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CAEN brings the experience acquired in almost 40 years of collaboration with the High
Energy & Nuclear Physics community into the University educational laboratories.

CAEN enters the world of learning and training by providing modern physics experiments
for University advanced labs based on the latest technologies and instrumentation.

A

Main Scientific Collaborations:

University of Insubria (IT) &
) University of Aveiro (PT) ¥
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CAEN brings the experience acquired in almost 40 years of collaboration with the High
Energy & Nuclear Physics community into the University educational laboratories.

CAEN enters the world of learning and training by providing modern physics experiments
for University advanced labs based on the latest technologies and instrumentation.

Inspire students and guide them towards the analysis and
comprehension of different physics phenomena with a
series of experiments based on state-of-the art
technologies, instruments and methods

Goals

. With this approach, the experiments proposed
can be performed at high school level (grade 11,12) science
classes up to undergraduate physics laboratory and PhD courses.
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in exploiting the most advanced capabilities of our
educational product and in which they can
share their own experiment and make it available for everyone.

Be part of the project: develop
your own experience and send an
email to educational@caen.it

nspire students and guide them towards the analysis and
comprehension of different physics phenomena with a
series of experiments based on state-of-the art
technologies, instruments and methods

Goals

. With this approach, the experiments proposed
can be performed at high school level (grade 11,12) science
classes up to undergraduate physics laboratory and PhD courses.
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The project was born as a by-product of RAPSODI (RAdiation Protection with Silicon Optoelectronic
Devices and Instruments): FP6 founded project.

RAPSODI Main objectives — SiPM development and optimization for three different applications:
Dosimetry in Mammography, Radon Monitoring, illicit traffic of radioactive material

“Prototypes of an easy-to-use, flexible, modular kit for the
characterization of SiPM"

2009/10 = Licensing of the background knowledge to CAEN

SiPM Evaluation & Educational Kit

Silicon Photomultiplier (SiPM) is a high density (up to 10%/mm? ) matrix of diodes
with a common output, working in Geiger-Miiller regime with 106 gain

High Gain

Low Voltage

High photon number resolving power
Wide dynamic range

Good timing capability

Low cost

« Withstanding to magnetic field
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PRISMA SCHOOL 2018

@ PRISMA

Photosensors and Signal Processing in
Particle Detectors
Mainz, 12 - 16 March 2018

The School addresses master students and beginning Ph.D
students aiming to work with particle detectors based on
photosensors. It will introduce the concepts and technologles
Including light creation, propagation and detection as weil as the
associated electronics for signal processing and digitization

School program

Moming sessions will consist of lectures, which cover the
fundamentals and prepare for the afternoon laboratories
Working in small groups, the partidpants will get acquainted
with the subjects through practical exercises: Sificon Photo
multiplier characterization, circuit simulation and cosmic-ray
muon detection

Organized by
Uwe Oberlack, Concettina Sfienti, Andrea Brogna, Quirin Weitzel,
Helga Jull, Lena Khalaf | JGU Mainz, PRISMA Cluster of Excellence

Further Information
https/indicomitp uni-mainz de/event/142
Emal. prisma. school201 8@uni-rmainz de

ﬁ HIM

Prof. Massimo Caccia
Dr. Andrea Brogna
Dr. Quirin Weitzel
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BFY III

Conference on Laboratory Instruction
Beyond the First Year of College III

Loyola University
Maryland

July 25 - 27, 2018
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Aboutus ¥
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Feedback

Register - Login
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Document Library | Sales Network
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ure of University Educational Labs is here!

A dedicated Web Page
www.caenh.it/educational

_>

wWebstite

Info:

educational@caen.it
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The future of University
Educational Labs is here!

CAEN enters the world of learning and training by providing modern physics experiments for University advanced labs based on the
latest technologies and instrumentation.

CAEN brings the experience acquired in more than 35 years of collaboration with the High Energy & Nuclear Physics community int
the University educational laboratories.

The goal is to inspire students and guide them towards the analysis and comprehension of different physics phenomena with a
series of experiments based on state-of-the arttechnologies, instruments and methods.

Educational Experiments Educational Kits Educational Catalog
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Particle Detector Characterization
Silicon Photomultiplier (SiPM)

v'SiPM Characterization
v'Dependence of the SiPM Properties on the bias voltage
v’ Temperature Effects on SiPM Properties

Nuclear Physics and Radioactivity
y Spectroscopy

v'Detecting y-Radiation

v'Poisson and Gaussian Distributions

v'Energy Resolution

v'System Calibration: Linearity and Resolution

v'A comparison of different scintillating crystals: Light Yield , Decay Time and
resolution

v'y-Radiation Absorption

v'Photonuclear cross-section/Compton Scattering cross-section

p-Radiation

v Response of a Plastic Scinftillating Tile

v'p Spectroscopy

v'p-radiation: Transmission through Matter

v'p-Radiation as a Method to Measure Paper Sheet Grammage and thin layer
thickness

v'Nuclear Imaging - PET

v'Basic Measurements: y Spectroscopy and System Linearity
v'Positron Annihilation Detection

v'Two-dimensional Reconstruction of Source

v'Spatial Resolution

Particle Physics

Cosmic Rays

v'"Muons Detection

v'Muons Vertical Flux on Horizontal Detector
v'Zenith Dependence of Muons Flux

Photons
v'Quantum Nature of Light
v'"Hands-on Photon Counting Statistics

Advanced Statistics based on Silicon Photomultiplier

Detectors

v'An Educational Kit Based on a Modular SiPM System |

v'A simple and robust method to study after-pulses in J
Silicon Photomultipliers

v'Background removal procedure based on the
SNIP algorithm for y-ray spectroscopy

