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a machine that will unlock the secrets of the strongest force in Nature
is a future electron-proton and electron-ion collider to be constructed

in the United States in this decade and foreseen to start operation in 2030

● EIC constitutes the major US project in the field 
of nuclear physics

○ and will surely be one of the most important scientific facilities 
for the future of nuclear and subnuclear physics

● EIC will be the world’s first collider for
○ polarised electron-proton (and light ions)
○ electron-nucleus collisions

● EIC will allow one to explore the secrets of QCD
○ understand the origin of mass and spin of the nucleons
○ provide extraordinary 3D images of the nuclear structure

www.bnl.gov/eic

The Electron-Ion Collider

http://www.bnl.gov/eic


The ePIC barrel detector
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● tracking
○ new 1.7 T magnet
○ Si-MAPS + MPGDs

● calorimetry
○ e-side: PbWO4 EMCal
○ barrel: imaging EMCal
○ h-side: finely segmented
○ outer barrel HCal

● particle ID
○ AC-LGAD TOF
○ pfRICH
○ hpDIRC
○ dRICH
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hp DIRC



hpDIRC – high-performance DIRC
fast focusing DIRC with high-resolution 3D (x,y,t) reconstruction
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● crucial components
○ innovative 3-layer spherical lenses
○ compact fused silica expansion volumes
○ fast photodetection, small pixel MCP-PMT

● hpDIRC creates focused images
○ significantly improved resolution



backward RICH



Backward RICH selection
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two candidate technologies for PID in the electron-side direction
recommendation to use pfRICH as the baseline technology

mRICH pfRICH

technologies have been reviewed (ePIC review on 20-21 March 2023)
mRICH and pfRICH costs are nearly the same, but pfRICH carriers a lower risk



pfRICH – proximity focusing RICH
a classical proximity focusing RICH with timing capability for MIPs
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● Cherenkov radiator
○ 2.5 cm thick aerogel (n = 1.04-1.05)
○ with 300 nm acrylic filter
○ ⟨Npe⟩ ~ 11-12

● proximity gap
○ 45 cm long
○ nitrogen filled

● HRPPD photosensors
○ 120 x 120 mm tiles
○ pixelation: 32 x 32 pads
○ DC-coupled

● timing capability
○ MIP produces UV light (dozens of pe) 

in the HRPPD window
○ provide time with σ < 20 ps



dual RICH



dRICH – dual-radiator RICH
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compact and cost-effective solution for broad momentum coverage at forward rapidity

● radiators: aerogel (n ~ 1.02) and C2F6 (n ~ 1.0008)

● mirrors: large outward-reflecting, 6 open sectors

● sensors: 3x3 mm2 pixel, 0.5 m2 / sector
○ single-photon detection inside high B field (~ 1 T)
○ outside of acceptance, reduced constraints
○ best candidate for SiPM option

spherical mirrors

photosensors

aerogel
(4 cm) gas volume

(120 cm)

IP

h

example event (accumulated hits)



photosensors



Photosensors – HRPPD
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smaller version of LAPPD MCP-PMT technology, being developed with Incom Inc.

● DC-coupled HRPPD
○ choice for backward RICH detector

■ for both mRICH and pfRICH layout
○ 108 x 108 mm2 active area (120 x 120 mm2 total)

○ high intrinsic time resolution
○ low DCR (compared to SiPM) ~ 1 kHz/cm2

○ low cost (compared to other MCP-PMT)

■ possible application for DIRC 

● ongoing R&D
○ optimisation of QE and pixelation
○ characterisation in B field

■ gain and time resolution
○ mechanical / electrical interface

■ with direct pixel readout
time difference (ps)wavelength (nm)
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LAPPD workshop last week
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the 3rd in 
the series

https://indico.bnl.gov/event/18642/
following slides make very large 
use of material from A Kiselev

https://indico.bnl.gov/event/18642/


Open LAPPD R&D questions before CD-3
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Possible HRPPD applications for the EIC
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● backward RICH (pfRICH)
○ low DCR noise (wrt. SiPM) and timing capability
○ HRPPD is baseline photosensors as of November 2022

