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Overview

1. Goal of the project & scientific topic
2. Theimaging calorimeter prototype (detector concept, assembling, readout electronics)
3. Characterization of the prototype:
* inBari INFN laboratories with Sr90 and CRs
» at CERN facilities
4. GEANT4 Simulation of the prototype
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PhD project summary

GOAL: development of innovative satellite-borne or air-borne detectors for low-energy gamma rays (MeV-GeV band)

- Detectors need to meet constraints for space applications

- Imaging calorimeter prototype exploiting the SiPM technology and the coupling between a scintillator crystal
and the WLS fibers

High segmentation - Reduced material budget - Reduced power consumption

Scientific applications Terrestrial applications
Detection of gamma rays of astrophysical Monitoring of the environmental
origin: transient events (Solar Flares, radioactivity: natural isotopes and artificial
GRBs) and CR interactions with the products (due to anthropogenic activity, ex:
surface of celestial bodies or the earth’s Cs-137, 1-131, Co-60)
atmosphere
-F-HH—
Y
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Science Topic: low-energy gamma rays

- Many astrophysical gamma-ray sources have peak emissivity at energies in the MeV-GeV band

- Satellite experiments are required for detecting gamma rays above the atmosphere

State of the art
« Instrumental limitations have made the

SPL COMPTEL exploration of this energy band difficult:
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- Limited capability to evaluate the
incoming direction of the photons
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-Large background due to the
deactivation of irradiated materials
in space
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= Recent progress in Silicon detectors and
107 10" 1 [0 100 100 1 10 10° 1 10 10 10" readout microelectronics have re-opened
| Energy (MeV) this topic and triggered the development

Observations in sub-GeV energy band are still poor of new detectors
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T
Imaging calorimeter prototype: principle of operation

= An ionizing particle leaves an energy deposit (AE) inside the
scintillator crystal
= Scintillation light is isotopically produced in the crystal, with a
e D&LQH@ light yield (LY) depending on the material
i RN = WLS fibers within the acceptance cone collect the scintillation
R photons, shift their wavelengths towards green, and transport
them to SiPMs at their ends

Signal amplitude

Np. =LY X AE X f; X ¢ X PDE

SEM Ve - i fbers | = Crossed fiber planes allow to evaluate (x,y) into the crystal
Lem-m-- Scintillator crystal |------- S WLS fibers SiPMs
' - high light yield 0 best optical matching between | . - high gain
- matching emission and WLS absorption . ' crystal peak emission and - linearity

' - micro-cells (side and pitch)
- thickness as a trade off between the - fiber size as a trade off ' determine the number of
absorption length of the incident photon between energy resolution and :

«and the range of the electron

_________________________________

- fast decay time " | sensor PDE |
i : : fibers connected to individual
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Imaging calorimeter prototype: detector concept

Construction of the prototype

- Modular structure

- Single X-Y module: 3 mm thick LYSO crystal coupled with two
crossed planes of Kuraray Y-11 1mm side square WLS fibers, on its
top and bottom faces, read-out by Hamamatsu 128-channels SiPM
arrays S13552 at their ends
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Read-out system

SiPM channel configuration

64 strips/channels

A PWB interfaces enable
[iESoEENERRRRRRRRRRnRR s aannRR  Cifferent read-out pitches
O T e YRS TR by OR-ing groups of 4

adjacent channels

Trigger: coincidence in a short
time window of signals from at
least two different channels at
opposite sides

|
|
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Front-end board

PETIROC 2A (32 channel chip): 32 ADC,
TDC and digital outputs for triggering

Kintex-7 FPGA module: data management,
trigger, coincidence

CAEN A7585D SiPM voltage module

NIM 1/0O for ext trigger

| Ethernet




Read-out system

SiPM channel configuration

64 strips/channels

A PWB interfaces enable
"AMAMATSUSBSSZ different read-out pitches
by OR-ing groups of 4

adjacent channels

..........................................................