’ D Advanced Statistics based on Silicon

C.2 Photons

' B.2 (3 Spectroscopy

’ A1 Siic
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Particle Detector Characterization
Silicon Photomultiplier (SiPM)

v'SiPM Characterization
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Particle Detector Characterization
Silicon Photomultiplier (SiPM)
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v'Energy Resolution

v'System Calibration: Linearity and Resolution

v'A comparison of different scintillating crystals: Light Yield , Decay Time and
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v'y-Radiation Absorption
v'Photonuclear cross-section/Compton Scattering cross-section
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Background removal procedure based on the SNIP
algorithm for y—ray spectroscopy with the CAEN
Educational Kit.

Massimo Caccia, Amedeo Ebolese, Maiteo Maspero, Romualdo Santoro
Diparsimento di Scienza ¢ Ala Tecnologia,
Universisa’ degli Studi dell"Insubria, 22166, Como, Ialy
Marco Locatelli, Maura Pieracci, Carlo Tintori
CAEN Sp.A., 55040, Viareggio, lraly

Absreci—ta g srs e cocee. (e nersiy sa
i mer S v Dt Dk, e s SO e L i he incoming -ray gy, 0 i e scacing
oo st bk (1o By proces A WA : e :
et et fof Siracin. th bickyround s 3 paowe. 7212 074 7l s the clecton vt mass The cxperimental
peak is provided by the Sensitive Nonlinear lterative Peak (SNIPy  *Poctrum results by a smearing of the underying physics dis-
algorithm. This paper reports a validation procedure of the SNIF  tribution [8] [9], implying a photo-absorption peak broadening
algarithm, bused on the invariance of the pholo-peak area for  possibly contaminated by the edge of the Compton spectrum
different Background levels and refemed a5 background in the following

Inde Tma—Slicsn Photo Malplrs, gammn. cay spee
e

L. INTRODUCTION
AMMA-RAY spectruscopy is relevant in basic and ap-
plicd ficlds of scicnoe and technology, from nuclear
to medical physics, from archacomenry [11, [21 to homeland
security [3]. 4]
In rcorded 5 —spectra of adioactive samples the number of

o e e

resolved photo-peaks and the measurement of their energy and

intensity is affected by the detector msolution and by back-

ground physics processes. In general, the characterization of - .

the photo-peaks implics & robus cstimation of the underlying b o m'”i .

background. Several approaches have been proposed, going  F18 1t Theoreical cnerey dimribusion for Compr and phoveclearic i

o a smple cxtrnsc iy an analyai of the 1ode band of the i (X i) and xperimecl e beghs durihaion i

peaks 1o a spectrum fit with an analytical description of the

background. The photo-pesks are the signature of a spectrum. Their
A Blexible and widcly uscd method is provided by the Sen- gnaysis comseys relevant information about the radiosctive

sitive Nonlinear lierative Peak (SNIP) algerithm [SHT]. ThiS  <ample and the experimental apparatus

paper presents a validation procedure of the SNIP algorithm

based on the invariance of the ak arca when the

« the peak cnergies are distinctive of the decaying muclci

underlying background changes.

L. BACKGROUND SUBTRACTION IN y—SPECTRA
For energies of 7 below the pair production, the interac-
tion with the dewctor is dominated by Compton scatiering
and pheto-absorption. Exemplary theorctical and ex perimental
spectra are shown in Fig. 1. The Compton continuum is due
o the recoiling clectrons with cncrgy

r
By kg (—m(l—co)
T4 2= (1 — cosh)

niing Ao

Cormsgonds massio.cacci @uainsabriait,
nlocassl Beaen i

in the sample:

« the area of peaks measur the relative concentrations of
isotopes;

« the linearity of the system is provided by the spectra for
2 set of known  emiters;

« the width of the peaks represents the clectronics plus
detector resolution. Its dependence against the enerzy
accounts for the: poissomian Ructuations in the signal and
the deiector response

The SNIP algorithm has been introduced with the aim
to separate useless information fi.e: background, noise and
delecior artifacts) from wwcful information contained in the

ystem Linearity
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SiPM Characterization

Purpose of the experiment
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D Advanced Statistics based on Silicon
|
1
I C.2 Photons
B.2 (3 Spectroscopy
SIPML 4 state-of This sction i dedicad 10 8 short
Sworld description of the advanced Instrumentaions
dowioped by CAEN and used 10 periorm the
wperiments proposed n this catalogua.

The Cevicess are put Dgether 10 foem
ecucational kits, sultatie to & spectied
spication in Nudiess ancd Modam Prysics
Solcs. Moreover o educaional Mits,
Educationsl Gamme IKIt”, *Educational

Beta Kit” and “Educational Photon KIt®, are
Included In & "Educational K2 - Premium
Version™ that slows 10 perfonm gimost entiraly
the catalogut @@ermants,

The “Emulation Kit* slows: 1o perform a

detecior, but simulating the signais procduced
Ly Interaction of particie with the detectng
unit.

The “Eey@ET |5 the only not modular
system. | & & user flendly and portabie

PET gystem thet allows 10 perfomm rucieer
Imaging expariments.

