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Introduction: the dual-radiator (dRICH) for forward PID e"@

Compact and cost-effective solution for broad momentum (3-50 GeV/c)
coverage at forward rapidity m/K 3o separation at 50 GeV/c

Spherical mirrors
RADIATORS: aerogel (n~1.02) and C,F5 (n ~

1.0008)

| MIRRORS: 6 open sectors of large outward-
reflecting
Photosensors: 3x3 mm? pixels 0.5 m? per sector
in 1 T magnetic field and radioactive
environnement for low light level detection.

Gas volume 120 cm Aerogel 4 cm

Aerogel
= g

5

1 Gas

_____________________________________

" T v B8 ey Moy B
40 5C
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Introduction: the photosensors =

1-MeV neutron equivalent fluence (1 fb™' ep running)

R (cm)

‘%‘

ePIC background group

beam-beam interactions only

138 mm

L LY A .

3 x 3 mm? / -
SiPM is the best photosensor candidate: — - | LOCaHOROTPNOLoSensoLs
Single Photon sensitivity ~ 10 phs per Cherenkov event e Max fluence % 2.25 107 ngq / cm? / b
Good timing performance <100 ps | Max fluence (SFx2)= 4.5 107 n,, / cm?2 / fb
Cheap and insensitive to magnetic fields 3
BUT BT xi
High DCR @RT and high radiation sensitivity | Values changed in the last simulations!
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£ 107 = Linearincrease in DCR — E E:) - ]
o L withdose / _ a 10°F . E
1 0—6 ;_ // 3 108 é_ \ _%
il i 10*E . N
= 3 E Faster online current 3
107 ¢ E 0°E annealing cures®90% -
E High temp annealing cures < 102i o3 ekl E
" - ~97% of the damage E = =
- 10 .
e new = - o~ 10°neq
- —e— irradiated 3 16 Zggn: @ T@=) '1r 7_5 1";:0 °C =
1072 E —e— oven annealed (200 hours @ T = 150 °C é T ous@ 1= E
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e 3 \© \{3
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From last year Giornate Nazionali EIC_NET, 23 June 2023 by Roberto Preghenella

Ageing model 5
L 107
max acceptable DCR for
Physics performance o8
~ 10 noise hits / sector within 500 ps 8

oven annealing \

&\ [
=  © HPK S13360-3050VS Vo =4V
§ 107*
=
S s
g @
10 B8 8
E = === il T = = g |
Pl AL L L3
JoeE. ( : = = = 1 05
10k - g ]
10 12
cycle 29cycle 3“cycle 4" cycle

model input from R&D measurements
e DCRincrease: 500 kHz/10° n,

Hamamatsu S131360-3050 @ Vover=4V, T =

-30 C

T IllII[I

T

T IIIIHI

¥ I EGE] T

no annealing limit
online annealing limit
oven annealing limit
possible operation

300 kHz

| lllllll

T]TIIII

1

T

|

T

1

[ |

[

500 fb

lllll

online annealing
L —  extends SiPM
lifetime by ~ 10x

S
more aggressive
annealing needed here
might need to unmount SiPM (oven)

—

i~

up to 200 fb"* with only one
oven annealing cycle

1  could reach 500 fb™ with

optimisation of online

annealing protocol
to approach oven performance

|

lllll

102

10°

these predictions are according to
present knowledge / tested solutions

NY

integrated luminosity (fb™)

there are more handles to
further mitigate DCR

e residual DCR (online annealina): 50 kHz/10° -
° residual DCR (oven annealing): 15 kHz/10° D | L

I 128 R A | | (1 8 Y 5 S ] { R 1 T I Y 1 !

neutron fluence from background group (conservative) 10° 10" 10" lower Vover, 3V
e  710°1-MeV n_/cm? for 6 months at 500 kHz ) 5 MO OPRERINA C rtioon
e  corresponds to 4.5 10" n,_ / fb”! delivered fluence (1-MeV neq / cm®) 12
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Update on current annealing

New automated system for reverse and forward bias allowed to test a large number of
irradiated sensors at increasing temperatures and time (following procedures in literature).