Trigger: coincidence in a short
time window of signals from at
least two different channels at
opposite sides

The charge of each channel

025 et in terms of photoelectrons:
“mill ADC|i| — pedeli
N \ Ny li] = [i] . Pl [i] /
gain[i]
\ Cluster = a group of adjacent
strips with a signal at least
30 above the pedestal
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Front-end board

PETIROC 2A (32 channel chip): 32 ADC,
TDC and digital outputs for triggering

Kintex-7 FPGA module: data management,
trigger, coincidence

CAEN A7585D SiPM voltage module

NIM 1/0O for ext trigger

| Ethernet




Prototype characterization: measurement setups

L lLyso B SiPMarray  [] WLS fibers [l Optical grease

RedUCed MOUIE PIOTOIYDE. ........oooeeeeeeeeeveeeeessseeeesseeeeessa sesesessssesesssesessssesesssesessesssesssseesssseessseseessesseeseeseeseeees §.'.Qg!§.mQFJ.L.{'.Q.F?IQ.tQ.t.YR??....
PoX Y ¥ .
| Side2 Side2 Side2 Side2
4 S|de1 Side1

. Side0 Side0 SideO Side0
. Setup 1 Setup 2 _ Setup 3 Setup 4 _

- Single WLS plane - Double WLS planes - Double WLS planes

- Grease only covers half - No grease - Grease covers

the LYSO surface top/bottom LYSO

- Letters indicate the Sr- surfaces

90 positions.
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Published in: DOI:10.1016/j.nima.2024.169827

Prototype characterization: light yield results

Collected charge in LYSO SiPM and WLS SiPM (side 2)
- - 10t
Preliminary .
250+ ="
T o= 6 x 10°
a - --{.I-
@ 200+ -
g T 4x10°
E L]
= 15D 3w 100
s
e
o 100 2 % 10°
=
50: .
T Setup 1-CR
CECII LLU o ; 100
0 1000 2000 3000
LYSO - total charge [pe]
Collected charge in LYSQ SiPM
Sr90 positions
Setup 2 - Sro0 ] POSA
10° 4 1 POSB
— 1 POSC
T C— POSD
]
2 ot Preliminary

500

200 300 400
Total charge [pe]

0 100

600

Reduced module

* WLS and LYSO p.e. are correlated and as expected WLSpe/LYSOPe ~12 %

* However, the values of the collected charges in the SiPMs connected
to the LYSO fibers and to the WLS crystal correspond respectively to
the 60% and to the 88% of the expected values.

Rate [Hz]

Collected charge in WLS SIPM (side 2)

107 4

10° 44

Sra0 positions
1 POSA
[ POSB
1 POSC
1 POSD

1072

50 100 150
Total charge [# pel
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- Direct light contribution into LYSO
- Optical grease improves the light
collection by SiPMs
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Rate [Hz]

Single module

Setup 3 - Sro0 Side 0 Side 1
i [ no Sr90 10° — Ly 3 no Sr90
S Sr90: top N Sr90: top
[ Sr90: bottom Sr90: bottom
-1
10! — — _ 1070 =4 FEhE
Preliminary ¥ Preliminary
L
o
107 — & 1074 —
it n l
103 — I I rn-lﬂ’r 102
1 1
I [ [ [ [
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Total charge [pel Total charge [pe]

- WLS planes closer to Sr90 collects a higher charge than the
other, due to the range of (3 electrons in the WLS and in the LYSO
- they exhibit two peaks: around 10 p.e. and 20 p.e

- WLS planes far from Sr90 like background

- comparing “symmetric” configurations: sideO collects more
charge than sidel, due to different couplings between the WLS
fiber planes and the crystal surfaces.
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Published in: DOI:10.1016/j.nima.2024.169827

Prototype characterization: light yield results

Two-module tow

o

er

Collected charge in Setup3 and Setup4

%1072

0 50

100 150 200
Total charge [pe]

Prelimi T Setup3: side 0
relminary - ___ g | andau-Gauss

Setup4: side 3
=== Fit Landau-Gauss

MPV: 56.19
a,: 28.55

CR 4: 50.32

0g: 30.00

MPV: 49 .45
o,:13.87

49417

05 33.59

More light collected
in Setup4 thanks to
the optical grease
between the WLS
fibers and the

LYSO crystal
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Beam Test at CERN PS T-10 (2023) Bearn: t* 10 GeVy/c

M3 M2 MO
K750 WLS K?SO K500
T1 Y X YX  YX XY TO

P e

e

e
oL ]

