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- hadron PID
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— IR design + forward region
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EIC extra-bonus: DIS in nuclei
-  nPDF modifications
- gluon saturation A-dependent [jets]

- hadronization in CNM
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EIC and the EPIC detector: the forward dRICH =

The EPIC Collaboration (born in July 2022) will build the first EIC detector at IP6
Hadron PID is key capability to match the physics goals of the EIC program
7/K/p over wide rapidy range (|n|< 3.5)

Momentum-rapidty coverage in thq forward region: up to 50 GeV/c
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rapidity (see T. Ulrich talk this morning)



EIC and the EPIC detector: the forward dRICH

Photon Detectors A. Del Dotto et al., NIM A876 (2017) 237-240
A Track polar angle 15°
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Radiators: Aerogel (n=1.02) and C,Fg (n=1.008) * 3 m? photosensor-surface
Mirrors: CFRP spherical mirror array (6 mirrors) * inside magnetic field (~ 1 T)

Sensors: 3x3 mm?2 pixel, 0.5 m2 / sector

Exploit a dual-radiator scheme to cope with the wide momentum range to be covered
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https://doi.org/10.1016/j.nima.2017.03.032

A SiPM readout for a RICH detector?

dRICH vessel dRICH components

Silicon photomultipliers Va N
®242 370 e @\
Mirrors c L
$220 — V Insensitive to magnetic field \v/fv
1’2844 v Cheap / Integrated arrays
e R=2185 ./ Time resolution within requirements (< 200 ps RMS)
\/Commercially available
Detector
32380 ?; Single Photon resolution needed!
2=145 7
it e DCR vs temperature = cooling
4-”""—’-’
20 100

?[3 Not radiation tolerant: DCR increases!

Our R&D: evaluate radiation tolerance and mitigation procedures (annealing)
- test large O(10-100) samples of different commercial (HPK/OnSemi) and prototypes (FBK)
—> establish annealing protocol, evaluate DCR after repeated annealing cycles
—> characterize sensors and test them on beam conditions
—> use/test realistic readout with ALCOR ASIC
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How much radiation?

neutron flux above 100.0 keV in [n/em ] for 1.0 fb ' integrated luminosity I

potential location of photosensors:

T - ~ 1-5 107 n/cm? every 1 fb!
U Yellow Report
L 400 . . 1011 n/cm?2 1-MeV ngq is a “true maximum”
S beam-beam interactions onl / =
§ 300 » 30 weeks @ 10% cm-2 5= 100 fbl - 1-5 10° n/cm?
L e 10 n/cm?2 would be reached in O(10+) years at full L!
& 0
- A moderately hostile environment:

10° 1-MeV n.,/cm? - most of the key physics topics
10'° 1-MeV n.,/cm? - GPD and more statistically eager topics
10! 1-MeV n,,/cm? > may be we will never go here...

ol W N
-200 -400 -300 -200 -100 O 100 200 300 400 500

Z coordinate (along the beam line), [cm]

Can we use SiPM for a Cherenkov detector up to 10! 1-MeV n.q /cm? fluence?
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How much radiation damage? How mitigate it? (l)

During last 10 years growing studies/ literature on SiPM
radiation damage, see review from
E. Garutti and Y. Musienko, NIMA 926 (2019) 69

1q 5 _ :
Up to 10+ 1-MeV n¢, /cm? radiation damages increase currents M. Calvi et al.. NIMA 922 (2019) 243

and DCR (and affects V,4) but the baseline is still there (with

18:08:28

proper COOIing) Diagram1: Ch1,Ch2,Ch3,Ch4 4

For a RICH we need to demonstrate that:
* we can maintain single photon detection
* we can keep DCR “under control” to still get rings!

Acerbi F. et al., IEEE Trans. On El. Devices 64 (2017) 521
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o 104 5 V, Low Field ——=—— 5 V, Std Field
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https://doi.org/10.1016/j.nima.2018.10.191
https://doi-org.ezproxy.cern.ch/10.1109/TED.2016.2641586
https://doi.org/10.1016/j.nima.2019.01.013
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How mitigate it? ()

