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TOF detectors based on Cherenkov light (ineN
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Why Cherenkov light for TOF devices? [ 3
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Why using S|PMs'? (NN
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Vacuum photon detectors (MCPs, LAPPDs)
* Main limitation: magnetic field sensitivity

Gaseous Photon detectors (Picosec MM)
* Main limitation: Photocathode ageing

Both detector types are bulky (large x/X;)
[—) These limitations do not affect SiPMs J
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Principle of operation (NN
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Coupling to a SiPM array a thin O(mm)
window serving as Cherenkov radiator

Incident
Particle

Using SiPM clusters by Cherenkov
photons for charged particle timing

* Achieving a charged particle

Radiator
detection efficiency of 100%

* Achieving time resolutions of
tens of ps at full system level

* Improving time resolution by
combining the timestamps of
multiple SiPMs in the cluster

SiPM Array
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Choice of the radiator material <R
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Optical coupling Window & SIiPM

Silicon
Passivation

 Complex system with several interfaces
between window and SiPM active area

Window

Resin

* Reflection effects worsen the PDE and
may result in delayed background hits

Charged track Gas

* Reflections ultimately controlled by SiPM ARC
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Simulation-based design optimization (NN
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Beam test campaigns @ CERN-PS T10 (niN
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We tested various arrays + windows ...

e SiPMsize: 1.3 mm, 2 mm, 3 mm ’
* SPAD pitch: 50 um, 75 um

* Window materials: SiO,, MgF,
 Thickness: 1 mm, 2 mm, 3 mm

Rl
%
8/ |
e e
: 3
e S =

... and two different FE architectures
* Petiroc 2A (charge, ToA)
e Radioroc 2 + picoTDC (ToA , ToT)

Tl
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Features of radiator clusters CINFN
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Charged particle detection efficiency (NN
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Measured time resolution CINFN

Istituto Nazionale di Fisica Nucleare
Sezione di Bari

* Correcting measured times for time-walk, UM S L I
~ Radioroc 2 + . -
channel-by-channel offsets and the T TOF 7000~ . - AO: S13361-2050 +1mm 810, —
E . A1:513361-3075 + 1 mm SiO,, E
* Extracting o from multi-At comparisons 6000 + Radioroc 2 and PicoTDC =
(7)) B _
[ T | T | I | I T | | I | I | I | I | I I ] Q_ - —
. 5000 ~ ]
25000 Petlrc T AO: S13361-3075 + 1 mm MgF, | o - dp0 ~ 50.2 ps ) -
E A1: $13361-3075 + 1 mm SiO, E 7 4000;— [gAl ~ 33.2 ps —;
20000 — + Petiroc 2A front-end ASICs | T B ~ 3
fQ - 1 @ 3000 =
o B _ : @) - Neg. beam, 10 GeV/ic -
AN 15000 — eune el [ Og0 = 53.0 PsS | 2000— —— Data |
; - LSB;,, =37 ps - ] - L .
[= - [ Ta1 ~ 53.0 ps 1 1000~ -
310000 — = - | | l E
© - Neg. beam, 10 GeVic 02200 =200 t o '205[) 400 [ 600 800 1000
i —.— Data B - pS
5000 = L it — A1,maxToT AO,maxToT
i i e Best measured time resolution = 33 ps
B ! ! L | ! ! ! ] [ [ ] [ [ [ e
Olostotaspononat 1Lt Smesceisdeaiessetadbsies siatasioseis (SiPM intrinsic res. D electronics jitter)
A1,maxq B tAO,maxq [pS]

11

03/09/2026 Nicola Nicassio — PSD14




Analysis vs track impact point (NN
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3x3 mm? SiPMs + 1 mm SiO,

Multiple channels are fired B v b, W .
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Time resolution vs cluster mean CINFN
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Ultimate improvement in system timing (INiN
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F. Gramuglia, Front. Phys. 10 (2022) 849237

Need for integrated electronics, including time  o.12;
digitizers for each SPAD (group) in a 3D layout 25 um CMO3 SPAD with

0.1} on-chip quenching and
recharge circuitery

* Reducing the noise, parasitic inductances

2]
c
. . . 0.08+
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Number of A1 PEs the more important this effect becomes
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https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2022.849237/full