Beam
pipe

Beam
direction

z

5
©

TO, T1: 10 cm square tile, 2 fingers (1cm) an iVeto tile (écm hole): external'trigger system

Preliminary results
X view - OR4 Y view - OR4 Whole module - OR4
103_
10% 4 Side 0 10% 41 A7 Side 1 1 X view
Side 2 1 Side 3 1 Y view
1 Xvi T 3 Yvi
o] —— T e 1 overal | Double-peak structure at 20
8 Brimbar ] Freliminmy g Prefimindry 5 o and 40 p.e. in each side
. S Mo - expected value: 129 p.e.
10° 4 10° 4 10° 4
0 160 260 300 400 0 160 260 360 400 500
Total charge [pe] Total charge [pe] Total charge [pe]
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Beam TeSt at CERN SPS H_8 Beam: 150 GeV/c per nucleon

o = e e R R e e e e e e == == ==

[ B / 6000 800 ‘ . HEO 5
¥ A 3 I' T 5000 - Preliminary = 7001 — \L/\r;e(a)rzﬂstx +5.27 :
A : e 1 ] £ 600 - 1
LS module & 3 oo Priminary =
— = : : l:',400- l ‘ :
! s g ) I
! S S 1
1 = = 1
| 3 b} !
: IS = |
| » 1
I |
: 0 1000 2000 3000 4000 5000 6000 5 200 400 600 800 1000 :
1 Total charge - Side 0 [pe] Total charge - Side 0 [pe]
. . 1
\_linearity up to 1000 p.e. (Z < 3) '
X view \X Y view
10 ] ZM
Side 0 Side 1
Yo Preliminary 1074 Preliminary
103 5 ¢
H _ 0 Gy ")
- Charge conversion Z... = /Npe/Nﬁm g jl g
- At higher Z, the linearity is loss, and the peaks 1o 7
are less evident
- For Y view: study of the X/Y view correlation 2> , ‘ | ‘ | ‘ ‘ | | ‘ ,
. 0 1 2 3 4 5 6 0 1 2 3 4 5 6
the peak corresponding to Z = 1 seems to be Zrec Zree

overwhelmed by the noise peak at Z < 1 Leonarda Lorusso 13




Beam Test at CERN PS T-10 (2024) Bearn: 7 10 GeV/c

Differences from the beam test at T-10 of 2023:
» WLS single module readout by only one side of the X and Y view
~ Between LYSO crystal and WLS fibers a thin layer of optical grease was spread
The 2023 data in the following plots are referred to the SiPMs on the same side as in 2024.

Preliminary results | |
X view Y view Whole module
10-2 A JM\"L I no optical grease 10-? —1 no optical grease 107 4 f 1 no optical grease
“ ]\ optical grease & [ optical grease & : optical grease
€ Prelimi € s mi : = SEE
& ; reliminary | § Preliminary 5 10-9 Preliminary )
g 1074 f LAY 2 104 : optical grease
5 ‘ ' s s : .
c ’ ) c c J improves light
51074 | S 107 £ 107 | & TF :
g 8 | 8 L collection
g | £ s £ 1
10-5 10~ J‘ | i) J L!I- | E 1 !
, : ; , H.I_Il iy | i =-.r|.|u:1||iji Wit
0 200 400 600 0 200 400 600 0 200 400 600 B00 1000 1200
Total charge [pel Total charge [pe] Total charge [pe]

- two peaks in 2023 at 20 p.e. and 40 p.e. 2 two peaks in 2024 at 20 p.e. and 125 p.e. (expected ~ 300 p.e.)
- 1st peak: scintillation light produced by m in the WLS; 2nd peak: light produced in the LYSO crystal
-Y view less efficient than X view
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Simulation study

LYSO
=  Geant4 simulation with optical photons for detector performance studies —
=  Primary particle generated in a circular region of 1 mm radius Refractive index 1,82
o e of linear energy between 0,5 and 2,2 MeV Density [g/cm?] 7,25

0 monoenergetic tt of 10 GeV

SiPM array

Y

4

o Cladding refractive index 1,49
10 cm éo.e Core refractive Index 1,59
% 0.4 g Time delay [ns] 7,1

