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WHAT IS SPAD AND HOW |IT WO

¥, Single Photon Avalanche Diodes (SPADsgYep-n junctions biased above breakdown voltage (known as Geiger
mode operation).

¥, Thanks tahigh impact ionization rate in depletion region, evensingle carrier can generate a large current pulse at
the output within sompicosecondsms) high sensitivitgnd excellentiming resolution.

¥, Quenching circuits are requiredtton off the avalancheandget the device readyor thenext detection

VBias = VBD + VExcess

= Y\
%emhﬁ—kt -

ot Depletion Region _—

-sul =Sul

P-sub

V
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DCR INCREASE AFTER

NEUTRg

¥2Non-ionizing irradiation can introducestable defects
such as divacancies or multivacancy, within the
depletion region

Y2 These stable defectscreate energy levels within the
bandgap, leading to ancrease in the DCR

Neutron-induced Creation of aVacancyand Interstitial in the Lattice.

Al A2
# of cells : 2304 # of cells : 576
pixel E;EChe(gJ/n) .75 pixel pitch (um) : 75
: 66% FF : 44%
active area (un¥) : active area (und) :
70152 47 157
A3 A4
# of cells: 1728 # of cells : 165
pixel Igllic'h3(g(:/n) : 50 pixel pitch (um) : 75
. 0 FF : 52%
active area (Unf) : active area (Und) :
44724 44 124

Interstitial

Test board (bias,
configuration, readout

Impurity <

@® Neutron
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DUT

Proton beam pipe
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¥2Non-ionizing irradiation can introducestable defects
such as divacancies or multivacancy, within the o F2
depletion region

Neutron Fluence

[1 MeV neq/cmZ]
—#—pre-rad
-4
——2.94x10%
—%

1.12x10°

Y2 These stable defectscreate energy levelswithin the
bandgap, leading to ancrease in the DCR

—+-3.91x10°
-
o». Median DCR increases by | ¢ 1.20x10"

Interstitial 10 . S
. three orders of magnitude | 10
10 “54.15%10

2 7 -G

Neutron-induced Creation of aVacancyand Interstitial in the Lattice.

—— Vacancy 10
1073

20% 40% 60% 80% 100%
: o .
Impurity < & Neutron % devices
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NIEL HYPOTHESIS

¥, According toNIEL hypothesis, DCR increases linearlyby Non-lonizing Energy Loss (NIEL) released in the SPAD
active volume:

damage factor l \

Enhancement factor Avalanche breakdown
probability

depletion volume

10% ¢

¥2 Avalanche breakdown probability?{,;) is anticipated usingCAD :
simulations. : \

.......

o

% q, Is due to thecoupled effectof Poole-Frenkel and Phonon- 10 FAE | poolefrente
Assisted Tunneling (PAT). o
9]
9 E - 0? O e g Y u L
O B R o090 eD L adB P L aea
gL+ Sbx [+ <z—: FU= _ U F=E——TU; S| ™Me"ASA |
N N G‘Q(? U —nr n€
10"

10° 10
Electric field (V/cm)
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INTERACTION PROBABILITY MA

¥, To estimate NIEL|nteraction probability mass andreleased energy distribution for a single neutrorshould be

calculated.

%, By employing thescattering probability within the depletion
region,

Macroscopic cross sectlgn—‘ ,—» Neutron energy

ISN (qg.-) &,¢

\—> Depletion width

and Monte Carlo simulations, number of interactions
probability mass function at varying neutron fluences is
estimated.