100

150

Fraction of damage=DCR,,,/DCR;, 200

0 50 100 150 200 250 300

annealing reverse bias annealing with forward- bias
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(] (4]
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] © 1 ] ] 1
© ©
—— —y—
(@) o

ie] R

I3 I3
] (]
S S
o— —“——

107"} T T T o 107"F T T E

1072t T - - - 1072} T oT - E

T=100°C 1 T = 125°C T=150°C i T=175°C ] T=100°C 1 T =125°C - T =150°C i T=175°C ]
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annealing time (hours) annealing time (hours)
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Update on current annealing S

annealing reverse bias annealing with forward- bias

q) \HIHIll \HIHIIl T HHH"' |H|H||| T '”m TTTIT \HIHIll \Hlulll Hmml TT q) TIIIHHl HHHlll T THIHIIl HHHlll T IIIIIIIW IIIIIIIW HIIIIII‘ TTT TIIIHHl HHHlll HHHIIl TT
(@] (@]
© ©

E T ; + 1 E T T + ]
© I ©
© ©
© ©
c C
2 O
I3 I3
g g

IR ¥ : E = 107 ¥ ; ¥ ;

1072F - o - = 1072 T T - =

T=100°C 1 T =125°C j T =150°C ] T=175°C | T=100°C 1 T =125°C { T =150°C ’ T=175°C j

| IHI\IIl | HIHIIl 1‘ | I\IHIIl I HIHIIl Ii | IILLI,LJ 1 !IIIIH‘ 1 \III\IIl 1 \II; | HII\IIl | HIHIIl 1 HIHIIl I\’ 1 |||H|J| 1 H|H||| J_ 1 HIHIll JHIHIIl l- | IIIIIH‘ lIIIIIH‘ HIIIIII‘ HII; | IIIHIJl 1 HIHIIl JHIHIIl H-

110 110 1 1016° 1 10 10? 110 110 1 1010° 1 10 10°

annealing time (hours) annealing time (hours)

Forward bias is more effective
Fraction of damage saturates at 2-3% after 300 h @150 °C like the oven annealing

175 °C doesn’t seem to cure more damage
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Update on current annealing S

In ocra neutron irradiated boards annealed with single temperature (150-175 °C)

annealing with forward- bias

o S
[ I I I [T [ [ [
5 £ o
% 1 1 ; S -
2 1 5
o i c
c | S
S | 5
5 - o
g ; L:"—'vt “— 10_1 i
107" 1 % L . -
]
1o Mt of cure reached:
rege? | T=175°C <10 hours
I IS 107 T=150°C <100 hours
T=100°CET=125°CE T=150°C E T=175°C E : 1 1 L1 I\Ill 1 I I 11 I‘ | 1 1 L 111
| IHHlll 1 HIHIIl I_ 1 IHHlll | l\l\][ll I- L1l | HI; | IHHlll 1 HIHIIl 1 HIHHl II- 10—1 .1 10 ' 102

110 1 10 1 10 10? 1 10 10°

N annealing time (hours
annealing time (hours) g time ( )
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Optical window damage

After many hours of online annealing alterations on the SiPM windows
in particular 500 hours of online annealingatT=175C
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Neutron irradiation studies

Aug 2023 @ LNL
neutrons from Be(d,n) reaction with 4 MeV deuteron beam

< [ HPK S13360-3050VS
% sl i n-irradiated and oven annealed
S 10 - W peiradiated
E.) - § p-irradiated and oven annealed ’.,/,
‘>3 . @ p-irradiated e
g)./ -6 __ ’/’.’
%10 é ’/”,
8 - -~
3 [ ,«:’ o Neutron damage is larger after same ngq fluence with
c -7 ,/’ . . . .
C107 e o protons using NIEL scaling for normalisation by
= - 7 -7 .
¢ F e e approximately a factor of 2x
© B s 7
© B /’., /”
108k e NIEL model violation? NIEL is for devices with no
: e gain!
oo ¥
= | IA,I1 | | | | | | | I |

10° 10° 10"
Irradiation level (1-MeV neq)
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Proton energy scan

Huhtinen & Aamio (1993) | A S19360-3050 Damage vs. proton energy to test NIEL hypothesis
G HAMA S13360-3075 (shift = + 1.3)

HAMA S14160-3050 (shift = + 2.3)

I rws We found that the scaling is valid within 30-50%
~8% overall systematic uncortainty not shown using NIEL scaling for normalisation