A

| LYSO

33 WLS fibers
(cladding + core)

Operational work window

1.0 fr————

o
N

o
<)

300 350 400 450 500 550 600 650
wavelength [nm]
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Light yield [ph/keV]

Time decay [ns]

30
42

WLS (PMMA + Polystirene)

Refractive index 1,55

PDE A dependent
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Simulation results: electrons

P e e e e e e e e e e e e e e e e T e e e e T T T TR I

,’/ Interaction points of the primary in the LYSO Optical photons entering the claddings Fractions of optical photons \\
| ol WLS layer 1 ol WLS layer 1 2500 ]| Mean fraction 1 cladding | !
: ’ ‘ 7 3.47% 1 core :
| = =11 , . I 3 2000 = I
E ? 4 10 10 1 SiPM
: E -2 - E. 2 " Preliminary :
1 5 c g 1500 i
1 = = 5 Mean fraction
1 § -3 10t @ =31 100 1000 43.00%. . e :
: N LYso 3 i Ys0 T;agré;:a(unn' 5;*‘_}’1”/;"‘“ on :
: : - : . 10° : : : LMV : 100 0 ; ; ; ; . .
\\\ —-40 -20 < posmgn _— 20 40 —40 -20 . posmgn - 20 40 0.0 01 0.2 Fracti:ﬁaofomicoa.?phomng,s 0.6 oq/’
. Detected photoelectron distributions
" N,, computed from optical photons Y view X view Whole module
. . A 10-?

— 1 side +Y ] side +X ] overall
egtractlng a p.e. (extraction probability | | e | - =5
g|ven by the PDE) 1 ¥ view CJ X view 1 X view

; - ; " Preliminary Preliminary Proiainsry

= Hit microcells of a strip are counted only ¢ o T S B
once (saturation effect) nlad

0.00

e 1074 4 10- 10—*

—0.04 4 r| 2 200 400 600

E ) = Total charge [pe] Total charge [pe]

I EEme s Peak at ~20 p.e. consistent with

o m the experimental results

-0.10 4

e e S B W Leonarda Lorusso 16
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Simulation results: pions

Detected photoelectron distributions

Y view X view Whole module
1 1073
_____________________________________________ c] [ | side +Y side +X 1 averall
! : : : : ! =0 side ¥ =3 side X L ¥ view
! Interaction points of the primary in the LYSO - =1 ¥ view 3 X view . ) Xview
1 -

! o] VLS layer 1 ' g 5 Preliminary | Preliminary Preliminary
! 1 5
1 - =11 = . E

€ 2 10% ] 5
: E 2 i 107t 10 10

=24 & 1
1 5 3 !
1 =R 5 1
: g ? ¢ 10! ! i :
! N _, ] & LYSO 1 10-% i i L " 10-% i E e, ;1 B 10-%
: : Z000 400 BOD  EBOQ 1000 1200 1400 o] 200 | 400 &O0 ROD 1000 1200 1400 n 500 1000 1500 2000 2500 3000
1 _54 | Total charge [pe] Total charge [pe] Total charge [pe]
| ‘ : : WLS layer 2 ‘ - y
! -40 -20 0 20 40 1 ; . i
i % gt . peak is found at ~ 250 p.e.: a factor 2 with respect to the
1 1 .
| Total q ited in LYSO and WLS Y vi ! experimental results of the beam test T-10 2024
i otal energy deposited in an VIEW X ¥ view X view Whole module
1 1 -3
1 56p A — 1rs0 —— WLS Y view (top) | | . : A . e
1 i --- Fit Landau 0= --- Fit Landau ;o e s:ﬂe gt 1 o ';x = :verall
1 550 el 1 [0 side ¥ == side - | — | m_ew
1 1 3 ¥ view 3 X view O X view
:,n 200 I « T i 1072
2 i e [ o
:% 156 My 3514 60,164 E 400~ M_LS??T&%‘?&M:" : = Preliminary
! 300 — 0 =
' 100 I 1 10~ g
1 Preliminary Lo !
) K‘ . J Preliminary !
1 |
1 0+ - - - = - : 0 | T I I ‘ T T : 10” 10 f & g i 1078 o
! & A 2 « 3MV 4 2 B 00 01 02 03 04 05 o0s | 200 [400 600 BOG 1000 1200 1400 0 500 1000 1500 2000
: dep [MeV] Eaup [MeV] : Total charge |pa] Total charge |pe| Total charge [pe|

peak is 125 p.e simulating a LYSO crystal with a light yield
of 15 ph/keV
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Conclusions (1/2)