Al the exparmerital sobupes are provided by &
oomplate software Suite for rermote control of
1he sysherm and data analyses.

The corpiete st of Phigsics Exparnents and
the concerning CAEN Educatonal Sys! 1
reportnd in 9o following tabie.
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1. SP5600E - Educational Photon kit \

2. SP5600D - Educational Beta kit > 4 SP5600AN Educational kit
Premium Version

3. SP5600C - Educational Gamma kit Y,

5. SP5600EMU - Emulation kit

6. SP5700 - EasyPET
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A New Software Platform that allows to manage 4 Educational kits and perform the experiments
described in the CAEN Educational Catalog...

Hardware Management
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Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited



T CAEN
Tools for Discovery

B CAEN EdU ZONE 2 X
File View Users & Administtion [ct.c Activties Hardware Help

s (oo g @i, CAEN Educational
Tk HECAUORLIOnAT

[*selection by " allows to choose th activity.

G

Beta Spectroscopy

G

Advanced Statistics SIPM Characterization

"Selection by Experiment”

Selection hryZ Experiment

Selection by KIT
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"Selection by Kit”

Selection bg'z Experiment
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Software Features:

 Three Access Levels to the software functionalities:

» Level 1 - Hardware Management
» Level 2 - Hardware Management + Experiments
» Level 3 - Full Access (Analysis Tools)

@ CAEN EdU ZONE = x

L

X Selectior hFYZ'mem

Ul Library.lviib:Ul_AccessLimitDialog.vi Selection by KIT

B> Hardware Msanagement

Select the operational mode

F} Level 2: Hrdware Management + ‘
Experiments

oo || (B o |
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Software Features:

Three Access Levels to the software functionalities:

» Level 1 - Hardware Management
» Level 2 - Hardware Management + Experiments
» Level 3 - Full Access (Analysis Tools)

@8 CAEN EdU ZONE b
File View Activities Hardware Help
User login

1821221 Consuit data under the Account CAEN Educational
o o i) ‘Educational "
g Lmtoccess s 4

Select Access Way | © Help

@ Ul Library.Ivlib:Ul_AccessLimitDialog.vi X
Select the operational mode

~ | Level 2: Hrdware Management +
Experiments

Please, enter the Master Password

m Cancel

J

@ Help Window

1) Quantum Nature of Light
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d R s e e Available sub acti

ith the quantum nature of light thanks to bunches of photons emitted in a few

LED and sensed by a state of-the-art detection, a Silicon Photomultiplier

fl CAEN Educational
gl l ]

er of impacting photons, shot by shot, allowing to observe how the light is composed by

n the study of statistical properties of the light pulses emitted by a LED driver,
bility density functions of the emitted number of photons per pulse.
The following Help is a Quick-st

PP

ide to perform this sub-activity. It represents a simple and phenomenological

roach to the quantum nature of the (ight.

Summary

o Physics Pills

o Required equipment

Experimental Proc
o Links related to this topic

Introduction

In the XVl century, the concept of wave-particle duality wa m the wave nature of light

postulated by Huygens to the Einstein Phot principle of
quantum wmechanics is complementarity: each quantum-mechanical object has both wave-like and particle-like
properties. With this approach, the photon is at the same time wave and particle, but they can never be observed

simultaneously in the same experiment, not even if the uncertainty principle is successfully bypassed.

This experimental activity allows the exploration of the quantum nature of light thanks to bunches of photons emitted
in a few nanoseconds by an ultra-fast LED and sensed by a techwologically advanced detector, the

ier (SIPM).

Photomulti)
The <i
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N ‘edu gl .~ Exploring the quantum nature of
p, [ o ~ phenomena is one of the most exciting

e ) s = experiences a physics student can live
Model SP5600 DT5720A SP5601 SP5650C Silicon Photomultiplier

A state-of the art sensor to explore the

Description Power Supply and Desktop Digitizer LED Driver Sensor Holder for
Amplification Unit 250MS/s SP5600 with SiPM quantum world
ep ' B9 L
SP5601 - LED Driver SP5650C-Sensor holder with SiPM
vl Mimines , E HAMAMATSU

0.0025—

* Peak current 120 mA
* Luminous intensity = 9500 mcd

0.002—

« Effective photosensitive area : 1.3x1.3mm?

o00ts @ZomA * Pixel pltCh .
o + Width of pulse: 8ns 50 pm

- + 30° half-view angle * Number of pixels :
3 - Pulse generator: internal/external 667

=%~ - Optical fiber included

time (ns)
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1. SP5600E - Educational Photon kit \

2. SP5600D - Educational Beta kit > 4 SP5600AN Educational kit
Premium Version

3. SP5600C - Educational Gamma kit Y,
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SP5600D - Educational Beta kit ]

Beta-spectroscopy introduces the student
into the field of special relativity and weak
interactions of radioactive decays

Cosmic Rays

Cosmic rays are energetic, subatomic
particles constantly bombard the Earth's

Model SP5600 DT5720A SP5608 atmosphere from all directions
Description Power Supply and Desktop Digitizer Scintillating tile |
Amplification Unit 250MS/s e

- o TN g

SP5608 - Scintillating tile

\’ « Sensitive volume: 47x47x10 mm3
« Scintillator: polystyrene
* Directly coupled on HAMAMATSU
MPPS S13360- 6050CS

« Effective photosensitive area : 6x6mm?
* Pixel pitch : 50 pm
* Number of pixels : 14400