● barrel DIRC (hpDIRC)
○ MCP-PMT are the leading sensor candidate technologies

■ established (PHOTONIS), more recent (PHOTEK)
○ HRPPD expected to be more cost-effective

● forward RICH (dRICH)
○ use is problematic

■ large magnetic field
■ with field lines ~ perpendicular to MCP channel

��

��
��

hpDIRC: total 72 HRPPD

pfRICH: total 68 HRPPD

perspective for a 
sizeable production
of ~ 150 HRPPDs
if also hpDIRC adopts it



Status of photosensor selection
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conceptual evolution from January 2023



Status of photosensor selection
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conceptual evolution from January 2023



Photosensor development
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developing HRPPD with Incom Inc. as part of the eRD110 (photosensors) consortium activities

first five HRPPD tiles for the EIC 
to be produced by Incom in 2023

after the final round of design modifications
manufacturing expected to start in August

Tasks



Front-end ASIC
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Front-end ASIC
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Test bench setup at BNL
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Best tests at Fermilab (BNL & co.)
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Best tests at CERN (INFN TS,GE & co.)
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HRPPD tests in magnetic field

Detection efficiency decrease with increasing magnetic field strength 25

~ 20%
decrease



Photosensors – SiPM
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magnetic-field insensitive and cheap solution for the dRICH
● pros

○ cheap
○ high photon efficiency
○ excellent time resolution
○ insensitive to B field

● cons
○ large DCR, ~ 50 kHz/mm2 @ T = 24 °C
○ not radiation tolerant

■ moderate fluence < 1011 neq/cm2

● R&D on mitigation strategies
○ reduce DCR at low temperature

■ operation at T = -30 °C (or lower)

○ recover radiation damage
■ in-situ high-temperature annealing

○ exploit timing capabilities
■ with ALCOR (INFN) front-end chip 



Commercial SiPM sensors and FBK prototypes

27multiple producers: different technologies, SPAD dimensions, Vbd, electric field …



ALCOR: A Low Power Chip for Optical sensor Readout
developed by INFN-TO for DarkSide

● 32-pixel matrix mixed-signal ASIC
● the chip performs

○ signal amplification
○ conditioning and event digitisation

● each pixel features
○ dual-polarity front-end amplifier

■ low input impedance
■ 4 programmable gain settings

○ 2 leading-edge discriminators
○ 4 TDCs based on analogue interpolation

■ 25 ps LSB (@ 320 MHz)

● single-photon time-tagging mode
○ also with Time-Over-Threshold

● fully digital output
○ 4 LVDS TX data links 28

ALCOR-v2 coming soon from MPW

thinking about packaging for v3



2022 test beam at CERN-PS

πp

dRICH prototype on PS beamline with SiPM-ALCOR box

8 GeV positive beam (aerogel rings)
time coincidences

successful operation of SiPM
irradiated (with protons up to 10¹⁰) 
and annealed (in oven at 150 C)

beamline shared with LAPPD test

29

ALCOR 
inside



signal coincidences
photons from aerogel

random background
sensor dark counts

mis-calibrated signals
to be improved

1000x

after irradiation with 2∙109 neq/cm2 fluence (protons)
and oven annealing at T = 150 C for 150 hours

± 5 ns timing cut
Hamamatsu

S13360-3050
T = -30 C

sensor DCR ~ 15 kHz

1.5

HPK 13360HPK 14160

SENSL FBK



developing mechanical layout, readout electronics for SiPM-ALCOR-based dRICH prototype

dRICH beam tests in August and October 
(with ALICE RICH) at CERN

new SiPM readout unit based on 
Hamamatsu S13360-3050 arrays

integrated with cooling and electronics



3x3 mm2 SiPM sensors
4x8 “matrix” (carrier board)

p

SiPM
carrier

multiple types of SiPM:Hamamatsu commercial (13360 and 14160) 
FBK prototypes (rad.hard and timing optimised) 