Next step: improving intrinsic res. (N
Intrinsic SiPM limit: worst ‘ A Metalenses: thin
timing at SPAD borders planar lenses based

on nhanostructures

Masking borders improves
timing, BUT worsens PDE MICROLENSES Already validated

for scintillation light

S.Uenoyama Adv. Optical Mater. 10 (2022) 2102707

S.Gundaker Phys. Med. Biol. 68 (2023) 165016

SPTR

Idea: using focusing optics nm

Problem: Refractive u-lenses

not compatible with radiator

coupling (gaps — reflections) W Siiconioxide
I~

metalens’

»

Solution: using metalenses
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CHRONOS: CHerenkov RadiatOr integrated
Nanophotonic Optics for fast SiPM timing

CHRONOS (submitted for INFN-ECR grant) INEN

B SPADs

Metalenses

Radiator
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Conclusions (INEN
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* Proved the effectiveness of coupling thin windows to SiPMs for
improving MIP timing capabilities with an efficiency of 100%

 Measured an overall time resolution at full system level of =~ 30 ps
including both the intrinsic SiPM res. and off-the shelf electronics

* Next steps: metalenses to achieve the ultimate intrinsic resolution
and optimized front-end to minimize the resulting electronic jitter
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Cherenkov radiation (INiN
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Charged particles traversing a medium with velocity greater than the phase velocity

of light in the medium radiate prompt photons with defined angle and polarization
* Emission threshold

o1 1 . _ m
ﬁ n().) Pth =

JnZd) -1
* Emission angle Charged ’
0 1 yp? +m? | particle
cos 0, = = ‘par
““n@B n@p <
* Number of photons |
d?N as ., . o e N
dEdx (h_c) Z° sin“0, . Cherenkov
* Polarization | photon™__ -
E normal to the cone surface ot S
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Reflectance measurements

I:{spec [°/°]
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We measured the specular and diffuse relfectance of various Hamamatsu arrays
We tested various SiPM sizes, SPAD sizes, protective layers and radiator windows
Best performance using silicone resin + SiO, (best coupling + UV transmission)
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Simplified SiPM reflection model INEN

Istituto Nazionale di Fisica Nucleare

Sezione di Bari

Reflection model assuming no window

Rspec = Rgor + (1 = Rgy) - IF - FF - Ry ppcosi - (1 — Ryesg)

Rairr = (1 —Rgesy) - [(L —IF) - Ryispz +- IF - (1 — FF) - Ryisp1] - (1 = (Rairfroa )

Reflection model including window

Rspec = Rgow + (1 = Rgow)Ry oy + (1 —Ra)(X — Ryp) - IF - FF - Ry apcosi - (1 — Rpesy) (1 — Ry o)
Rairr = (1 = Raow)(X = Rysy) - [(L = IF) - Ryippr + IF - (1 = FF) - Ryigp1] - (1 — (Raiffrowoa )

Assumptions of the model
* Only specular reflection at the optical inferfacesa & r,a e w,w & r

* Only specular reflection R, arc-siin SiPM active area (fraction = IF - FF)
* Only diffuse reflection Rgifr1 in SiPM dead area (fraction = IF - (1 — FF))
* Only diffuse reflection Rgifr2 in matrix dead area (fraction = (1 — IF))

Notation: *  FF =Fill factor of the single SiPM
a=air *  ARC = Anti-Reflective-Coating
w = window (SiO, layer) * R, calculated using Fresnel equations
r = resin *  (Raiffxo-oz ) calculated from Monte Carlo
IF = Integration factor assuming random isotropic reflection angle
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Simulating multi-layer thin-film reflectance ('NEN

Istituto Nazionale di Fisica Nucleare
Sezione di Bari

Thin films: Matrix formalism \/ Reference: Chapter 10 from

* Consider light incident at angle 8; on stack:
- Incident medium: ny = Re(ny) + i Im(ng)
- Nfilms (j=1,..,N): n; = Re(n;) + i Im(n;)
- Substrate medium : ng = Re(ng) + i Im(ny)

e Extract the resulting 2x2 thin-film transfer matrix
. _[A B
F = FFyFy ... Fy = [C D]
where for layers j = 1,..., N having thickness d;

—isin(6;)
= l cos(6;) % ]

—ia;sin(8;)  cos(4;)