« 20 Paper and Aluminum sheets
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Beta Spectroscopy
Beta-spectroscopy introduces the student
into the field of special relativity and weak
interactions of radioactive decays

Cosmic Rays
Cosmic rays are energetic, subatomic
particles constantly bombard the Earth's

Model SP5600 DT5720A SP5608 atmosphere from all directions
Description Power Supply and Desktop Digitizer Scintillating tile
Amplification Unit 250MS/s

|Bui|d a Muons Telescope

SP5600D - Educational beta kit

+
SP5608 - Scintillating Tile

+

SP5609 - telescope mechanics
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1. SP5600E - Educational Photon kit \

2. SP5600D - Educational Beta kit > 4 SP5600AN Educational kit
Premium Version

3. SP5600C - Educational Gamma kit Y,
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[3. SP5600C - Educational Gamma kit J

The Gamma-spectroscopy is relevant in
Model SP5600 DT5720A A315 SP5606 SP5607 basic and applied fields of science and
Description Power Supply and Desktop Digitizer Splitter Mini-Spectrometer | | Absorption technology
Amplification Unit 250MS/s tool
pem > § |
| %
SP5606 Mini-Spectrometer SP5607 - y Absorption tool
. 6 Spacers
0 M.echam.cal structure for . -_Spacers:
optimal SiPM to crystal coupling one 4mm thick, five 10 mm thick; 1x c+ Bx e
» Scintillating Crystals: Csl, *_Aluminum Absorbers: .

, : - PMMA Absorbers:
" " OneSiPMembedded 6 x 6 mm® 1| gne 4mm thick, five 10 mm thick.  1x @+ 5 .
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1. SP5600E - Educational Photon kit \

2. SP5600D - Educational Beta kit > 4 SP5600AN Educational kit
Premium Version

3. SP5600C - Educational Gamma kit Y,
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4 SP5600AN Educational kit
Premium Version

The Gamma-spectroscopy is relevant in
basic and applied fields of science and
technology

A

silicon Photomultiplier

A state-of the art sensor to explore the

quantum world

Photons
Exploring the quantum nature of

phenomena is one of the most exciting
experiences a physics student can live

Beta-spectroscopy introduces the student
into the field of special relativity and weak
interactions of radioactive decays

Cosmic Rays
Cosmic rays are energetic, subatomic

particles constantly bombard the Earth's
atmosphere from all directions
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4 SP5600AN Educational kit
Premium Version

20 a0 50
Threshold [mv] {Absolute Vaiue]

Gain [1076]

The Gamma-spectroscopy is relevant in

basic and applied fields of science and Beta-spectroscopy introduces the student

technology into the field of special relativity and weak
interactions of radioactive decays

Silicon Photomultiplier
A state-of the art sensor to explore the
quantum world

Photons & !

Exploring the quantum nature of Cosmic Rays

phenomena is one of the most exciting Cosmic rays are energetic, subatomic

experiences a physics student can live particles constantly bombard the Earth's
atmosphere from all directions

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited



NJedu

CAEN , .
Additional Product - Educational Kits

— —

The Model Dual Timer is a 1-unit module housing two
identical triggered pulse generators

DT993

After-pulses

Advanced Statistics

e
StUdles High level experiments based on SiPM

technology related to statistical properties
of the light and algorithms for background
subtraction

The method for the after-pulse and its tfime constant
measurement is based on the analysis of the charge
distribution in a variable time window.

The experimental
procedure starts by
defining two gates

Manual or pulse triggered START (NIM, TTL or ECL) Sensor Output
NIM, TTL and ECL output pulses from 50 ns to 10 s
Manual or pulse triggered RESET

(NIM, TTL and ECL) END-MARKER pulse

VETO input

150

G1

n)
N
N° of events

i ”“h

140 NS 150
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1. SP5600E - Educational Photon kit \

2. SP5600D - Educational Beta kit > 4 SP5600AN Educational kit
Premium Version

3. SP5600C - Educational Gamma kit Y,

5. SP5600EMU - Emulation kit

6. SP5700 - EasyPET
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[5. SP5600EMU - Emulation kit J
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** PEAKING

| HResnoyg

cts - Educational Kits

The Gamma-spectroscopy is relevant in
basic and applied fields of science and

technology

Poisson and Gaussian
Distributions
Energy Resolution
System Calibration:
Linearity and
Resolution

% Photonuclear cross-
section/Compton
Scattering cross-
section
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SP5700 + DT5770
SP5701 :

. —P )
YMBasic Measurements: y Spectroscop EasyPET kit d

System Linearity|
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New Projects:

. Envuronmen’ral kits

. K I. ne ma‘l‘ i CS k i ‘l’ g‘g < ‘; UNIVERSITA DEGLI STUDI

« Kinematics Experiments

Dissemination:

* Active & passive Radon
Measurements

PM10 Particulate Matter
Measurements

Sulphates, CO & CO, Analysis
T, P & H monitoring ,
etc.... i-Spector Family
PMT Replacement

< DELL'INSUBRIA

»>Documentation & Video Tutorial
»>Webinars & Seminaries
»>Dedicated Conferences/Schools

Canisters of Activated Carbon

& New Collaborations!
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Mobile: +39 348 6001513 Mobile: +39 348 9156856
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SP5600 - Power Supply and DT5720A - desktop Digitizer
Signal recording —> digitization

Two channels:

« Independent biasing (max 100 V, 100 pA) Main characteristics:

* 2 stage amplification [500 MHz bandwidth, * Digital Pulse Processing for Charge Integration DPP-CI
tunable gain up to ~ 50 dB] *Good timing resolution with fast signals (rise time < 100 ns)

* Fast leading edge discriminator (£2V) « 2 channels

« Coincidence logic « stand-alone

« active feedback control on V., for Gain . 250 Ms/s, 12 bits

stabilization (granularity: 0.1 °C)
» USB 2.0 interface

1V input range
Optical Link and USB 2.0 interfaces

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited
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5. SP5600EMU

DT4800
Micro Digital Detector Emulator

* Pulser/Emulator operating
modes

* Real Energy spectrum emulation M—
- Time distribution emulation / @.
(Poissonian) __
* Noise emulation

- Continuous pre-amplifier
emulation

 Nuclides database

» User Friendly Control SW with
Graphical User Interface

Products - |

DT5770
Digital Multichannel Analyzer

« Compact portable 16k Digital MCA

« Suited for high resolution Gamma Spectroscopy

« Support continuous and pulsed reset preamplifiers
« Software selectable coarse and fine gain

« DB9 connector for preamplifier power supply

* Features Pulse Height Analysis firmware for energy
calculation

« Different acquisition modes available: PHA and signal
inspector for an easy setup and signal monitoring

« USB and Ethernet communication interfaces

* Ordering Option:

* MC2?Analyzer software to manage the acquisition and perform
basic spectrum analysis

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited
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SP5700 — EasyPET

Main EasyPET components:

® Two detectors, each composed of a LYSO scintillator
crystal optically coupled to a SiPM;

® Printed Circuit Board (PCB) equipped with electronics used
for SiPMs supply voltage, signal readout and coincidence
detection;

* Two stepper motors;

® Microcontroller unit responsible for controlling EasyPET
parameters, driving the stepper motors and communicating
with the computer;

* Holder for radioactive source;
* User Friendly Control Software.

 Products - Educationa

-

.

> Single pair of detectors oppositely aligned

v Parallax error is eliminated

v

v
v
v

360° rotation (axis = center)
0 scan (axis = one detector)
Off-center source imaging
Spatial resolution uniform
over the field of view

Reproduction, transfer, distribution of part or all of the contents in this document in any form without prior written permission of CAEN S.p.A. is prohibited
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» Mechanical rotating system executing fwo types of independent
movements to simulate the entire PET ring
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Products - Educational Kits

A New Software Platform that al lows to manage 4 Educational kits and perform the experiments
described in the CAEN Educational Catalog...

195 | 5AU mean Count Rate e

[§ o —

B —

w
man | ek Teme (GW * #p Mean, ma)

..due to Analysis Tools
implemented in the software itself!

Suitable to different
customers needs!

« Three Access Levels to the
software functionalities:

« Help and QuickStart Guide on line
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SiPM is a High density (up to 104/mm2 ) matrix

if

8y ® ,} of diodes with a common output, working in

§|osp oo gpo e . . .

Pw\ p SR, Geiger-Miiller regime

N Substrate = Common bias is applied to all cells (few % over
I igh

breakdown voltage)

» Each cell has its own quenching resistor (from
100kQto several MQ)

*  When a cellis fired an avalanche starts with a
multiplicative factor of about 105-10°

» The output is a fast signal (t,..~ Ns; ty ~ 50 NS)
sum of signals produced by individual cells

= SiPM works as an analog photon detector

g voltage
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SiPM is a High density (up to 104/mm2 ) matrix

*f

0y % 4 of diodes with a common output, working in
5°R {0 5o Geiger-Miiller regime

P D g g

N Substrte = Common bias is applied to all cells (few % over

L Hign

T volage breakdown voltage)

= Each cell has its own quenching resistor (from
100kQto several MQ)

* When a cellis fired an avalanche starts with a
multiplicative factor of about 105-10°

» The output is a fast signal (t,..~ Ns; ty ~ 50 NS)
sum of signals produced by individual cells

= SiPM works as an analog photon detector

= SiPM maybeseenasa
A ~ C (Vireakdown ~ Vbias) J collection of binary cells, fired
when a photon in absorbed

A=A = ‘“counting” cells provides an
B i J information about the intensity
of the incoming light
T T e e L e e e e B e | e [ e e e e ey e | e [ A T T B (i e [
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The high uniformity of pixel structure
guarantees no avalanche fluctuations

MultiPhotonSpectrumFit (emorbar)

| excellent resolution
| 1000 T T ..%type(576pixe‘s) T T
5000 o ! 1 ﬁﬁ“#
Linear response if the average number i ENEIN ?fr :
;
5

of photoelectrons/pixel is less than one

Number of pixel determines the
SiPM dynamic range

T rer
10 100 1000 10000
Number of photoelectrons
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The Dark Counts (DCR) measure the rate
at which a Geiger avalanche is randomly
initiated by thermal emission.

H— .

1= f ! t
\ :| " bt ko | =Y ]  wssd bt e 1 bt i e I  pmscat peed o } Friasd e s | I s s

v
o
8

iy
=y

Frequency [kHz]

ueds pjoysaay|l

-
o
N

T T ‘TTI[W

DCR @ fixed threshold (0.5 phe-)

i
(3]

o
(3]

]ITTIT]

.
’QQ;,

>2.5ph 1

Frequency [MHz]
£~

w

'

N
3]

[ R O R L B ]

50 100 150 200 250 300
Threshold [mV]

N

1.5

0.5

|IOIl|||l|l|||
.
e
—.— !