0.8 -

Probability mass function

0.2

0.6 -

Neutron Fluence
[1 MeV neq/cm’|
.94 10%
B i2x10®

3.91x10°
B i20x10°

W 4.15%10"

]llil]]‘llllll...__

# of mteractlons
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NON-IONIZING ENERGY BY Sl

¥ The energy (T) transferred from a neutron to a PKA
through an interaction is proportional to,

|—> Cosine of the scattering angle

6L Ca Ly ‘paks F A

¥, To determine th@robability density function (PDF) of
T, first B is computed usindg.egendre polynomials
Once B is determined, the PDF of T, denoted RS is

given by,
|—>3') RIWKH ARWIKMHVFDWWHULQJ L
B L —éca L €Y 6
6l

6L DO L;

2.5

Probability Density Function

Y Lindhard partiion function is used to estimate
normalized PDF for the non-ionizing energydissipated
by a single neutron considering the energy spectrum of the

source.

(ra 6 Q'

Lel@e@al

x10°

2 3 4 5
Non-ionizing energy (eV) x 10



COMPARISON WITH MEASURE /-

Universal damage fact@® K,=1.9Grax sH’ *V :/A84&°€C; 21’
F2/A1l S2/A1

—=—Experimental data
. —©—Interpolating curve

10°
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. —©—Interpolating curve
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Hybrid MCP-PMT concept

_ . o Entrance window + photocathode
Detector operating principle o
o MCP stack (Chevron or Z-stack configuration)

J FEREEp i o Pixelated CMOS anode:Timepix4 ASIC

Entrance window

o Ceramic carrier board
0 Heat sink (ASIC power 5 W)
0 PCBsto connect the detector to a FPGA-based DAQ system

Input window, with internal photocathode coating

M. Fiorini et al, JINST 13 (2018) C12005
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Plxelated anode:

Developed byedipix4 collaboration

o 512 8448 pixeld55 .m 8 55 .m each)

« Large active are&@ ? 1°
 Bump pads used as anode

Timepix4 ASIC

» Timestampprovided byTimeto-Digital Converte{TDCpased on VoltageControlled

Oscillator(VCO)

e 195 ps bin sizéy 56 psr.m.s.resolution) forTimeof-Arrival(ToA measurements

* 1.56 ns bin size for Timever-ThresholdToT) measurements

Threshold

Preamp out " 72~

40 MHz i 1

640 MHz I

]

ToT —

Coarse ToA X X

X X X

Technology

CMOS 65 nm

Pixel Size

55 pm x 55 um

Pixel arrangement

4-side buttable
512x448 (0.23 Mpixels)

Sensitive area

6.94 cm? (2.82 cm x 2.46 cm)

§ 2 Mode TOT and TOA

-é B|Data driven  |Event Packet 64-bit

é’ = Max rate 358 Mhits/ cm?/ s

TDC bin size 195 ps

Readout bandwidth <163.84 Gbps (16x @10.24 Gbps)
Equivalent noise charge 50-70 e

Target global minimum threshold <500 e

18/03/2025

ASIC in 65 nm CMOS

Electroncloud vru: -

X. Llopart et al 2022 JINST 19 C01044

24700 pm

29960 um

“:u - mtl0;u oclusteS:tv E

Exploit ToT information ( Rcharge in a pixel) to:
» Correct for time -walk effect in every pixel
* Improve position resolution by centroid algorithm

. from —41~16 4ldownto 5 F10 &l r.m.s.(MCP channels pitch)

V56

* Improve timing resolution by multiple sampling
* Many timing measurements for the same photon \ few U U IMMm.s,

Development and characterization of hybrid MEMT with embedded Timepix4 ASIC



Equalization and Calibration

9 Threshold equalization 9 VCO frequency calibration 9 ToT vs Q calibration with testpulse
. : . * On pixeVCO oscillation frequency controlled by a PLL _
* Threshold fine tuning at pixel level .. conter of the chip (@ 640 MHz nominal) « Atfixed charge, larg€oTspread across the
* Noisy pixels detection . VCO design sensitivity of IMHz/mV matrix due to local gain differences
*  On the whole matrix ¥230 k pixels) . Spread of 40 MHz « Nortlinear calibration performed with
X. Llopart XIl Front-End Electronics Workshop ° Noise measurements used talibrate VCO integrated test pU|Se tool

best-fhr frequenciesfor the whole matrix {29 k VCOs) R. Bolzonellaet al 2024 JINST19 P07021
_ _ ‘ f [MHz]