32

Irradiation at Trento Proton-Therapy hall (TIFPA)

proton irradiation in 2021, 2022
proton and neutron irradiation in 2023

148 MeV protons → scattering system → collimation system → carrier board



High-temperature annealing recovery

T = 150 °C

33similar observation with different types of Hamamatsu sensors
~ 100x current reduction
sensor functions as if it received ~ 100x less fluence



Light response after irradiation and annealing
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efficiency loss starts when 
background rate exceeds 4 MHz
→ hints at saturation of counts in 

ALCOR readout

over voltage > 3 V

ratio wrt. new

increasing efficiency loss
with increasing over voltage

saturation of readout?
signals overlap with DCR?
progressive shift of the baseline?

no loss in PDE up to 1010 neq
no damages due to annealing procedure

ratio wrt. new

34



DCR after irradiation and annealing
before annealing

35

born with the lowest DCR
alway remains the lowest

at the different steps of irradiation/annealing

after annealing



sensors with 
small SPADs 

have lower SNR

also after 
irradiation

not radiation 
harder for what 
concerns DCR 

increase

similar results 
obtained on 

SENSL sensors

Small vs. large SPAD sensors

36

50 μm 25 μm

● sensors operated at Hamamatsu recommended over-voltage
○ [datasheet] 50 μm sensors have 40% PDE, 25 μm have 25%
○ [measured] 50 μm sensors have lower DCR than 25 μm when new
○ [measured] both sensors have similar DCR after irradiation



SiPM custom boards for ongoing R&D

● new SiPM carriers
○ keep same boards designed in 2020
○ populate 3 rows

■ 4 sensors / row
○ sensors from Hamamatsu

■ 4x S13360-3050
■ 4x S14160-3050
■ 4x S13360-3075

● perform different type of 
irradiation/annealing studies

○ one carrier board for each study
● keep a minimal statistical sample for 

each study
○ 4 sensors / type

S13360-3050

S14160-3050

S13360-3075

our results point 
towards large SPADs 
for RICH applications

→ must test 75 um



Repeated irradiation-annealing cycles
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test reproducibility of repeated 
irradiation-annealing cycles

simulate a realistic experimental situation

● consistent irradiation damage
○ DCR increases by ~ 500 kHz (@ Vover = 4)

○ after each shot of 109 neq

● consistent residual damage
○ ~ 15 kHz (@ Vover = 4) of residual DCR 
○ builds up after each irradiation-annealing

annealing cures same fraction
of newly-produced damage
~ 97%  for HPK S13360-3050 sensors

~ 500 kHz
~ 500 kHz

~ 15 kHz
~ 15 kHz



Online annealing
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10x DCR reduction500 kHz

55 kHz

very promising!
does not reach recovery level 

obtained with oven, but
● 100 times faster
● can be done in-situ
● repeated many times

39

explore solutions for in-situ annealing



Automated multiple SiPM online annealing

4040

so far online annealing was 
exploratory and manually performed 

→ systematic studies in 2023
larger SiPM sample

fully automated system and procedures
→ test longer annealing “exposition” times

one might reach “oven level” cure of damage

scientific thermal camera

SiPM and adapter boards

mechanical supports



online annealing every 2 10⁸ neq (many times)
oven annealing when DCR > 300 kHz (few times)

no annealing lim
it

online annealing lim
it

oven annealing lim
it

300 kHz

after several years of operation 
one might need/want to upgrade 

with new SiPM technology

online annealing 
extends detector 

lifetime by 10x

41

Radiation damage model
HPK S13360-3050
Vover = 3 V
T = -30 C

this is a potential scenario, R&D studies and data collection is ongoing



SiPM run with FBK

4242

in line with 
initial operation 
of EIC

might yield sensors for 
EIC RICH upgrades
and for ALICE3 RICH

sipm4eic project
funded and approved within

INFN-FBK Collaboration agreement

start of run October 2023



SiPM run with FBK

4343

in line with 
initial operation 
of EIC

might yield sensors for 
EIC RICH upgrades
and for ALICE3 RICH

sipm4eic project
funded and approved within

INFN-FBK Collaboration agreement

a range of possibilities for R&D 
to have improved SiPM sensors
- backside illuminated
- 3D integration
- microlensing / nanophotonics
- charge-focusing



