GeV and and these trackers usually are installed between magnet and

detector prototype

the selected electrons 2.9% @ 3.0 GeV
© calorimeter which are located in the end of beam line

(0g/E =1.3% @ 3.0 GeV)
The facility is being used for
© Testing FARICH (Focusing Aerogel RICH) prototypes > for particle identification
© calibration of coordinate detectors based on GEMs
© Measurement of the time resolution and detection efficiency of charged particle detectors based on microchannel plates
© Testing shashlik electromagnetic calorimeter of the MPD detector for NICA

© And so on
22725



Test Beam facilities

List of possible Test Beam facilities at BINP

Future Test Beam facilities

Accelerator/collider

rameters of beam

VEPP-4M (in operate)
VEPP-4C
VEPP-6

Siberian circular photon source (SKIF)
* with collimator

Very preliminary Its of simul

Without collimator:
O intensity > 1 kHz

O energy spread 2.6%

O high background level at the prototype
testing site

With collimator:
O intensity >~ 400 Hz

O energy spread 1.4%

O low background level at the prototype
testing site

Energy [MeV] Current [mA]
energy [MeV] intencity [Hz] energy spread [%]
4750 10+ 15 up to 3500 100 2.9
1850 upto 15 1800 ~75 ~4
2100 1500 2100 >1000* <1*
3000 400 3000 ~400* <1*

for SKIF: test beam energy 2500 MeV, current of primary electron beam 400 mA

Energy vs X

=

Beam profile (X vs Y) Energy distribution

H

Energy eV

H

H

Vimml
<,
A
Energy (vev]
H




4. Conclusion

24/25



& Conclusion

O Existing BNCT facility in BINP provides neutron flux up to 1014 neg/cm?. It has been demonstrated for the first time that
at BINP it is possible to operate with such doses using of neutron beam

© In 2022 at BNCT investigation degradation transparency of optical fibers for CMS detector was conducted

© In 2024 stand prototype to investigate irradiation aging of SiPMs was manufactured and tested

© For now first version of stand has been designed and first experiment with SiPMs will be performed until 2025

© Test Beam facility at BINP in operate, simulation and design new possible Test Beam Facilities at BINP/SKIF are in
progress. Existing Test Beam facility based on VEPP-4M collider is under optimization too (main goal reduce energy
spread with preserve intensity)

© Finally, the Test Beam facility together with the stand for investigate of irradiation aging can provide a good situation for

the development of new systems/detectors for HEP at BINP. In this scenario, it is possible to test a prototype using an
electron beam, irradiate the prototype, and then test the prototype again using the beam

We are open to new cooperation and invite you to Siberia to work with
beams of electrons, gammas and fast neutrons !
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