. ;\Pb‘ cooling annealing timing
t‘ i?é “DCR decreases by a 3 .”DCR decreases by a factor 20 after an * Timing resolution below 100 ps are nowadays
factor 2-2.5 every 10 %%» annealing cycle up to 175 °C” achieved by SiPM
degrees” ) * A 3o cut based on interaction time will further
6 reduce DCR in a RICH
— 10
NE T=-23°C
5
Y sensor: HPK 13360-50 T = -40 °C
p'l T = _73 OC T T T T I “
9] 104 10° L 4 190+ x - -4 - HPK $13360-3050, 50um, 3x3mm?
e — 1 —&— HPK S14160, 50pm, 3x3mm?
—++—SensL JDO, 35um, 3x3mm?
™ 3 ) -« - - - Broadcom AFBR-S4N44C013, 30um, 4x4mm?
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[a) = 105 L . S 150- "~--.<-' FBK NUV-HD no Resin 2018, 40um, 4x4mm?
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Acerbi F. et al., IEEE Trans. On El. Devices 64 (2017) 521 M. Calvi et al., NIMA 922 (2019) 243 S. Gundacker et al., Phys. Med. Biol. 65 (2020) 025001
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https://doi-org.ezproxy.cern.ch/10.1109/TED.2016.2641586
https://doi.org/10.1016/j.nima.2019.01.013
https://iopscience.iop.org/article/10.1088/1361-6560/ab63b4

The R&D program so far (an outline)

N
\/ e selection by manufacturer, V4, SPAD cell
SiPM

A

e SiPM carriers and adapters
Electronics|; ® readout cards with ALCOR ASIC

/

e 2021 and 2022 campaigns with proton beams ( 140 MeV) A

radiation| ® fluences from 10° to 10! 1-MeV n,/cm? )
e High-temperature cycles (oven) A

e Exploring "in-situ" alternatives .

I-V, DCR, LED pulse in climatic chamber

test on dRICH prototype irradiated & annealed sensors
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SiPM under test

Commercial:

board sensor uCell Vbd Pl DGR window notes
(um) V) (%)  (kHz/mm?)
813360 o legacy model
3050VS 50 53 40 59 silicone Catat ol
HAMA1l
S13360 - S
it 25 53 25 44 silicone | o3 e
514160 H newer model
3050HS 50 38 50 silicone lower V.,
HAMAZ2
514160 ™ smaller SPADS
3015PS 15 38 32 78 silicone rr‘:?é:ueosr;
M|CROFJ different
30035 35 24.5 38 50 glass . ngf?:x:f:/w
SENSL
MICROFJ the smaller
30020 20 24.5 30 50 glass D vl
AF B R commelcially
BCOM SAN33CO13 30 27 43 111 glass ;:;.:ﬁl:ﬁt\)}f* i
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Prototypes

=5¢

3.36mm x 3.86mm

Active area
XxY=32x31mm2

NUV-HD-CHK

NUV-HD big cells

Technology similar to NUV-HD-Cryo
Optimized for single photon timing

» Cell pitch 40 um

+ High PDE > 55%

* Primary DCR @ +24°C ~ 50 kHz/mm?
* Correlated noise 35% @ 6 V

=€

o

Active area
XxY=30x3.1mm |

3.95 mm

A

3.10 mm

A

NUV-HD-RH

NUV-HD-RH

Technology under development
optimized for radiation hardness in
HEP experiments

*+ Cell pitch 15 pm with high fill factor
+ Fast recovery time — reduced cell occupancy

Tau recharge < 15 ns

* Primary DCR @ +24°C ~ 40 kHz/mm?
» Correlated noise 10% @ 6 V




Carrler boards and "detector box"

85 58 8% 1203 3
22 I8 51491

N ;%(é Peltier cooling from the back
iy PCBs design with many vias to favour cooling

RiigBr @ Redfend

e Build a SiPM carrier able to go through:

SIPN AFRIER

(HAhT V2ACOf | * annealing cycles (150 °C)
S * irradiation
8x4 FBK matrix  cooling at low T (- 30 °C)
e suitable for test beams

high T-grade FR4 (up to 180°C) adapters
edge connector (high T tolerant) .

INFN BO ~ cochgl
SIPM CARRIER  \{ ® 2
(FBK V3ACO) -

T

11
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@ INFN TIFPA'experimental hall

2021 campaign: irradiation of carriers "by column" at 10°, 1019, 10! 1-MeV n./cm?
2022 campaign: repeated irradiation at 10° 1-MeV n,/cm? and annealing cycles on same sensors

148 MeV proton beam (fix pencil beam/uniform 6 cm diameter spot)
On the beam line facility: F. Tommasino et al., NIMA 869 (2017) 15 and F. Tommasino et al., Phys. Med. 58 (2019) 99
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https://doi.org/10.1016/j.nima.2017.06.017
https://doi.org/10.1016/j.ejmp.2019.02.001

First check signals on the scope.... (before annealing)