● single-photon time resolution
○ of full SiPM-ALCOR readout chain

■ no capacity to measure it so far
○ critical to set performance simulation

● alternative annealing solutions
○ so far done with industrial oven (days)
○ address ideas for faster / in-situ recovery

■ exploration started, promising
■ critical to become structured R&D

● irradiation campaigns
○ so far only with 150 MeV protons
○ critical to collect data on neutron damage

■ might be topologically different
■ effectiveness of annealing
■ test NIEL damage hypothesis

○ irradiation needed to test new annealings
● operation at low temperature

○ so far characterisation in climatic chamber
■ compare results with TEC (Peltier) cooling

○ explore alternative solution to TEC
■ liquid, hybrid (liquid + TEC) approaches 

● development of new sensors
○ within INFN-FBK collaboration agreement

■ critical for procurement risk mitigation
○ reduction of DCR

■ field / thickness optimisation
■ exploration of advanced microlensing 

○ development of “monolithic” SiPM sensor array
■ wire bonded, cost reduction

44

SiPM plans for FY 2023

Milestones FY 2023
critical results for pre-TDR

● Timing measurement of irradiated (and 
annealed) sensors (6/2023)

● Comparison of the results achieved with 
proton and neutron irradiation sources 
(8/2023)

● Study of annealing in-situ technique with a 
proposed model selected as baseline for the 
pre-TDR (9/2023)



gas radiator



dRICH gas radiator and vessel
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R&D to build an eco-friendly dRICH: replace C2F6 with pressurized Argon
Original idea discussed by 

S. Dalla Torre at first YR 
meeting (March 2020)

Increase Ar pressure to 
increase number of photons

promising solution needs
a well advanced vessel design 
to work with pressurised (3 bar) 
Argon
(material studies with scaled vessel prototype)



aerogel



Aerogel type and characterisation
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EIC project meeting with Aerogel Factory (Tabata) in December 2022
R&D specifications being defined with Project and detector subsystems (pfRICH, dRICH)

characterisation of test samples is a strong synergy with ALICE3 RICH efforts

measurements performed

within ALICE3 RICH

reported at dRICH meeting



Summary
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ePIC meets EIC PID needs with advanced detector technology

● PID is one of the major challenges for the ePIC detector at the EIC
○ physics requires high-purity π K p over large phase-space
○ multiple techniques needed

■ time-of-flight, ring imaging Cherenkov
■ calorimetry for e (μ) identification

● selected detector technologies meet the requirements
○ AC-LGAD TOF
○ high-performance DIRC
○ dual-radiator RICH
○ proximity-focusing RICH

● ongoing R&D activities
○ risk reduction
○ optimisation of technologies

● synergies with CERN and LHC upgrades
○ over a broad spectrum



END



Detector requirements for PID
definition of requirements in the Yellow Report 

● generic all-purpose detector and performance matrix
○ summarises the detector requirements for the diverse physics program at EIC
○ focus on the PID-relevant subset of the detector matrix

arXiv:2103.05419 [physics.ins-det] 51



Generic R&D projects since 2014
Project Topic eRD18 Precision Central Silicon Tracking & Vertexing

eRD1 EIC Calorimeter Development eRD19
Detailed Simulations of Machine Background Sources 
and the Impact to Detector Operations

eRD2 A Compact Magnetic Field Cloaking Device eRD20 Developing Simulation and Analysis Tools for the EIC

eRD3
Design and assembly of fast and lightweight forward 
tracking prototype systems

eRD21
EIC Background Studies and the Impact on the IR and 
Detector design

eRD6 Tracking and PID detector R&D towards an EIC 
detector eRD22 GEM based Transition Radiation Tracker R&D

eRD10 (Sub) 10 Picosecond Timing Detectors at the EIC eRD23 Streaming Readout for EIC Detectors

eRD11 RICH detector for the EIC’S forward region particle 
identification - Simulations eRD24