IlllllllllllllllllllIlllll

1 ? L
76.5 77 7.5 78 78.5 79
Bias [V]

o

Decrease DCR:

* lowering temperature
* lowering active volume — decrease V.
— small area
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The Dark Counts (DCR) measure the rate

at which a Geiger avalanche israndomly ——>Z% >05ph £
o egs . s > | o
initiated by thermal emission. 5 A
g10°
= | DCR@ fixed threshold (0.5 phe-) = . e i
54'55_ | | T
> 4AF ’ I )
& F 10
535 -
e [= B B
L o L R JE%
35 . >2.5ph i
2,55 l I
- B s e e e S
2 \ - 50 100 150 200 Th250h |d3?:1v1
- resho
1.5 ' i . .
- | { i An avalanche generation can fire another cell by a
1= ' ' ! ' . .
- pf ! photon; measuring the DCR for different thresholds
- ; | | | : . : .
B3 A is possible to define and evaluate the Optical Cross
0_1 1 ? L) I JEsp Ry I {1 B l { L L | l PR e I =
LET Talk (OCT) as: = DCR(1.5 ph)
1as =
“  DCR(0.5ph)

Decrease DCR:

* lowering temperature
* lowering active volume — decrease V. * big pixel size
— small area * trench for optical isolation

(] s et | i o | e | e | o e | v | e | e o | mmnenn| e e | | e i | o | e | e | v e | e e | e e | e e J e | menn| o | )

.
s

Decrease OCT:

* low gain/V.
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After Pulse: Itis adelayed avalanches triggered by the release of a charge carrier that has
been produced in the original avalanche and has been trapped on an impurity

e limiting the photon counting
After Pulses resolution

e Therelease of the trapped
carriers is characterizated by
a typical decay time ~200 ns

‘ single cell ‘

1 1 1 1 1
250 300 350 400 450 500
ns

The pulse amplitude depends on the pixel recovery
state

Voltage (V)

-0.2
E(At) = 1 — exp(—At/7) .
-0.3 1
Decrease AP: « |ow V.. 035 ‘ ‘ ‘
RomnmmmmmmmEmREs bla.S -1.0E-08 1.0E-08 3.0E-08 5.0E-08 7.0E-08
® Sma” lxel Time (s)
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i-Spector: PMT replacemem‘ wu’rh m’regr'a’red dlngaI pulse processmg

i-Spector i-Spector PLUS i-Spector Digital i-Spector Digital LoRa

Analog Out Logic And TMU Digital MCA MCA + LORA =

Replace PMT in Trigger/Veto Logic/Time Stamping Laboratory Large Area

Experiments Neutron Beam Monitor / TOF measurement  Monitoring Environmental Monitor
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D.1 An Educational kit based on Modular SiPM System

Agilemt Techeologies WED JUN 05 193157 2013

m
Setup o
Typical Signal
at the oscilloscope _
R e =
- - e e P e e R
e = - |
SiPM Ampified Signal §1%:.@ A
i 0 |
Photon Source pr— B
U e L0 ’V\{ PSAU DIGITIZER
driver)
Synchronization line T
| 1800 : , :
| REFERENCE SPECTRUM
G I' {1600 y
_Oa : 3 1400

v' Can we investigate the statistical model underlying 120/

the emitted light? £
v' Can we investigate the detector performances o]
trying to quantify its impact on the statistical =~ o i
mOde|? 00 500 1000 1500 2000 2500 3000 3500 4000

Channel [ADC]
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Step 1: estimate the area
under every peak

1800
1600
1400
1200
1000
800
600
400
200
(¢)

Entries

T

PeakPosition[ADC' PeakWidth[ADC) Ezxp. Probability

N P&P MGF P&P MGF P&P MGF

0 3x+1 21+09 22+1 21.7+0.8 0.092 = 0.006 0.09 £0.01
1 220+1 220.1+04 25%+1 27.3+£0.3 0.53 + 0.02 0.56 £ 0.01
2 427+ 1 428.0+03 30%+1 31.5+0.2 1.75 + 0.06 1.86 £ 0.02
3 6351 633.6 £ 0.2 32+x1 36.0x£0.2 3.8+0.1 4.17 £0.02
4 838 =2 837.5 £0.2 38+1 405%0.2 7.0+ 0.2 7.21 £0.04
5 1044 +2 1041.3+0.2 41+1 44.7+0.2 9.9+0.2 10.30 £ 0.04
6 1247+2 1243.7+0.2 45+1 48.2+0.2 12.2+0.3 12.67 + 0.05
7 1449+3 14456+0.2 50+3 51.9+0.3 13.4+0.8 13.43 + 0.06
8 1650 =4 1645803 57+2 54.8+0.4 13.3+ 0.5 12.71 £ 0.07
9 1853 +4 1846404 672 59.5=06 129+ 0.4 11.2+0.1
10 — 2046.5 = 0.6 — 62.0 0.9 —= 8.7+0.1
11 — 2245+ 1 — 66 £ 2 - 6.6 £0.2
12 — 2445+ 1 = 68 £ 2 —= 44+0.2
13 — 2632 = 2 — 65 =3 —= 2401

i X A

\f \ ,“1 LW
i Y N R | Y by
A : A s /I, \ / \ 7 \ / , \ ‘\v

x2/d.of=1.9

T

0 500

1000 1500 2000 2500 3000

Channel [ADC]

3500 4000

-

.