Sk e > —1690
: T SR 4000
400 Aui i —l680
: ; Afiiak ; 400 3500
e s Aty et —670
. : ek il S0 3000
ENR Wi SeHEae Ghdy ne
R e e e e 300 o =0
gl ey e el bl e 650 2000
200 4 5 SagnO e s A
.,' y : i 5 » A S 3 . 5 200 640 1500
R 366 1000
100 ST ;
i SR R S e 100
: L 1 | ER
3 ;
0 50 100 150 200 250 300 350 400 0

0 50 100 150 200 250 300 350 400
Columns X [#cols]

Pixel [440,480]

w

N
Y [#rows]
ToT [ns]

ToT (Q)=p,Q+p,+p,/(p,+Q)

o
[=3
o

o

= \\HlHI\‘\H\‘\H"\IHlHH‘HI\‘IHI‘\H

9 Timing resolution measurements with TimePix4 bonded to a 100 Y | n-on-p Si sensor using Spidr4 control board

. 83Ue98%5743 LANIO

'\% Beeeodha .
* & 35+ 3 L NI @ 30 pixels) R. Bolzonellaet al 2024 JINSTL9 P07021
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Detector Development Steps

Ceramlc carrier board designed by INFN and CERN 3
and produced by Kyocera— first sample mid 2023 1
* Interface between inner/outer parts

e Custom Pin Grid Array (PGA) for I/O signals

Characterization of Timepix4 ceramic assemblies at HPK with test
setup build by INFN
October 2023

Vacuum tube production at HPK

» Multi -alkali S20 photocathode
* Peak QE >30% at 380 nm

* Microchannel plates
« 6 Yn channel diameter (7.5 Yn pitch)
e 50 mm diameter
e L/D =50, typical open area ratio 60%

» Several variants for complete characterization "
¢ 2-MCP stack and 3-MCP stack X
e 1d - 2d - 3d end-spoiling

Jan-Feb 2024

18/03/2025

Sh|pp|ng of tubes from HPK to INFN for complete characterization

Complete electronics and DAQ system

developed at INFN (IDAQ)

* Based on commercial develop
ment kit AMD/Xilinx KCU105

» Use standard protocols
(UDP-IP over 1/10G eth)

» Multi -board synchronization

* Open firmware

» Adapter card for compatibility
with existing hardware

Timepix4 [
il =
16x10
Hz Gb/s -
1 dat
H
N

1Gb

Ethernet
Sjur; 39901

DataPix4: a C++ framework for Timepix4 configuration, data read-
out, online visualization and analysis (developed &INFN)

* Preprint available

Vs

-

MCP-PMT characterization measurements

 Liquid cooling systemto maintain stable

temperature inside the tube

e Laser 405 nm

e Dry air fluxed in the dark box to decrease
the internal dew point

Development and characterization of hybrid MEMT with embedded Timepix4 ASIC




Test-beam In H8 - October 2024

Clock

o Tracking systeni2 Timepix4.b. to 300 .m thick pon-n S) generator
* RICHSsolid Cherenkov radiator and opticsetup focus ring on single tube
« Timing system2 Cherenkov detectort® provide timing reference (readut by
PicoTDEL+2 scintillatordor beam alignment TLU
e Custom Trigger Logic Ur(itLY to use the same spill extraction signal as
shutter signal on the 3 Timepix4ACommon external reference clock

Counts Trackers Timing Scintillators
125

X [#cols]

0 100 200 300 400 500
512 - Y [#rows]

« Cherenkov rings observed at different HV settings on the tube
» Track correlation between the tracking system and the tube
» Detailed analysis ongoing




N
a
(=]

Outlook

Anovel singlephoton detectorhas been designed, produced and tested
* Vacuum tube with MCP and Timepix4 CMOS ASIC as anod