1. R&D of an innovative detector for low-energy gamma rays, based on a scintillator crystal
coupled with WLS fibers and exploiting the SiPM technology
2. Different detector prototypes tested in the INFN Bari laboratories with a Sr-90 and CR, for
light yield studies:
i. correlation between the LYSO and WLS charges (~ 60% and 88% of the expected
values)
ii. more light is found in the setup with the optical grease, as expected, thanks to the
optimal matching of refractive indices
3. Single module tested in 2023 at CERN-PS T10 beam line with 10 GeV/c it*: charge
distributions exhibited a two-peak structure, at 20 and 40 p.e., quite below the expected
number of photoelectrons
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Conclusions (2/2)

4. Single module tested at CERN-SPS H8 line with ions: peak structure associated to the lighter
nuclei
5. Single module with optical grease tested in 2024 at CERN-T10 beam line with 10 GeV/c mt*:
two-peak structure at 20 and 125 p.e.. in the layer upstream the crystal, increased w.r.t. the
module without optical grease, but below the theoretical expectations.
6. GEANT4 simulation:
1. simulated data reproduce experimental results obtained with Sr90 in laboratory, but
only for the SiPM connected to the WLS fiber layer closer to the source;
2. simulated data with primary pions reproduce the experimental results only reducing by
a factor 2 the light yield of the LYSO crystal
7. Future developments: different crystals (GAGG, Csl), tests on a drone.
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Low-energy gamma ray interaction

—

o
w

o
-

Mass Attenuation Coefficient (cm?/g)

Energy (keV)

The dominant process of gamma-matter interaction is
Compton scattering

It is needed the measurement of the energies and
directions of the photons and the recoil electron

- the detector has to ensure optimal energy and angular
resolution

Leonarda Lorusso 22




Compton detection technique

Compton Compton event j I

1Y
Event circle ? I
Event arc
]
) I
. I
-'_H'
«— Scatterer/, ! E, “Tracker”
Trmeker -_—
\
e ‘v,

E; ‘' “Calorimeter”
«— Absorber

E,
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T
Scintillator crystal characteristics

. Hmission L,l_ght Density Refr. Xo FWHM? Dfacay Hygro-
Material peak Yield P a time .
inm] ph/MeV] [g/cm”]  index [em] (%] ns] scopic
Nal(TI) 415 38-55 k 3.67 1.85 2.6 7 230 yes
CsI(Na) 420 38-44 k 4.51 1.84 1.86 7-8 630 slightly
CsI('T1) 550 52-65 k 4.51 1.79 1.86 7-8 600-3400 yes
BGO 480 8-10 k 7.13 2.15 1.13 >0 300 no
GAGG(Ce) 520 22-60 k 6.63 1.9 1.54 5.1 50-100 no
LYSO(Ce) 420 30-33 k 7.1-7.2 1.82 1.15 =-10 40-45 no
LaBrg(Ce) 380 63 k 5.29 1.9 1.88 2.7 16 yes
CaFs(Eu) 435 19-30 k 3.18 1.47 - 3.8-4 940 vea
“Index of refraction at the wavelength of maximum emission, | £ LYSO 1x1x0.5 cm?
"Energy resolutions quoted at 661.7 keV 1072 4 E= t:g iiiig; Egz

Preliminary

Counts

0 200 400 600 800
Leonarda Lorusso Total charge [pe] 24




Petiroc 2A ASIC arc

nitecture

Channel 31
Channel 0 Timea0= Outputs
Wth_time|  G-bit DAC Time to
Positive ar adjustment —  amplitude
negative converter _/ —{ Time<i=
input
% [pa\' Time measurement ADC ramp o
4=
— A — Eﬁ Data_out
preamplifier 17 5 |
Al hold
VY 7' - L
pe =
+ sca L _/ ﬂ — Charge<i>
é Charge measurement = ADC ramp!
B-bit ch 3
1 input Arge<ils
i pac ™1
I I_E-I—D Multiplexed_charge
= w_discri_chame
| Vth_charge | |
Temp 10-hit |
Bandgap Vth_time
sensar DAC T JOR3Z i ——= OR32_charge
; [ ]
8-bit delay box for hold :&532 trigger outputs
ADC ramp I enira‘tion e I ‘_\
g 30,;} D—o OR32_time
Common to the 32 channels L
|
u
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32-channels ASIC