By a point&click procedure
(P&P for Pick&Play)
or
By a MultiGaussian Fit (MGF)

~

J




3 Nedu
Physics Experiments

D.1 An Educational kit based on Modular SiPM System

4
x 10

Step 2: plot the probability function for the
number of observed photo-electrons

Step 3: Different hypothesis to investigate the statistical model
1. Estimate the mean number of Ph.e. (model independent):
2. Poissonian hypothesis
a. Compare it to what you get by the 0" photon peak
b. Fit the full distribution

3. Poissonian + Binomial to account for the cross-talk
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Step 3: Different hypothesis to investigate the statistical model

1. Model independent: estimate of the mean number (nothmg but themean): ...

1800

B ADC —w— _J,J, 4D( 1600}

REFERENCE SPECTHUM

1400

1200}
. 21000}
-

b 80of
600/
4001
200t

pIN T
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Step 3: Different hypothesis to investigate the statistical model

1. Model independent: estimate of the mean number (nothing but the mean):

ADC ——; Sjy,“-lD(..‘,'

I'I’MI — A—pp Wlth .AD( = \:‘iyi

2. Poissonian model:

x10° :

a. Estimate by the ot" Ph.e. peak 20

x B/d.o.f. =246.95

pzp = —In(P(0)) = —In(

b. Fit the full distribution

¥
- X
0.5 7
0 R ‘ T ‘ ‘ | ‘ | | | | | |

0 1 2 3 4 5 6 7 8 9 10 11 12 13
N (Peak Number)
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Step 3: fit the full distribution with the PxB model

[2014 update: Xtalk accounted for at all orders, following Vinogradov et al., DOI:
10.1109/NSSMIC.2009.5402300]

floor(m/2)
@— - B stexfpos)

0
Probability for the

incoming photons to
fire (m-k) cells

Binomial Probability for the (m-k) primary

cells to trigger k cells by optical cross-talk

Probablllty to
observe m Ph.e.

_ L M |
The PXB distribution is characterized by the MpeB = XT)

. 1 —e€
first & second order momenta given by: |:> ) : XTI
open = K(1+ exT)
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Step 3: fit the full distribution with the PxB model
[2014 update: Xtalk accounted for at all orders, following Vinogradov et al., DOI:

10.1100/NSSMIC.2000.54022001

5
2-5X 10' I 1 T T T T T 1 1 T T T 1
P/ 't”;f | 72416‘3; Simple Poissonian
Xp, [d-o.f. =1 | ]
2 - = Poisson & Xtalk
» 1.5 - ]
£ =2 Definitely showing a better
C . .
“o - x | agreement and confirming the
validity of the model (and the
0.5} N . relevance of detector effects)
0 W — l_ﬁ 1 1 1 1 1 L 1 1 1 1 L L
0 1 2 3 4 5 6 7 8 9 10 11 12 13

N (Peak Number)
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D.2 A simple and robust method to study after-pulses in Silicon Photomultipliers

The method for the after-pulse and its
— %m time constant measurement is based on
the analysis of the charge distribution in

R a variable time window.

sP5600 S (] The experimental procedure

\a~  starts by defining two gates

v

Out 2

Sensor Output

Gl

Ay bt e

G2
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Daughter
board with
SiPM SiPM

Qut1

{ ;
e DT5720A

SP5600
Out 2

Digitizer

Trig

G1 is synchronized with the light burst.

3500

- | . Light spectrum
2500} i I acquired to calibrate
g2 LIt 1 the chargg in photo-
w1001 i ' electrons.
1000} A ]
sool | A vy Vi ]
sl ;‘.‘“ o _ _ M‘.\.,\N\“‘,“*—'———, (M’ App)
0 200 400 600 800 1000 1200

Charge (ADC Ch)

ses in Silicon Photomultipliers

The method for the after-pulse and its
time constant measurement is based on
the analysis of the charge distribution in

a variable time window.
The experimental procedure

starts by defining two gates

v

Sensor Output

Gl

Ay bt e

G2
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Switch OFF the light to estimate the DCR average charge Q, in G2

The events N in a sequence are determined studying
Dark - the Q, distribution vs. N and fixing its value when it was
spactrum 1 shown to be asymptotically gaussian

300 400 500
N

0 50 100 150 200 250 300 350 400

Bins (ns)
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Switch OFF the light to estimate the DCR average charge Q) in G2

I ' The events N in a sequence are determined studying
\‘ . the Q, distribution vs. N and fixing its value when it was
W

shown to be asymptotically gaussian

h A S— .

O 0 20 a0 40 50
N 0.5+

DCR measurement
% trend <Q,(light OFF)>/App ws%ime

Qy (light OFF)
o
w

slope (m) "
| 0
. . 71
¢ considering OCT <Qn>/B,,
=N, -X(1+€) % 200 400 600 800

62 (ns)

% DCR= m/(1+¢)
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Switch ON the light and estimate
the average charge in G2 gate

(Ow(light ON,G,)) — (Oy(light OFF,G))
Agp(Gr) = %
PP

g measures the excess of avalanches due
to after pulses associated to the light

burst with respect to Dark Counts.

