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Riassunto della tesi

In diversi campi della fisica, dalla fisica delle alte enesgdia fisica dello spazio, la
rivelazione di luce rappresenta uno degli elementi chiaveatlti esperimenti: le
particelle cariche possono infatti essere rivelate tramhileposito di parte della
loro energia in materiali in grado di produrre a loro voltaofu nella regione
del visibile e dell’'ultra-violetto. Questi fotoni devonampessere rivelati da un
photodetector, un dispostivo in grado di convertire la luce in un segnadéteto.

Rutherford, durante il suo esperimento per lo studio detl#tsira interna del
nucleo, utilizzo il primo photodetector della storia defisica delle particelle:
'occhio umano. Successivamente, nel 1913 fu inventatoinh@ tubo fotoelet-
trico da Elster e Geitel e ci vollero ben 20 anni prima che itinar fotomoltipli-
catore fosse prodotto e lanciato sul mercato; ad oggi i fotoplicatori sono tra
i rivelatori di luce piu diffusi nella fisica delle alte emge. Tuttavia, nuovi pho-
todetector caratterizzati da un ampio range dinamicoadalpacita di lavorare
anche in presenza di campi magnetici e da un basso costmeananessari per
gli esperimenti di nuova generazione.

Sono proprio queste richieste che hanno portato allo gudugi sistemi di
rivelazione di luce alternativi ai fotomoltiplicatore (PNt i cosiddetti photode-
tector a stato solido. Tra questi nuovi photodetector ic8ri PhotoMultiplier
(SiPM) rappresentano I'alternativa piu valida ai PMT. IPB! € una matrice di
pixel (tipicamente la densita & di 500-4000 pixel/Mmon dimensioni variabili
trai20 ei200um e connessi in parallelo ad un unico output comune. Ognl pixe
e indipendente dagli altri e lavora come un Single Photoal#whe Photodiode
(SPAD) nella cosiddetta zona di Geiger Mode limitata: imegfiarole, ogni pixel
rappresenta un device binario (o digitale) in quanto predut segnale non pro-
porzionale all’energia rilasciata dal fotone, ma ne regisblamente il passaggio.
L'informazione analogica viene riottenuta (per un numarothto di fotoni) dalla
somma dei segnali di tutti i pixel, la quale risulta essemgpprzionale al numero
di pixel colpiti e dunque all’energia depositata dalla aita incidente.

Come mostrato nel capitolo 1 (nel quale le strutture e i pirdi funziona-
mento dei diversi photodetector vengono descritti), igpali vantaggi dei SiPM
rispetto ai PMT sono:
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« un elevato fattore di guadagno (dell’ordine dF};0
 un’alta efficienza di rivelazione, compresa tra il 25% e0%&

* unatensione di alimentazione dell’ordine delle decin€ (tthe deve essere
confrontata con quella necessaria ai PMT che e dell'ord@&V);

 un’ottima risoluzione temporale (inferiore al ns);
* la capacita di operare anche in presenza di campi magnetic

| principali limiti di questi dispositivi sono rappresefitda un elevato rate di
conteggi di buio (che per il singolo fotone e dell’ordind 8&#Hz in confronto
a quello del PMT solitamente inferiore al kHz) e dal bassofdidtor (definito
come il rapporto tra I'area attiva del detector e la sua aszargetrica). Diversi
gruppi di ricerca stanno studiando la possibilita di sapeiquesti limiti, che an-
noverano anche una limitata radiation hardness, per peoeead disegno di nuovi
dispositivi caratterizzati da grande range dinamico, dassnore e capacita di
rivelazione nellUV. Tra questi gruppi vi € la collaborare italiana FACTOR
(Fiber Apparatus for Calorimetry and Tracking with Opta@#fenic Read-out)
ora diventata TWICE (Techniques for Wide-Range Instrumaigon in Calorime-
try Experiments) finanziata dall’Istituto Nazionale diiEsNucleare. Il progetto
si avvale di un’attiva collaborazione con FBK-irst (Fondexe Bruno Kessler) per
lo sviluppo e la produzione di nuove tipologie di SiPM per laggzioni in ambito
di fisica delle alte energie e dello spazio.