Silicon Detectors with high Position and Timing 
Resolution as Roman Pots at EIC

eRD12
Polarimeter, Luminosity Monitor and Low Q2-Tagger for 
Electron Beam

eRD25 Si-Tracking

eRD14 An integrated program for particle identification (PID) eRD26 Pulsed Laser System for Compton Polarimetry

eRD15 R&D for a Compton Electron Detector eRD27 High Resolution ZDC

eRD16
Forward/Backward Tracking at EIC using MAPS 
Detectors

eRD28 Superconducting Nanowire Detectors

eRD17
BeAGLE: A Tool to Refine Detector Requirements for eA 
Collisions in the Nuclear Shadowing/Saturation Regime

eRD29 Precision Timing Silicon Detectors for for combined 
PID and Tracking System

PID

52



Project R&D PID

Project Topic

eRD101 Modular RICH / aerogel RICH

eRD102 Dual-radiator RICH

eRD103 High-performance DIRC

eRD104 Silicon service reduction

eRD105 SciGlass

eRD106 Forward EMCAL

eRD107 Forward HCAL

eRD108 Cylindrical / planar MPGD

eRD109 ASICs / electronics

eRD110 Photosensors

eRD111 Silicon tracked (excluding electronics)

eRD112 AC-LGAD (including ASIC)

Generic R&D program ended in September 2021
focus on projects targeted for the EIC detector

● Project driven R&D scope
○ reflects reference detector as defined in CD-1
○ encapsulate Project and detector systems
○ reduce risk, ensure feasibility, optimisation

53



● backward
proximity-focus RICH
 

● central
high-performance DIRC
AC-LGAD TOF

● forward
dual-radiator RICH

● backward
AC-LGAD TOF

● central
high-performance DIRC

● forward
dual-radiator RICH

● backward
modular RICH
AC-LGAD TOF

● central
high-performance DIRC
AC-LGAD TOF

● forward
dual-radiator RICH
AC-LGAD TOF

PID in detector proposals

54



TOF
hpDIRC

TOF
dRICH

mRICH
or

pfRICH

PID
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dRICH performance simulation
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inverse ray-tracing reconstruction algorithm shared with pfRICH

gas
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EMCal e/π separation power

57

excellent, up to 104 pion suppression

barrel imaging

barrel SciGlass



Muon identification

58

muon ID using a combination of EM and Hadron calorimetry



Time of Flight



TOF – Time of Flight

60

based on AC-LGAD technology, also used in far forward ePIC instrumentation

● two AC-LGAD layers
○ barrel, |η| < 1.4
○ forward, 1.5 < η < 3.5

● barrel
○ 500 μm x 1 cm strips
○ 1% X0

● forward
○ 500 μm x 500 μm pixels
○ 8% X0

● performance
○ space resolution: 30 μm
○ time resolution: σ ~ 25 ps

barrel

forward



TOF performance simulation
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detector geometry implemented in Geant, digitisation and integration in tracking software

barrel TOF

forward TOF
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mRICH electron-ID

Murad Sarsour



LED measurements

63

● climatic chamber
low-temperature operation
all reported measurements at T = -30 °C 

● arbitrary function generator
pulse to LED and readout (trigger)

● 2x ALCOR-based front-end chain
automatic measurement of 2x SiPM boards (64 channels)

● FPGA (Xilinx) readout 

outside

outside

inside

63



LED light

after pulse
or spurious hit

background 
sampled before
LED pulse

background subtraction

Light response with pulsed LED

64

stable within 
5% RMS

reference sensor
measured multiple times

monitor LED light yield stability

actual LED light yield unknown
< 5% coincidences / triggers
→ LED light emission is low

integrated coincidences / triggers as a proxy for PDE

64
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~ 66 % lower

lower PDE in 25 μm SPAD 
sensors consistent with lower 

geometrical fill factor ~ 64%

average and RMS
over many sensors

new sensors

integrated coincidences / triggers as a proxy for PDE

LED light

after pulse
or spurious hit

background 
sampled before
LED pulse

background subtraction

Light response with pulsed LED

65



Light response after irradiation and annealing

66

efficiency loss starts when 
background rate exceeds 4 MHz
→ hints at saturation of counts in 

