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SiPM Operating
Principle

Solid state PN Junction photodetector
Produces current pulsesop 11Q as
response to absorption of a photon (Gain)
Pixelated device

Each pixelmicrocell is an Avalanche
photodiode (APD) connected in parallel
Externally biased above breakdown voltag

Depletion region

QQ—II*' < ©

PN Junction photodiode
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Photon Absorption

Electron Hole Pair Creation
Avalanche MultiplicatiorGain
Pulse Generation by quenching
Final Signal
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Output Current (a.u.)
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Thefinal SiPM signal corresponds to thetal output pulse
It is thesum of the individual microcell pulses

Triggered eithesimultaneouslyor atslightly different times
Gate Timeis the fixed time window during which the
detectornntegrates the signal

A
A
A
A

SiPM Pulses for Multiple Photoelectrons Firing Three Different Cells at Different Times

Output current [a.u.]

T
100
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SiPM Photopeak Histogram - Zero Light Itensity SiPM Photopeak Histogram - Medium Light Itensity

—— Counts vs ADC Channel i —— Counts vs ADC Channel
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Dark Counts Rate- DCR
The rate okpontaneous SiPM pulsesccurringwithout
incident light, caused by thermal carrier generation

1.5 pe thr. :Theliscrimination level

sethalfway between the # and 2d

photo-peaktos epar at e s
pul ses from 2

DCR Staircase - Vbias

SiPM Photopeak Histogram at zero Light Intensity
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1.5 p.e. Point pefy : L

1.5p.e. Threshold vs Vpias DCR at different thresholds - Vpias
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DCR
under
lHlumination

Dark Count Rate vs Applied Voltage

—$— Data & Error Bars
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Optical Cross-Talk
OCT

A single photon creates 1 p.esized pulse Optlcal Cross-Talk: An avalanche in one
microcell opticallytriggers a neighboring cell
cel s i nc | u@ena&ral Definition:
c el s not ingl d
fryded
T 8

Avalanche

region
: Optical Cross-Talk Probability vs bias Voltage

—§— PeakOtron
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substrate
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After = P U |Se SiPM Photopeak Histogram
AP —

If the microcell has recovered
sufficiently, the released carrier can
trigger a secondary avalanche
Produces delayed pulses correlated
with the original signal
Leads to:
1. Increased count rate |
2. Photopeak histogram distortion L.J N N W

Correlated noise effect following a
primary Geiger avalanche

Caused by charge carriers trapped

in defect energy levels in the silicon
lattice

Trapped carriers are released after a
delay( ns Y e&s ti mesc

T T T T T T T
2000 4000 6000 8000 10000 12000 14000
ADC Channel

Arter-Pulse Probability vs bias Voltage

Crosstalk
7
Highest probability
immediately after the primary
Afterpulses discharge
‘// Decreases rapidly with time
/
v

Late after-pulses appear
further to the right

— ! Primary
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Amplifier Gain

These exponential fits describe tlgain-dependent conversion factor
(fC/ADC), and its inverse (ADC/fC) for direct usgharge extraction

Calibration: fC per ADC vs Gain Inverse Calibration: ADC per fC vs Gain

® Measured Data 4, —i— ADC channels per fC
—— Exponential Fit

ADC channels per fC

47.5 . . . . . 40.0 42.5 45.0 47.5
Gain (dB)
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V=53.6V.txt - Raw Data in ADC (shift=239.000 ADC) V=53.6V.txt - Charge (fC)

N
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SiPM Photopeak Histogram
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SiPM Photopeak Histogram
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Histogram Fitting - Vpias = 54V

—— Raw Data
—— Smoothed
Detected Peaks

x3/dof =1.13

4000
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SiPM Avalanche Gain

It solely depends on th

applied bias voltage

Dependence Dependence o

Light Intensity

6 -
i T~ Teo T +vif™

1e6 Gain vs Bias Voltage

—— Linear fit
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Gain vs Bias Voltage - Extrapolation Fit Gain vs Bias Voltage - Extrapolation Fit (PeakOtron)
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—— Linear fit —— Linear fit
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On - Number of fired cells (n) : lell ovsn atw
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Limitations

SiPM Photopeak Histogram SiPM Photopeak Histogram - High Light Itensity

—— Counts vs ADC Channel
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Extrapolation
gives