NUV-HD-CHK 40 mm SPAD 3.2x3.1 mm? g FEDvE oy

’
-20 mV
1>

\ J\
-40"{‘3‘“‘J \WMMWWA“\WWW«IJ v \\"WWNWMMWJ‘MMJL \“W»M«mWWM \“%\ww,mwﬂmwwmwﬂwwwmp#v«d neq still ok

, M,J \\M NMWN\N\J\N\W \KM\N\WU\ ., challenging

“100mv |

_mmw,:m\m JM\WM\JWNNM\WW\NWMMWN\MWN S MW\VW eq baseline lost

-140mV
-5us -4 us -3us 2 us -1us Oﬁs 1us 2pus S ENTE 5us

; Trigoer (24 L8
200mVidiv.  200mVidiv 200 mVidiv  20.0 mV/div 5 T=-30°C 1.00 ps/div Stop 5.8 mV
1.00 ps/div 1.00 ps/div 1.00 ps/div 1.00 ps/div | kS 5 GS/s Edge Positive

[since now on for fluences: n.q = 1-MeV n./cm?]




Characterization setup (@INFN-BO

climatic chamber Memmert CTC256

measurements at T=-30 °C

29 November 2022
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e ALCOR FE Sl * developed at INFN-TO for cryogenic operations (DarkSide)
N\t hausqgateoser ] sz ° \\WWW77&8 «  planned branching to an EIC optimized version (64 ch)
| w ’""'3'"4""'%"'}5"" ' » 32-pixel matrix mixed-signal ASIC.
For each pixel:
* signal amplification, conditioning, discrimination and event digitisation
* dual-polarity front-end amplifier
AN * low input impedance
‘ “/’/"f‘”.‘"“““‘:il]“&: W o * programmable gain settings
DN * leading-edge discriminators
» il * 4 TDCs TAC-based
» 25 ps LSB (@ 320 MHz)
» single-photon time-tagging mode or ToT
» power consumption <5 mW/ch
» digital output: 4 LVDS TX data links (1 for each colum = 8 pixels)

A risa o
LF-94v0 3 2123 TE

R. Kugathasan, PoS (TWEPP2019) 011
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https://pos.sissa.it/370/011/pdf

-V measurements

e the "carrier"
scheme allows
testing large
O(10) sensors of
a given type

e good uniformity
seen

29 November 2022
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Current vs fluence after irradiation

5 - o - [ [ [
< B l l = e = i
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Recovery post-annealing (I)
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At 150 °C we recover the sensor as it would have received 100 times less fluence
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Recovery post-annealing (Il)

very similar results with HPK sensors
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new 1070, 1070, 10%6g
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DCR: after irradiation and post-annealing

40 um 50 um 50 um 35 um 40 um 50 pm 50 um 35 um
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2022 campaign: irradiation + annealing cycles |l
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107
10°
10°
10*
10°
10°

10

"getting closer to the experimental setup”

_ HPK §13360-3050VS Vg =4V - . - |

E § ¢ testreproducibility of repeated irradiated/annealing cycles on
B | ' i the same sensors. On-going campaign: next shot 34 December!
= —— P =+ eachshotis 10° n., (remember: 0.2/1 year EIC at max lumi)

T IIIIHI

I IIIHIII I IIIIIHIHIHHHl

I IIIIIIII
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\/

* extract parameters (sensor and V.. specific!) to shape
annealing cycles in the experiment:
> fq :every 10° n. increases by 500 kHz DCR pixel rate (3x3
mm?2)

irradiation 10° ng,

» f, :each annealing leaves 15 kHz of additional DCR rate

annealing at 150 °C

DCR; (k) = DCRo + fg + (k= 1)fg

DCR after k irradiation and k-1 annealing cycles

I IIIIIIIlI lllllllll IIIIIlIIl |1

» damage and recovery remain additive

5% un_ 16 Jul. 5t Nov:

| | | | | |

v

20 » annealing repairs f,/f, of a given sensor (97% here)

lIIIIIIkj

new

irradiated annealed irradiated annealed irradiated annealed  Jotal of 134 sensors under test

1* cycle 2" cycle 3" cycle




Rate on-off/ 100kHz

Light response with pulsed LED

Light souregsis
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\

pulser voltage : 1000 mV, V threshold + 3

igpclimatic chamber

e
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\
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i 13

Measurements on all sensors
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| Light source
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Light response with LED (I}

integrated coincidences / triggers as a proxy for PDE

coincidences / triggers

(7)) 006 T L I B A L B B
| - — -
8) _actual LED light yield unknown i
D - < 5% coincidences / triggers v "
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B measured multiple times

i monitor LED light yield stability |
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integrated coincidences / triggers as a proxy for PDE
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new sensors