@

Normalized damage to 138 MeV
N
(8]
IIIIIIII[IIIIIII|IIIIIIIII|IIII|II

| I 1 | 1 l 1 1 | l 1 | 1 ] | | 1 I 1 |
20 40 60 80 100
Proton energy (MeV)

l

| | 1 I
120

140
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Next irradiation campaigns

Possibility to perform lock-in thermal imaging (10 mK resolution) in
Dept. of Eng. in Naples before and after irradiation

neutron
LNL: postponed to second half of September

GIF++: 14, 15,16 October (first gamma irradiation)

proton

TIFPA: 15-16 Nov and 20-21 Dec (SiPM + electronics) e
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New laser setup ALCOR

32-pixel matrix mixed-signal ASIC

climatic chamber .the Chip pel‘forms
| data , * signal amplification
pulse generater * conditioning and event digitisation

*each pixel features

* 2leading-edge discriminators

* 4 TDCs based on analogue interpolation
e 250r50psLSB (@ 320 MHz)

* digital shutter to enable TDC digitisation
* suppress out-of-gate DCR hits
* 1-2nstiming window
* programmable delay, sub ns

accuracy

*single-photon time-tagging mode
® continuous readout
e alsowith Time-Over-Threshold
*fully digital output
* 4LVDS TXdatalinks

test pulse

laser driver + diode
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Old 2 axis stage

‘\
N ==

T=-30C
to scan all sensors of aY&M board
we needed to p—
- Warm up the chamber

- aim the laser to the sensor

=+ cool down the chamber

- measure
repeatfor each sensor
all automatic, but very time,consuming
~ 3 hours only to cool the chamber

-

_
-

INFN
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New laser setup 3 axis stage \

A=400 nm 1 mm? single photon spot

\/

3 ¢ G et 2 | ‘ ‘\
[T LLA T g
; it o

< -

ra—

LU ] “
el )

-
AR

working down to -40 °C

Allow to measure a DUT and the reference
sensor without thermal cycling the system
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New laser setup measurements example

—

measured signal coincidences background-subtracted counts / triggers

_.
Q

%) : :
5 | | ¥T S
3 é E X < ¢
E L 7 § 281
2 107 St 8
o ; ; o [ n r .
10°% i : £ T 8 2.4 _—
: : S g5 I ch C P —
: : © YL 3 C
§ E B 2 220 g
ok DCR DCR | + I
e : - o 2
E r § N I
3 ‘» 1.8 g
. Y. Tﬁ%ﬂ!m Lut 8 - . - .
TR Y 13 - o
: | — 1.4F
H ] ' . S
, coincidence N 1.2
10—7 1 1 | 1 1 : 1 1 | 1 1 : 1 1 | 1 1 : 1 1 | 1 1 : 1 | ‘ | 1 O_I 1 I 11 1 1 | |- 1 1 ‘ 111 | 1 1 1 | 111 ‘ 11 1 1 1: | ‘ | ‘ ‘ |
_100 _50 0 50 100 50 51 52 53 54 55 56 IS S T T T T T T T T T T T T T Y B
hit - reference time (ns) bias voltage (V) 50 51 52 53 54 55 56

bias voltage (V)

probability to detect light given laser pulse < PDE
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Reference-DUT =
Is it really needed?
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Reference-DUT
Is it really needed?

Yes

DUT

_________4_______

3

Night
signal coincidences / triggers (%)

12 14 16 18 2 22 24 26 28
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Reference-DUT
Is it really needed?

1
signal coincidences / triggers (%)

Yes
Reference DUT
< 8r = 8r
T o I o
< T = I
o 7 o 7
s s
€ I € [
3 6 3 6
o = 'S -
< [ <
3 5 3 5
41 41
3f 3f corrected
- . - ,
- Day -
2 ' ,f/. 2
- o -
1- o« - Night 1-
O:lllll IllllllllllllllllllllllIlllllll O:llllllllllIllllllllllllllllllllllllllll
1 12 14 16 18 2 22 24 26 28 3 1 12 14 16 18 2 22 24 26 28

1
signal coincidences /
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Pseudo efficiency: new boards