PA for internal trigger and timing

o  10-bits global DAC threshold + 6-bits
individual DAC threshold

o 32 individual trigger outputs

o OR-32 trigger output

ADC for charge measurements -10 bits
4-bits for the CR-RC shaping time
OR-32 charge trigger

O

O

TDC to measure the arrival time

o 9 bits for coarse time -25 ns
resolution
o 10 bits for fine time -37 ps resolution

DIGITAL read-out

o 12 s conversion time
Power: 192 mW
TRL: 6
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= Detector: 3 X-Y modules
= Each X-Y module consisting of two view planes

= Each view: two staggered layers of round
scintillating fibers

o HKuraray SCSF-78MJ 500 um
o HKuraray SCSF-78MJ 750 um

= Each view readout by SiPM array Hamamatsu
513552

o 128-channel

* A charged particle crossing a
plane will release an energy
deposit in at least a pair of
adjacent fibers in the top and
bottom layers

* Scintillation photons will be then
collected by at least a pair of
adjacent SiPM strips

o 250 um strip pitch
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shaper peak (mV)

Internship at Omega Microelectronics

6-month internship:
= Characterization of the RADIOROC ASIC with three different detector capacitances
= Study of the performance of SiPM in terms of charge and time resolution with RADIOROC ASIC

50Q

Pulse
generator
100 kHz

Voltage stabilizer

Soldered to the board

Threshold.

Discriminator I I :

output

FPGA output trigge
=

Digital Oscilloscope

Teledyne Lecroy WaveRunner. |
940M-MS 40 GS/s

r€E—> r—>
) Delay | Time over
©oat | threshold |

I ron ToT :
shaper peak vs injected charge: 10dB TOT vs injected charge: 10dB, 227DACu
400 " z F :
FUE S 10F - pp TS

350/ PO 3 F k= 3ot

E et - o = P E
300 :7 7 in fit ch15 8 E Pt . ﬂ-wﬁ_mwls‘(

E T pro —— lin fit ch15 = 8- T

E it cha E |poo o2 —
250, E_ L — linftoha? , ; | 61622001534 Mww
00F- E .o QE -

F F .
1 E E o

E Fe

E v E chi5
100 l lin fit ch15

E a4 * cha7

50— 1] —— lin fit ch47
;/ e F
i i
0 10 12 14
4 10 12 14
Q(pC)
SHHG = SHLG Qe

5,76 pC (12 p.e)

Sensitive area
(mm?)

Pixel pitch (um)
Gain

Terminal
Capacitance (pF)

TOT distribution: 57 V

Attenuator/

HAM
$13361-

HAM
$13360-

2050NE- | 3050CS

08
2x2

50
1,7 x 106
140

absorptive lel

DeltaT distribution: 57 V

i :_Prdlm.lnagr.y ik ry- ik Preliminary
E H 06—
100:_ e ok F
0 : (3:334 C  FWHM: (288.221 +- 8.04
0 ! -
w0 : “of—
) — - S 20— i
i 4, E
R YT i - L
2] 15 z 5 i +.5 o B
triggaer width (ne)
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Radioroc ASIC architecture

Channel0

Threshold] —

Threshald2 —

s

ThiLecal

Th2Local

Peak detector
& hold

Multiplexed
analogue output

hold

Peak detector
& hold

ThresholdQ

—

NORé4_T

NORé4_T2

: OutPadl (x64)

; OutPad2 (x64)

Out HG

7 Out LG

] NOR64_TQ
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Time low threshold DAC1:
1-5p.e.

Time high threshold DAC2:
5-10p.e.

Analog charge
preamplifier/shaper output

Digital time preamplifier
output (trigger)

Not working yet

=Power: 310 mW
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