ALCOR readout

over voltage > 3 V

ratio wrt. new

increasing PDE loss
with increasing over voltage

saturation of readout?
signals overlap with DCR?
progressive shift of the baseline?

no loss in PDE up to 1010 neq
no damages due to annealing procedure

ratio wrt. new

66
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efficiency loss starts when 
background rate exceeds 4 MHz

also in 25 μm SPAD sensors

over voltage > 5 V

no loss in PDE up to 1010 neq
no damages due to annealing procedure

PDE loss at higher over voltage

saturation of readout?
signals overlap with DCR?
progressive shift of the baseline?

Light response after irradiation and annealing
ratio wrt. new ratio wrt. new



Photon counting with ALCOR

68

electronic noise

automatically-computed
minimal threshold 

≥ 1-pe plateau

≥ 2-pe plateau

set threshold

68



3x3 mm2 SiPM sensors
4x8 “matrix” (carrier board)

148 MeV protons → scattering system → collimation system → carrier board

p

3 mm uniform
beam profile
at target

SiPM
carrier

uniform irradiation “by column”
with increasing proton fluence

multiple types of SiPM:Hamamatsu commercial (13360 and 14160) 
FBK prototypes (rad.hard and timing optimised) 
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Irradiation at Trento Proton-Therapy hall (TIFPA)

setup used  in 2021



mRICH – modular RICH
a compact, projective and modular RICH detector

● key components of a module
○ 3-cm aerogel radiator (n = 1.03)
○ 6’’ acrylic Fresnel lens
○ mirror wall set
○ photosensor surface

● smaller and sharper rings
wrt proximity focusing

○ better resolution, less sensor area
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mRICH beam tests
verified working principle and validated simulationJLab Hall D

simulation ~ matches dataθch ~ 4 mrad
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mRICH performance simulation
full Geant4 simulation and reconstruction (single particle events)
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K→K

p→p

K→pK→π

p→π p→K

90%

10%

10%

● kaon-ID efficiency
○ K→K
○ better than 90% up to 10 GeV/c

● kaon mis-ID probability
○ π→K
○ lower than 10% up to 10 GeV/c
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pfRICH – proximity focusing RICH
a classical proximity focusing RICH with timing capability for MIPs

73

● Cherenkov radiator
○ 2.5 cm thick aerogel (n = 1.04-1.05)
○ with 300 nm acrylic filter
○ ⟨Npe⟩ ~ 11-12

● proximity gap
○ 45 cm long
○ nitrogen filled

● HRPPD photosensors
○ 120 x 120 mm tiles
○ pixelation: 32 x 32 pads
○ DC-coupled

● timing capability
○ MIP produces UV light (dozens of pe) 

in the HRPPD window
○ provide time with σ < 20 ps



pfRICH acceptance optimisation
use side wall mirrors to increase pseudorapidity acceptance

74

achieve -3.5 < η < -1.5 acceptance
conical mirrors to avoid inefficiency of the sensor plane

without wall mirrors

with wall mirrors

larger 
acceptance



pfRICH performance simulation
complete Geant4 simulation, event-level digitisation and reconstruction
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-3.5 < η < -2.8 -2.8 < η < -1.9 -1.9 < η < -1.5

3σ

● 3σ e/π separation
○ up to ~ 2.5 GeV/c

● 3σ π/K separation
○ up to ~ 9.0 GeV/c

● direct and reflected photon hits
○ reconstruction algorithm capable of 

handling complex categories
○ angles in agreement with expectations



dRICH beam tests

76

detector prototype to study dual radiator performance and interplayCERN SPS

single event

accumulated data

aerogel
σ1pe ~ 4.3 mrad

(expected 3.0 mrad)

gas
σ1pe ~ 1.2 mrad

(expected 1.0 mrad)
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dRICH beam tests
successful operation of SiPM with complete readout chain