»N
(=]
(=]

Gain [ke-/p.e]

150

« Complete integration of sensor and electronics Z 09F _ m—
. s F] MCP_in-MCP_out =-2500 V |~ Cusersize:tpel
* Produced by Hamamatsu Photonics - 9°51 MCP out-Tpxd = -100 V o
b._ 07; —_ p —— Cluster size: 4 pixels 50 .
Preliminary measurements on first prototypes 0-6"1 RE'I, z iniciideinal N SR FEETRTETIOETTE
« Gain and average DQR20 *V ? |9 asexpected o5H MJYV MCP bias [V
* Nonuniform DCRlistribution under study °“‘§{ ‘{Ry

e Timing resolutiordominated by TDC and reference signal contrlbuti’é
* Best result so fai5 psr.m.s.for single photons
* Position resolution <55m (precise measurements ongoing)

o
N

ﬁ{ﬂﬂh;ﬂ{{{ III i

"Jf ity

o
2

I L
iﬁﬁﬁ g,} {iiiiiin Iiiiﬁ IHIIHH
i | 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 |
50 100 150 200 250

O—HHIIHIII

Cluster charge / Cluster size [ke-]
Next steps and future plans
% T e !\/ICF’_out—'pr4 =150V Constant 6643 +7.5
€ i Mean 236.0+ 1.0
. . 8 20001~ Sigma 99.3 + 1.1
 Complete prototypes characterization i _
) : : e MCP_in-MCP_out = 2400 V
* Production of final detectors tsooff- s i Fiifuate SHileT
* Future improvementdor use in HEP harsh environments b  E[Q]=236.0ke-
1. Radiation hardness |
0 Use radhard-by-design ASIC (plus rdwdrd serializers) -
2. Hightate capability and detector lifetime = N L
00 200 400 600 800 1000
o Improve current MCP technology Clustor charge [ke-

3. Timingresolution

0 Use ASIC with smaller TDC bin size and lower-&oafitter (e.g. LAicopix radhard, 3040 ps bin size, low jitter,

high rate)
18/03/2025 Development and characterization of hybrid MEMT with embedded Timepix4 ASIC 7
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INPUT-OUTPUT
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INL
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Fast amplifier for SIPM characterization in a
wide temperature range for the next RICH
experiments

Paolo Carniti, Claudio Gotti, Gianluigi Ezio Pessina. Davide Trotta
INFN and University of Milano-Bicocca

IFD 2025 - INFN Workshop on Future Detectors
18" March 2025



SIPM characterization amplifier

T The next generation of RICH (Ring Imaging Cherenkov) detectorsSraylsiséilicon PhotoMultiplierals
photodetectors.

T SiPMs need to lmlaracterized with good timing resolution (tens of picoseconds) at different temperatores
study the effects of radiation damage as a function of operating temperature (det@de€andl 300 K).

T Fast transimpedance signal amplifierSatVl characterization

T Low power consumption, adequate for cryogenic operatid@s mW @L urr and 100 mW at @ zr per
amplifier.

T Very low nois{O \/slTi andveryfast response: O wr

e result invery low jitter (high time resolution)

l

(+6éeX:2 &\ 1% eed X

T ;tf kn INput referred amplifier noise.
T “r(: amplifier bandwith frequency.
¥ \wcharge produced by the source.
1t C: constant.