Mean number of detected photons vs Applied Voltage

® udata :
— i , , . Fit extended to p=0
Fit extended to u=0 ViowGain( =0) = 51.3V
ViowGain{l =0) = 51.6V - | ~ ~ Hidata
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Spectrum Calibration
Use of the 662 ke\b-Photon

Cs-137 Spectrum

Calibration (ADC — keV): a = 0.092131 keV/ADC
Inverse (keV - ADC): 1/a = 10.854169 ADC/keV

—— Spectrum (Calibrated)

T T T
4000 6000 600
ADC Channel Energy (keV)
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FWHM = 85.64 keV, Resolution = 12.94% Scattered photon energy

Photopeak = 662.0 keV

Compton Edge = 477.7 keV

Compton Start = 0 keV (‘P)
Backscatter = 200 keV IFﬁ

Ba Ka = 32 keV
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---- Recoil electron energy
—— Scattered photon energy

Recoil electron energy
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Gamma spectra with different absorber thicknesses-Aluminum
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—— Exponential fit
700000 ® Data (sum counts)
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Exploitation of Quantum Detection Randomness

Generation of a sequence of random numbers using experimental data, by harnessing thgugariume
randomnessin the number of detected photons during$ifeM experiment.

fw denotes the first number of the generated rand
recursive relation:

vPIgRe) (e )]

followed by a conversion intoinary f or m f or t he final output (0111000

A Verification of the randomnesf the generated number sequence throughltB& Statistical Test Suite
A Utilization of the resulting random sequence asmait sourcefor Monte Carlo simulations, with accuracy
up to more thar®9%
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° Conclusion

A Assembly of the Experimental Setup

Complete integration of the SiPM, scintillator, electronics, and data
acquisition chain.

A Measurements

Systematic acquisition of spectra and charge histograms under
controlled conditions (LED, radiation sources, varying bias & light
Intensity)

A Characterization

Extraction of key SiPM parameters (gain, RR#ated photon
statistics, DCR, crosslk, resolution).

A Calibration

ADGto-charge and chargéo-photoelectron calibration enabling
accurate quantitative analysis.

A ORNG Implementation

Utilization of photoncount randomness and SiPM avalanche
statistics to generate and validate quantubased random numbers

D e
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Key Parameters

BiasVoltage Breakdown Voltage
Voltages ! .
MHi HY N"HH
Vol-tr;eee;(tejineaé: 0 The minimum reverse
th% Silglr\J/I 0 bias voltage at which a
Definition operate its microcell undergoes
P avalanche breakdown
microcells
OD:rtgtrir:me;;?if Critical for initiating
Zach n?icprocell Geigermode operation.
: : ’ Operating above this
Role influencing many

voltage allows
microcells to detect
single photons

I £ OEA
parameters

Overvoltage

Lot vy Turnoff Voltage
Teo T + v

N "HH

The voltage below
which the avalanche
process cannot be
sustained and the
device completely stops
responding to light.

Typically . g T4+™

The amount by which the
bias voltage exceeds the
breakdown voltage.

Determines the gain and
the probability of initiating
an avalanche. Higher
overvoltage generally
increases gain but may also
elevate dark count rates
and noise.

Essential for quenching
the avalanche and
resetting the microcell
for subsequent
detections



Key Parameters

Photon-Detection

Efficiency Gain CrossTalk After-Pulse

Delayed avalanches in A photon emitted

Frr IT¢||‘=|= 47 The amount of electrical the same microcell due during an avalanche in

charae generated per to trapped carriers one microcell may
.. g€ g P being released after the trigger a secondary
.. The probability that an detected photon? o ) :
Definition . : : : initial even? Carriers avalanche in a
incoming photon will be essentially how much the : : : )
S : e trapped in lattice neighboring celk
detected initial signal is amplified :
X (CTT T )b 0 pm defects during Internal photon
avalanche and later  emission during carrier
released recombination
A measure of sensitivity. : : Creates false secondar Leads to overestimation
Higher PDE means mor [t)r?terr?meis ik ?-mp“mdﬁ()f ulses; degrades timing of the number of
Role efficient photon € output signat; crucial for P » d€g *  detected photons;

) . digitizing and quantifyin resolution and distor .
detection? critical for < "g%t inteﬂsity fying S worsens resolution and

low-light applications pulss SiElE introduces nonrlinearity

DCR

The rate at which
microcells fire
spontaneously

(without photon

input) due to
thermal excitation
or tunneling

Acts as a form of

background noise;
high DCR reduces
the signatto-noise
ratio and can mimic
real photon events
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