77
πp

8 GeV positive beam (aerogel rings)

ALCOR 
inside

dRICH prototipe on PS beamline with SiPM-ALCOR box

beamline shared with LAPPD test π+

p

π﹣

8 GeV
positive
beam

8 GeV
negative

beam

time coincidences

SiPM sensors were irradiated (up to 10¹⁰)
and annealed (150 hours at T = 150 C)



Status of photosensor development

78

developing HRPPD with Incom Inc. as part of the eRD110 (photosensors) consortium activities

first five HRPPD tiles for the EIC 
to be produced by Incom in 2023

after the final round of design modifications
manufacturing expected to start in August

Tasks



HRPPD active area

79

Internal Components Design and Procurement



Photocathode optimisation

80

Tile Performance / Process Optimisation



Test anodes: small size multi-layer ceramic prototype

81



mRICH – modular RICH
a compact, projective and modular RICH detector

● key components of a module
○ 3-cm aerogel radiator (n = 1.03)
○ 6’’ acrylic Fresnel lens
○ mirror wall set
○ photosensor surface

● smaller and sharper rings
wrt proximity focusing

○ better resolution, less sensor area
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Particle identification techniques

● central (< 6 GeV/c)
○ TPC, TOF, DIRC

● backward (< 10 GeV/c)
○ aerogel RICH

● forward (< 50 GeV/c)
○ gaseous RICH

EIC detector need more than one technique to cover the entire momentum ranges

C.Lippmann, NIMA 666 (2012) 148

83



Characterisation setup

84

● climatic chamber
low-temperature operation (T = -30 C)

● 2x 40-channel multiplexers
source meter

● ALCOR-based front-end chain
FPGA (Xilinx) readout 
automatic measurement of 4x SiPM boards (128 channels)

outside

outside

inside

84@BO



High-temperature annealing recovery

~ 100x current reduction
sensor functions as if it 
received ~ 100x less fluence

85

T = 150 °C



after irradiation with 2∙109 neq/cm2 fluence (protons)
and oven annealing at T = 150 C for 150 hours

± 5 ns timing cut
Hamamatsu

S13360-3050
T = -30 C
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signal coincidences
photons from aerogel

random background
sensor dark counts

mis-calibrated signals
to be improved

1000x

after irradiation with 2∙109 neq/cm2 fluence (protons)
and oven annealing at T = 150 C for 150 hours

± 5 ns timing cut
Hamamatsu

S13360-3050
T = -30 C

sensor DCR ~ 15 kHz

1.5



climatic chamber
T = -30 C

XYZ lin
ear s

tages

SiPM matrix
+ electronics

optical fibre
+ focuser
+ collimator

FPGA
configuration

readout

pulse generator
synchronisation

picosecond laser neutral density 
attenuation filters

trigger pulse
10-100 kHz

light

single 
photons

data stream

we measured σ ~ 350 ps in beam test, but 
did not measure before irradiation and did 

not extensively test all corners of 
SiPM+electronics phase-space, do it in lab

new laser setup for detailed characterisation of SiPM before/after irradiation/annealing



Online annealing

89

explore solutions for 
in-situ annealing

● total fluence of 109 neq
○ delivered in 5 chunks
○ each of 2 108 neq 

● interleave by annealing
○ forward bias, ~ 1 W / sensor
○ T = 175 °C, thermal camera
○ 30 minutes

● preliminary tests
○ Hamamatsu S13360-3050



Online annealing

90

10x DCR reduction500 kHz

55 kHz

very promising!
does not reach recovery level 

obtained with oven, but
● 100 times faster
● can be done in-situ
● repeated many times

90

explore solutions for in-situ annealing



oven annealing
irr

ad
ia

tio
n

 a
nn

ea
lin

g

91

test reproducibility of repeated 
irradiation-annealing cycles

simulate a realistic experimental situation

● campaign is concluded
○ partial results reported here
○ all measurements in following slides

● 4 cycles performed in 2022
○ irradiation fluence/cycle of 109 neq
○ annealing in oven for 150 hours at 150 °C