Classical and Modern Optics

aj =n; cos(@tj) (P — polarization) (Also forj = 0,s)
aj =n;/ cos(Qtj) (S — polarization) (Also forj = 0,s)
2 ,
6] = TT[TLJd] COS(Qt]) with gt] = Sil’l_1 <;L;Sln(90)>
* Calculate reflection coefficient and reflectance
apA + agaB —C —a.D
r= —2 0°s > S R=rr
apA + agasB + C + agD
- For thick layers (d; > A e.g. for = 100 um SiPM resin)

coherence is lost and R must be averaged over 6, .4in,

Daniel A. Steck

Department of Physics, University of Oregon
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Optimizing radiator coupling (INER
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Sezione di Bari

Assumptions Silicon

« Quartz radiator material: incoherent layer Passivation
* Silicone resin: 100 um incoherent layer

* (ARC: CeF3 + ZnS : thickness to be optimized)
e (SiO, passivation layer: assuming 10 nm)

* Silicon substrate: semi-infinite approximation

Radiator

Resin

Charged track

1,2lIIIIIllllllllllIllllllllllllllIIIIIIII]IIIIlIIIIIII

s Quartz — 100 pm Resin — Si

®
3]
+  SiPM PDE(A) profile of HPK $13360-3050CS & """ E| mmm quartz - 100 um Resin - 10 510,
P 1.0F| mmmm Quartz 100 pum Resin — 77 nm CeF, + 37 nm ZnS — Si
Remember % 0.9 w— Quartz—>100pm Resm—>81 nmCeF +31 annS—>10nmS|O —)SI
 Cherenkov photon yield dN/dA scales as 172 T os Photon angle of madence 45 P polarlzatlon
 Cherenkov photons have inherent polarization 0.7 . Tpwrm |
perpendicular to Cherenkov cone’s surface 0.6 » S"ght worsening dueto £ ==l
o ' . . N mi;matcf} be-twe.erLtARC vvvvvvvv P, /\
Optimization criterion oab \ A o ke - [l
* Quartz C.kov photons by normal MIP: §; ~ 45° 0.3E- i NS I,-’ \\
=> P polarization, but in case of not normal 0.2F _ oA e o " Ll
ez o)

incidence a S component also appears
* Taking ARC thicknesses minimizing reflectance ] i : | ] ] I e

weigthing each A contribution by PDE(2) - 172 0Qso 300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
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Beam tests: Front-end & DAQ boards (NN
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-
o
o

Petiroc 2A
TDC (LSB = 37 ps) and ADC (10 bits)

(03]
o

o
b

Radioroc 2 + picoTDC
ToA LSB =~ 3 ps, ToT LSB =~ 195 ps

Number of entries / 3.05 ps
n
o

N
o

Petiroc board RadioPico board

Number of entries / 0.195 ns

2000

IIIIIIIIIIIIIIIIIIII
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Comparison with «bare» arrays (NN
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ICERI RER) LA LLEL] LALA LIS LLLL) Larr) earad tased ast A e i L L i B e G L L A i L R L
— I C A0: S13361-3075+ 1mmMgF, 1 . AO: S13361-3075 + 1 mmMgF, 1 005 A0: $13361-3075 + 1 mm MgF, ]
« Bare» arrays = 0ONn y 0.5 A1: $13361-3075 + 1 mm Si0, 1 C A1: S13361-3075 + 1 mm SiO, r A1:S13361-3075 + 1 mm SiO, ]
fe °® . £ I - 0.04f
~100 um built-in resin 5o 1 oo :
> I Data r
S o03F 1 o.03f 0.03
5 | Vo6V { | :
N,. of bare array also 5., 1 oof 0ocf
. I : _ [
includes extra DCR due 3 1 oof oo}
to lower op. threshold LN 111 v AR RO I :
Y10 12 3 45 6 7 8 9 10 Y0 5 1015202530354045505560 65707580 -0 5 101520 25 30 35 40 45 50 55 60 65 70 75 80
Number of fired channels Maximum number of PEs Total number of PEs
L] L] 0'9:-'"'III”IIIIIIII””IIIIII”IIIIIII"”'I””I””I””I.-: IlllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII i
- 1  o.4of 3 o040
Conflrmatlon that the 0.85— AO0: S13361-3075 no window _ F A0: S13361-3075 no window AO0: S13361-3075 no window
g A1:813361-3075+ 1mmsio, 1  035F A1:813361-3075 + 1 mm SiO, S A1:513361-3075 + 1 mm SiO,
0.7F 3 - ] ]
observed excess mostly ,ot " 1 E ;
o o 0.6F = 3 ]
comes from the window 3 pata | oas pata ozs Data -
5 O%F ; 1 o ;
5 o4b Vo=6V § 0% Vo=V § 0% Vo =6V 7
S .F 1 o015 1 o015 -
0.3F E ]
Measurement results  £°% ; :
0.2F 3 0.10 0.10 3
are well reproduced ot 1 oo o E
- IlIIIlIIII‘"IIIIlIlIIIII | IIIIIIIIIIIIIIIIII; mml IIIIIIII