2 g
~ C Hamamatsu E -
£ 2.8 e $13360-3050 Best PDE =
o - —e— S13360-3075 T 10°F
o - © 10°E
£ 2.6 —® S14160-3050 = -
~ | =S [
) L o) L
(O] -
S 2.4: ; i
() _ © 2
2 22 © 10°¢
£ C -
8 oF C
© - -
C -
2 1.8 10
1.6
1.4 1_ L2
1.2 - « LowestDCR
L |
1_I|IIIIIIIIIII|[Il|lII|I[III‘lI|III|IIl|l I|lllIl]IlI[IIIII'III|III|I|[]I|IIIIIII|I
38 40 42 44 46 48 50 52 54 56 38 40 42 44 46 48 50 52 54 56
bias voltage (V) bias voltage (V)
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Pseudo efficiency: new and 10° n,

AP suppression algo reduces PDE Troubles in reconstruction after irradiation

Hamamatsu

—&— S13360-3050
—&— S13360-3075
—8— S14160-3050

2.8

2.6

T I|l|1l||

2.4

dark count rate (kHz)
2

—_
o
n

T lllIIlIl

2.2

signal coincidences / triggers (%)

1.8 10

1.6

T llIIIIII

1.4

1.2

N
II|l|I|III|IIIIIII|III|III|III|III|III

T IIIIIII

1_I|IIIIIIIIIII|[Il|llI|I[IIIII|III|III|I I|lIlIl]IlI[IIIll|III|III|I|[]I|IIIIIII|I

38 40 42 44 46 48 50 52 54 56 38 40 42 44 46 48 50 52 54 56

bias voltage (V) bias voltage (V)
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Pseudo efficiency: new and 10° n,, better view

g Hamamatsu
b —®— $13360-3050
© 10 —® 5133603075
- e S14160-3050
C .
5 R
O o —~ ————
< 1B B .,g{&
S 102
101
-
.
1 = B&::'q:_!,—
VV;II--I|||IIIIII|IIIIIIlIIIIIIIIIIII'IIIIlIl
1 12 14 16 18 2 22 24 26 28 3

signal coincidences / triggers (%)

signal coincidences / triggers (%)

@500 kHz S13360-3075 best PDE (20% larger)

3 -
2.8
C Vi
- il
2.4 i Fo 7
C ‘q;f* .'::l}ll s‘I]?:‘: f“/ -g
2.2F \.;7[" g8 é
C |
2r ﬁ i g o
L ’ *‘ i ue
1.8 /|
B H‘ jé IKJ“ e
16 ¥ |
r - ® / ‘1 "I
1.4~ @ % /]
-/ /]
1.2~ “/ £
1:1 IIIIII| | 1 II]III| | | IIIll#"{il | | |V]||1| | 1 1
3
1 10 102 10

dark count rate (kHz)
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Pseudo efficiency: hew and annealed

10°

dark count rate (kHz)

102

10

S$14160-3050 lost PDE in irradiation/annealing

- Hamamatsu

—&— S13360-3050
—&— S13360-3075
—8— S14160-3050

T IIIIIIl|

T T }\.Illlll I||]]I T IIIIII|

T IIIII|
AU}
WY
R
1 )
IR
1 1
)
R

WIV/II|III|III|III|III|IIIIIII|III|III|III

1 12 14 16 18 2 22 24 26 28 3

signal coincidences / triggers (%)

2.4

2.2

signal coincidences / triggers (%)

1.4

1.2

N
IlIIII1|III|[Illlllllllllllllllllll|lll

1 /1

IIIIII|

/ f
| I)‘/Illlll f\I IIIlIII| | IIIIIII| | 1 |

1

10 102 10°
dark count rate (kHz)

$13360-30xx no PDE loss, only increase in DCR
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Windows damage studi b
After many hours of online annealing alterations on the SiPM windows
in particular 500 hours of online annealingatT=175C
Q\ 2.5‘_ T ] T T T I T T T I T T ] T T ]
g [ == new Ov;arl?g(()) DC 1 ¢ 90% efficiency loss after 500 h online at 175 C
g b I3 @1 i efficiency loss after 500 h online at 150 C
e [ 7 1+ noefficiency loss after 500 h oven at 150 C
= [ _
-§ 1.5 ] Unclear why oven annealing is less critical on
a L 1 window
Q- | -
T B
0_5.1 current 500 h ]
i @T=175°C i
O | | | | | 1 T | I | - | | I_T |
50 52 54 56 58

bias voltage (V)
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Windows damage further studies