● interleaved with full characterisation 
○ new
○ after each irradiation
○ after each annealing

irr
ad

ia
tio

n

an
ne

al
in

g

Repeated irradiation-annealing cycles



Repeated irradiation-annealing cycles
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test reproducibility of repeated 
irradiation-annealing cycles

simulate a realistic experimental situation

● consistent irradiation damage
○ DCR increases by ~ 500 kHz (@ Vover = 4)

○ after each shot of 109 neq

● consistent residual damage
○ ~ 15 kHz (@ Vover = 4) of residual DCR 
○ builds up after each irradiation-annealing

annealing cures same fraction
of newly-produced damage
~ 97%  for HPK S13360-3050 sensors

~ 500 kHz
~ 500 kHz

~ 15 kHz
~ 15 kHz



SiPM option for RICH optical readout

● pros
○ cheap

○ high photon efficiency

○ excellent time resolution

○ insensitive to magnetic field

● cons

large dark count rates

not radiation tolerant
93

R&D focus on
risk-mitigation
strategies



Neutron fluxes and SiPM radiation damage

possible location of dRICH photosensors
neutron fluence for 1 fb-1 → 1-5 107 n/cm2  (> 100 keV ~ 1 MeV neq)

● radiation level is moderate
● magnetic field is high(ish)

R&D on SiPM as potential photodetector for dRICH, main goal
study SiPM usability for Cherenkov up to 1011 1-MeV neq/cm2

notice that 1011 neq/cm2 would correspond to 2000-10000 fb-1 integrated ℒ
quite a long time of EIC running before we reach there, if ever
it would be between 6-30 years of continuous running at ℒ = 10³⁴ s⁻¹ cm⁻²

→ better do study in smaller steps of radiation load
109  1-MeV neq/cm2 most of the key physics topics
1010 1-MeV neq/cm2 should cover most demanding measurements
1011 1-MeV neq/cm2 possibly never reached

Yellow Report

94

beam-beam interactions only



Radiation damages increase currents, affects Vbd and increase DCR
With very high radiation loads can bring to baseline loss, but…
does not seem to be a problem up to 1011 neq/cm2 (if cooled, T = -30 C)

If the baseline is healthy, single-photon signals can be be detected
one can work on reducing the DCR with following mitigation strategies:

- Reduce operating temperatures (cooling)
- Use timing
- High-temperature annealing cycles

Key point for R&D on RICH optical readout with SiPM: 
● demonstrate capability to measure Single Photon
● keep DCR under control (ring imaging background)

despite radiation damages

healthy baseline after 1011 neq/cm2

1011

Calvi, NIM A 922 (2019) 243

T = -30 C

cooling

annealing

20x
less
DCR

timing

95

SiPM radiation damage and mitigation strategies



SiPM custom carrier boards

96withstand irradiation, high-T annealing and low-T operation in form-factor usable in beam tests

8x4 matrices with commercial Hamamatsu 6x4 matrices with prototype FBK sensors

prototype SiPM readout box

high-density edge connector

high-T grade FR4 for annealing up to 180 °C

temperature sensor for
operation with Peltier cooling

many metallic vias for heat conductivity
(Peltier cooling from the back)



● physics requirements
○ pion, kaon and proton ID
○ over a wide range |η| ≤ 3.5
○ with better than 3σ separation
○ significant pion/electron suppression

● momentum-rapidity coverage
○ forward: up to 50 GeV/c
○ central: up to 6 GeV/c
○ backward: up to 10 GeV/c

● demands different technologies

Particle identification at EIC
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one of the major challenges for the detector



developing mechanical layout, readout electronics for SiPM-ALCOR-based dRICH prototype

dRICH beam tests in August and October (with ALICE RICH) at CERN



Cherenkov PID WG
Xiaochun He

Thomas Hemmick
Grzegorz Kalicy

Roberto Preghenella

Cherenkov PID WG activities now replaced 

Detector Subsistem Collaborations

new cross-cutting PID WG (including TOF)



mRICH
or

pfRICH

hpDIRC

dRICH

Cherenkov PID



mRICH
or

pfRICH

hpDIRC

dRICH

Cherenkov PID

photosensors