L L] ;nl ] e i1l 1
by GEANT4 S|mUIat|OnS 0030 1 2 3 45 6 7 8 9 10 0.0 5101520 2530 35 40 45 50 55 60 6570 7580 °-°°0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Number of fired channels Maximum number of PEs Total number of PEs
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03/09/2026 Nicola Nicassio — PSD14




Less PEs with double rad thickness? (niN
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Case: MO0 1.3x1.3 mm? w/2mmSiO, window, M1 3.0x3.0 mm? w/1mmSiO, window
Why 2 mm of SiO2 in MO results in less photon than 1 mm of SiO, in M1?

1) Fill factor: M1 has larger fill factor whan MO (75um vs 50 um SPADs)

2) Response to UV photons: higher for M1 than MO (resin for window coupling) Accounting for all these effects,
3) Packaging fill factor: MO = 1.3X1.3/1.5X1.5 =75% M1 = 3X3/3.2X3.2 = 88% measurements are consistent
4) Photons from argon (n,, =£1.000283): M1 sees x(4-5) times Ar photons wrt MO with simulation predictions !!!

5) SiPM cross-talk: At operating Vov: CTy,o = 6%, CT\1 = 17%

- ° _ Typ. Ta=25 °C \OLLRRYLLLAN LLLLY LLLLY LLLLY LARRY LLLRY LALEJ LALLY LLLLY LALLY LARLY LALLJ LLLLIRALLY LELLY' L LR LR R LI LLLR) LY ALY LI LLLRN LLLR) LAY LI LLLLN LLLR LR

o (Ta=25 °C, V=Vop) 5 (e Ta=» O - _ 1  o.08F E

O\ [Fsimeomm 0.065 AO: S13361-1350 + 2mm IO, : AO: $13361-1350 + 2mm SIO,

R _ / = SRR ¥ A1:513361-3075 + 1 mm SiO, 0.07F A1:$13361-3075 + 1 mm Si0,

T w < g @ | - ] : 2]

g / MO ¢ ! M 1 | £090% o 0-06F E

3 | s | = 5

g : g I D 0.04f 0 0.05¢ Simulation
5 \ 5 i \ 5 f .

= =] - S 0.04 -
g 20 g 20 , c 0.03[ o F
¢ g l ‘ g% S oodt

= c i [$] r O 0.03 -
s S , @© © C
2 g ! © 0.02f 3 2

£ W i N £ ° 1 - = 0.02F 3

0 0 | 0.0 0.01 E
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000 0 00- E

Y0 5 101520253035 40455055606570 7580 900075 1015 20 25 30 35 40 45 50 55 60 65 70 75 80

Wavelength (nm) Wavelength (nm) Total number of PEs Total number of PEs
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Early metalens + SiPM results (INER
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Early metalens results prove the intrinsic improvement of PDE & SPTR

3x3 mm?2 SiPM with 25x25 um? SPADs A
© 80 - FWHM et s
g 24 ® W/ metalens = 560 54174 + 913 Scintillation light
e ® Ww/0 metalens - )
S L
2 21 — - ; y =
33 . s e S 520 FWHM
g g = 487.41+ 8.60
3 £ 3
S 18 g 40 @
S 5 = 480
5 E o)
E 1.5 o £
2 " ] a 20 O
3 Nor;nal % 440
S incidence
8124 | | , - " B 11.3%
- - 10 20 30 40 45 375 385 395 405 430 450 E

Angle of incident (degree) Wavelength (nm) o) 400 Improvement
. O w/o metalens w/ metalens
S.Uenoyama Adv. Optical Mater. 10 (2022) 2102707
03/09/2026 Nicola Nicassio — PSD14 28



https://doi.org/10.1002/adom.202102707