I I I | I I I
average and RMS
over many sensors

~ 66 % lower

s

e
UU

It works!

lower PDE in 25 ym SPAD
sensors consistent with lower
geometrical fill factor ~ 64%

| | | | I | |

IllllllllllllllIlllIlllllllIl

10
Vover (V)

nnnnnnnnnnnnnnnnnnnnnnnnnn




Efficiency after irradiation and annealing
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"Getting closer to the experimental setup”

testing online annealing solutions ("in situ")

iSEEEE » preliminary test on electrical annealing techniques

» forward bias + Joule effect: ~1 W /sensor 2 T =175 °C
» could pave the way to more frequent (and without
dismounting sensors) annealing cycles

—> we "split" the irradiation fluence (10° n,,) in five shots,
interleaved by 30 minutes annealing
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M. Cordelli et al 2021 JINST 16 T12012 results on HPK and
SensL (OnSemi) sensors, both forward and inverse bias
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https://iopscience.iop.org/article/10.1088/1748-0221/16/12/T12012/pdf

Electrically induced annealing technigues

The sensors current-annealed found at 55 kHz

Residual DCR not good as in oven (15 kHz) but:

e 100 times faster!! (2.5 hours vs 200 hours!)
e can be done in-situ
e can be done more frequently

It looks very promising!

Specific R&D planned for 2023 on this item
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ALCOR streaming readout
time tagger with scintillators
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Irradiated sensors on test beam/dRICH prototype (I)

HAMAZ1: p and wring / 10 GeV
.

HAMAL: p and ©t ring / 8 GeV ~HAMAL: p and nt ring / 6 GeV

atny row

FBK: pand mring/ 10 GeV

g
1,
is

E
3
€

FBK: pand mring/6 GeV

FBK: pand mwring / 8 GeV *

Basic checks show the system is working consistently
Single photon detection mantained
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taking into account actual dimensions "sharpness" of "rings"
looks consistent

full analysis on-going
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Summary and outlook

R&D program started in 2020 to explore SiPM as baseline photosensor choice for dRICH @ EIC. Non-radiation hardness of
these devices identified as main risk, however expected fluence is not high = dedicated study.

* results on irradiation and high-T annealing
» observed DCR increase consistent with existing literature, tested different sensors
» repeated several times mimicking real-life experiment on large number of sensors
» allow us to proceed with SiPM as full optical readout for dRICH prototype (2023) [HPK S13360 as baseline]

» promising initial results using electrically induced annealing techniques = to be further explored in 2023

* single photon detection efficiency N Jf"
» unaffected up to 101 n, i “‘és

> and likely up to 101! n., = to be investigated

* test beam was successfull "proof-of-concept” of the three key ingredients
* All measurements/readout successfully operated with ALCOR ASIC

* neutron irradiations planned (so far only protons)
» study of impact of irradiation/annealing on time resolution planned
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Backup
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Photon counting with ALCOR
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dRICH prototype
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EIC: physics & luminosity
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DCR and currents: irradiation & annealing
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dRICH throughput estimates

ASSUMPTIONS in these estimates

Table 2.5: Maximum data volume bv detector. /
from ATHENA proposal > throughput @ average 300 kHz DCR per
Detector Channels | DAQ Input (Gbps) | DAQ Output (Gbps) pixel MAX before moving to annealing
B0 Si 400M <l <l cycles given limitations on ALCOR and DAQ
BO AC-LGAD 500k <1 <1 bandwidth
RP+OMD+ZDC 700k <1 <1 ) .. .
£B Cal ak 20 1 » factor 3 reduction due to timing selection
ECal 34K . . » throughput assumed 64 bit per hit (TOT)
HCal 30k 5.5 5.5
Imaging bECal 619M 4
Si Tracking 60B 5 5 Future developments and outlook
Micromegas Tracking 66k 2.6 6
GEM Tracking 28k 2.4 5 » timing reduction could be factor 10 (shutter on ALCOR)
’ 0k - -5 > cooling at T= 40 °C would help another factor 2
dRICH -y - 14 » TOT might not be necessary?
i = ’ - » frequent electrically induced annealin
DIRC 100k 11 11 9 Y g
TOF 332k 3 8 > ...
Total 3334 62.9

Note: 1.8 Tbps (300 kHz/pixel) is after > 6 108 n., (and no annealing and under above assumptions) but
we will start @ 7.3 Gbps (2 kHz/pixel)
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