S 1.41 4 SiPMs under study at forward bias and
£ | different temperatures.
£ 1.2
(o) =
S After 50 h @175 C the PDE starts to dro
IS N O—— @ P
é i ™t After 150 h @150 C the PDE is still ok
= P .
8- 5
§ ° i ’ The point before the last one was taked
S 06l after 20 days and the results are the same
- 175 C (20 days no annealing)
0.4
0.2
£ 100 C ratio wrt. new sensor
]— | | | | l | 1 | | | 1 | | 1 | | | | I
% 50 100 150 200

annealing cycles (hours)
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Pseudo-efficiency vs incident angle

> 1.02

z = -
g I K e .
8 oo s T Preliminary
€ F )
S = 0:981
S 0.8F g B
g I 3 0.96F Measurement is still
307 @ I .
s g i ongoling. Up to now the lost
T 0.6.? ‘6’ 0.94_— . e o ’
N = r in efficiency doesn’t seem

05 o 0.92~ problematic

04 ‘E‘j 0.9F

03 0.881

02 0.86/

1 0.84[

= 1 J 7t ratiowrt. 0 deg
(13 '_2” _'1' ‘0' 1 "2' 3 0.8273111111;11:1111.1&111;11111111];1.1111;111111
Relative - position (mm ) 0 10 20 30 40 50 60 70 80 90

incidence angle (deg)
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New Hamamatsu prototype

60%

50%

40% t+
w
030%
a.

20%

10%

4

0%
300 400 500 600 700 800 900
Wavelength[nm]

200

g I N-IF-IrI\iUSI lé)lo
. SIPM CARRIER C

’ (HAMAL V2AE3)

— Conventional : S14520 series (75um)

— Conventional : S13360 (75um)
Prototype S13360-3075-UVE

— Prototype : based on S13360 series (75um)

Increased PDE in the blue region thanks to quartz
window and different passivation

Different quenching resistor: faster signal, less AP and
CT

I(t) ~

— =
Q ( Cq e fast 4 CD efsl(fw )
Cq . CD T fast Tslow

| - Q = Vov(Cp+Cy)

L cathode
R, C,
+_1
photon Vi, —
Rp Ca _—
v +
BD anode
- = T .
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w
3

Conventional $S13360-3075-VS Prototype S13360-3075-UVE
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Increase PDE Increase PDE =
With lower DCR With lower DCR
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CINF

Alcor ToTl vs Slew rate mode

Hit time defined by when the signal goes over a

fixed threshold.

Time walk correction is needed: bigger signals

arrive in advance.

iy 1 T =" P Tol is proportional to the number of detected
PEs (signal amplitude) but what if afterpulses?

ALCOR ToT mode ALCOR slew-rate mode

SiPM signal

2™ threshold

>| time over threshold > | | < time to second threshol

Amplitude (V)

J\\ M threshold
1N N SN
PR

! ! +—> Time (s)
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Alcor ToTl vs Slew rate mode

ALCOR ToT mode
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ALCOR slew-rate mode
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ALCOR ToT mode
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New dose estimates (
. g . oy S
1 MEQ neutron equivalent fluence (cm™“/fb™) 1 MEQ neutron equivalent fluence (cm™/fb™)
minimum-bias PYTHIA e+p events at 10x275 GeV 275 GeV proton beam+gas events @ 35 kHz
. average: 9.74e+06 | max:_1.65e+07_ —10° . average: 4.38e+05 | max: 1.02e+06 —10°
§ g § _F : .
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Last year estimation with a safety factor x2 Latest simulations give us
Max fluence = 4.5 107 ny,/cm?/fb™ Max fluence = 1.75 107 n,q/cm?/fb""
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New ageing model

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

Model assumption:
*DCRincrease: 500 kHz/10° ng,
*residual DCR (soft 2 h@150C annealing): 50 kHz/10° ng,
*residual DCR (hard 100 h@150C annealing): 15 kHz/10° n
 1-MeV neq fluence from background group

*1.75 107 Ngq / fb"

*Add 2x safety factor

DCR (Hz)

B

lIlIIIl

300 fb"

——— no annealing
——— soft annealing limit
——— hard annealinf limit
—— possible operation

I]III

10 10°
integrated luminosity (fb™)

[T | | | | N ] ]

Proposed operation scenario: 10° 10° 10"
44 soft-annealing cycles and 3 hard-annealing cycles delivered fluence (1-MeV n_ / cm’)
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