18" March 2025 Fast amplifier for SiPM characterization in a wide temperature ranige the next RICH experiments
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The complete setup

T Cold electronics (left)SiPM amplification (x2 channels), test signal and temperature sensor. It can
1) To oscilloscope (x2 SMA & x2 BNC):

work between 80 K and 300 K. o: :
t Ambient temperature electronics (righ2™ amplifying stage and power supply control. It operates [ EEARSRERCABROAINN

at 300 K. 2) To power supplies (x4 BNC)RTILU+ 6

power supplies and 1 SiPM bias.
Test signal from
signal generator 2nd amplifying

stage

Alternative Micro DB9
connector 2 amplifying
channels

Temperature
sensors

Power supplies and

temperature sensor
signals

SiPM input

SRUUEECIEN [ ayout withigh-frequency
RO4000 dielectri¢low i
i i : \ifier output signal
dielectric temperature SMA ond ampli

coefficient and the dielectric
constant is stable over a wide
range of frequencies)

18 March 2025 Fast amplifier for SiPM characterization in a wide temperature ranige the next RICH experiments 02/06




Simplified amplifier schematic

Amplifier summary (cold electronics):
T Low noiseé{BT(Heterojunction Bipolar Transistor).
T The transistor current is provided through redistor

T FastCFOACurrent Feedback Operational Amplifier) that can also
operate at cryogenic temperatures.

T The feedback path is closed by a feedback reBistor —_—
1 Output signal:

f Gain: 7500 =77.5dB (/ ).

f Bandwidth:11 GHz @ 300 K ah@00 MHz @ 80 K.

f Input referred noisel 0. 9 @ 300 K andi 0. 5 @ 80 K.
Feedback appropriately

l compensated

T The output signal is sent to #mbient temperature board.
1 This output signal can be amplified by2tHestage amplifier

T Large bandwidth: 3 GHz.

T Gain: 3.5 V/Using a 50« transmission line terminated on both ends
T This second amplifying stagen be bypassed

18 March 2025 Fast amplifier for SiPM characterization in a wide temperature ranige the next RICH experiments 03/06



Performed tests

T Tests were performed with both the test and SiPM signals.

i y L g & poverdrive
voltage, with - ,being the
breakdown voltage.

¥ Ay single diode capacitance

: ; ; ¥ % avalanche current
Test Slgnal SIPM Slgnal t  fiy diode capacitance

¥ ¢ quenching resistor

t  fiy: quenching parasitic
capacitance

¥ Ay grid parasitic capacitance

t 1T L(WE Y( VE ¢

T Step voltage charges a test capacitor T SIPM signéfed into the amplifier through R50e.
T Dirac delta-like current signanto the amplifier to test T Measurement of parameters such as rise, tialitimeand jitterdue to both the
the amplifier capabilities. SiPMi2TTi1U+  oXTul1u+ o6X \1$ eedXTi2il ++Te 1¢

t Measurement of rise timiall timei 27111 U+ 6 X \1
contribution to the jitter

18 March 2025 Fast amplifier for SiPM characterization in a wide temperature ranige the next RICH experiments 04/06



Amplifier response to a SIPM signal

T TheSiPM signalcan be writtenas + L ( E )

T The amplifier was tested with al..3mm x 1.3mm Hamamatus SiPM (S13360-1350).
T The photons were produced by @05 nm laser controlled by the Hamamatsu PLP-10 pulser (70 ps FWHM pulses).
T Here are shown the oscilloscope screenshots ophoton counting measurements with the SiPMs operated at 3 g a

SiPM signal response (300 K, 3 Vov) SiPM signal response (80 K, 3 Vov)

Low photon
counts due to the
optical fiber not

being perfectly
=L oy < E ) aligned.
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Jitter measurements summary

T Measurement of the amplifier (amplifier jitter) and SiPM+amplifier (single photon jitter) jitter contributions.
T Jitter contributions from thesignal generatoroscilloscopeand laser pulseshave been subtracted.
T This plot summarizes all the results for the SIPM and amplifier jitter measurements

¥ Theamplifier jitter was measured with:

1. Fast signal generataio simulate an ideal
input signal with negligible rise time.

2. Slow signal generatcsimulates the real rise
time of a SiPM input signétslower signal
means higher jitter.

T Amplifier jitter measured with gaput step voltage
amplitude equal to the amplitude of single-photo
SiPM signals at differeng ; A£more amplitude
(higher 5 means less jitter.
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Thanks for the attention!
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