150

| o 100f  Light OFF ’
. < ! 7 Light ON
| >
10°F | 5 d ]
© Il
5 Z 50| llll !
€ \ :
% Jl fl 0
" | “l |
{l
=z a ,,,...Il" ||I|..., "llli.;L. ;
| 5 130 135 140_ 145 150 155 160
Q.'\'
10°F
100 200 400 500

300
Charge (ADC Ch)
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Switch ON the light and estimate

150

the average charge in G2 gate N

10}

(Ow(light ON,G,)) — (Oy(light OFF,G))
Agp(Gr) = %
PP

10%
g measures the excess of avalanches due |

to after pulses associated to the light

N° of events

100f  Light OFF

N° of events

[
[=]

Light ON
| ||

I
Bl
r” \
| i
“||| l s
i, ! Il
:

145 150 155
Q.'\

i
I
il
,,,lhl

135 140

160

5 130

400 500

burst with respect to Dark Counts. 100 200 Charge (ADC Ch)
After-pulse measurement 0.16
0.14}
P s GHGIM x P ‘ G 0.12}
¥(t)=—e 7. —> Ago(Ga) = / e tdt=a(l—e 7). _ i
T © Jel T 5
"8 0.08}
a and t are estimated from fit curve < 0.06}
G ) - 0.04f
a—Mx Pe— = —> Pafter-pulsing probability 0.02}
% 200 400 600 800

62 (ns)
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T it Cpwwe Toch ibrdew B

PP

Q0BT pancome W e |

’I
w

[ srare v | wmul o @

SiPM connection Bemes | Squkitien stings. |

Spectrometer layout T
oo | BauGen | Tionea: | Dsomisae | T Compeien |

Source Cs i r"'“’"lFﬂ‘rW“‘l :

Lyso Crystal ; F'_‘r";m] -

SIiPM Ampllﬁed signal
signal + trigger
— —
PSAU Digitizer

v" Qualify the SiPM for spectrometry (i.e. energy resolution
optimization, linearity response and resolution dependence)

FWHM,,.,
Energy resolution = —— - 100

ﬂmt

v" SNIP introduction: algorithm for background subtraction under
the photopeak

FWHMeor = full width at half maximum of the peak
Uzet ® channel number of the peak centroid
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The photo-peaks are the signature of a spectrum.
Their analysis conveys relevant information about

the radioactive sample and the experimental
apparatus:

e the peak energies are distinctive of the decaying
nuclei in the sample;

e the area of peaks measure the relative
concentrations of isotopes;
 the linearity of the system is provided by the
spectra for a set of known y emitters;
e the width of the peaks represents the electronics
plus detector resolution. E,: incoming y-ray energy
© : scattering angle
mc?: electron rest-mass
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The SNIP: an algorithm for background subtraction under the photopeak

** The SNIP (Statistics sensitive Non-linear Iterative Peak clipping) is not new and it is
actually a quite popular [and implemented in Root (Tspectrum) & R] algorithm for
automated (or semi-automated) background subtraction

s+ originally introduced for the treatment of PIXE (Proton Induced X-ray Emission) (ref.1),
has been adapted for bckg elimination in coincidence y-ray spectra (ref.2)

+»» developed to account for spectra with poor & large statistics (extended dynamic
range), searching for a solution with the minimal number of parameters, aiming for a

“full” automation
1. C.G. Ryan et al., NIM B34 (1988) 396-402

2. M Morac et al., NIM A401 (1997) 113-132
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4.

5.

SNIP fundamentals

Start by a spectrum y(i), where i is the ADC/Energy bin identifier and y is the
corresponding number of events

transform the original spectrum¥ki) = log[log(y/y(@)+1+1)+1]

where the log(s) compress the dynamic range and the sqrt enhances the
small peaks

. : ~ 1 . .
v, (i) =min(v, (@), 5 (v, ((=p)+v, ,(i+Pp))
Replace v(i) with

Iterate on p till when it is “convenient” [this is the hard part]

anti-transform & subtract from the original spectrum
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SNIP in action

1 g * ' 1.4
| Cre— D)
. : : 1.27

1

= | vip) (it p))2 -
s B N U R 0.6/
0.4
0.27
- i 0
10 15 20
X X
On a peak, p=3 Onavalley,p=3
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The SNIP has been implemented in a MATLAB routine for the subtraction of the smeared
Compton shoulder under the photo-peak, to improve the estimate of the Peak Position,

Peak Width and Peal

o0 ,Jil 12.4% L]
250 'I I|
-""'n\ f 22Na + background
BEUD J |
E]w N‘q\ II I|I
{ \ { I',
100 |I| "l. '. 1
{ I\" "'
S0 Il o _"_&3,_4’_(_____ Y
Du“.-/_(_-------.---u.s 1 _Tﬁ"% 1
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The SNIP has been implemented in a MATLAB routine for the subtraction of the smeared
Compton shoulder under the photo-peak, to improve the estimate of the Peak Position,

~ I vare 1.1 1~ 1

’IJI.JE.AJ\

'R
1

250 'ﬂ\
3 200 /J \“\‘ ; 'I
5 180 'I Iu
( \
100 .'I \.

background subtracted

Reproduction, transfer, distribution of
part or all of the contents in this
document in any form without prior
written permission of CAEN S.p.A. s
nrohibited

2Na + background

Followed by a
measurement

of the linearity
& resolution:

X 1|05

?=0.9980

Resolution
w
(=]

0 100 200 300 400 500 600 700 800 900
Enerqy (keV)

y’/dof. =255 1

1 1 1 1 k 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
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