Questo lavoro di tesi si e svolto nelllambito della colledmone FACTOR/
TWICE con lo scopo di valutare le performance di un elevatmeno di SiPM
(~200) e confrontare il loro comportamento con quello di fobdtplicatori multi-
anodo (MAPMT). Per i test presentati in questa tesi sonowgthtzati due diversi
prototipi dell’Electron Muon Ranger (il calorimetro/ti@atore per l'identificazio-
ne di elettroni e muoni dell’esperimento MICE), entramlstitmiti da barre scin-
tillanti estruse lette da MAPMT e SiPM. | segnali dei due déiresistemi di ri-
velazione di luce sono stati processati attraverso unatEnghBoard il cui e-
lemento principale & 'ASIC MAROC (Multi Anode ReadOut @hi un ASIC
inizialmente progettato per la lettura di MAPMT a 64 canadi ahe puo adattarsi
anche alla lettura di SiPM. Questo ASIC ¢ in grado di formiomtemporanea-
mente un’uscita multiplexata analogica e 64 segnali digiigni canale consiste
in un pre-amplificatore con guadagno variabile, due shaper per i segnali ana-
logici e I'altro per quelli digitali), un circuito di samp&hold e un discriminatore.

Nel capitolo 3 di questa tesi vengono presentati i risuttettest con raggi co-
smici del prototipo di EMR di piccole dimensioni, che & uvetatore formato da
8 piani (posti in configurazione — y) di 10 barre a sezione rettangolare. Durante
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guesti test, 8 barre del primo piano sono state interfae@dtun doppio sistema
di rivelazione di luce basato su un fotomoltiplicatore a @aali del’lHamamatsu
e 8 SiPM da 1 mm di diametro prodotti da FBK-irst. | risultagilithnalisi dati
hanno mostrato un peggiore rapporto segnale rumore neldmassiPM dovuto
all’elevato rumore intrinseco di questi photodetectorniree sono stati ottenuti
valori comparabili sia in termini di risoluzione spaziale@.8 mm) che di effi-
cienza di rivelazione (stimata essere dell’ordine del 94®gr quanto riguarda
la risoluzione temporale, il valore misurato e dell’orglidi 2.5 ns in entrambi i
casi: tuttavia, questo risultato deve essere consideoae cin limite superiore in
guanto e la somma di diversi fattori come la risoluzioneimsieca dei photode-
tector, le caratteristiche temporali dello scintillaterdelle fibre e anche il tempo
di processamento dell’elettronica. La migliore risolugatemporale intrinseca
dei SiPM e stata dimostrata misurando la differenza dept@iarrivo della luce
dalle due diverse estremita delle barre.

Il cuore di questo lavoro di tesi € rappresentato delloistddlle performance
dei 192 SiPM di LEP: infatti, questo rivelatore & costibuita 192 barre (organiz-
zate in 48 piani) interfacciate a 3 MAPMT a 64 canali (da urdg)@ a 192 SiPM
prodotti da FBK-isrt con un diametro di 2.8 mm (dall’altr&el capitolo 4 viene
presentata la procedura di assemblaggio del detector edadfacommissioning
durante la quale le prime 64 barre di LEP sono state testateagmi cosmici. In
guesta fase sono state valutate le diverse impostaziopiedametri dell’ASIC e
si e ottenuta una buona stabilita dell'intero sistemap®questa prima fase, il
prototipo e stato testato con un fascio di pioni, muoni edtedni da 6 GeV/c su
una linea estratta del CERN e caratterizzato in terministiluzione spaziale ed
efficienza di rivelazione come viene mostrato nel capitotl uesta tesi. In par-
ticolare, si sono misurati valori di risoluzione spaziatenpresi tra 4.0 e 7.5 mm
per tutti i 48 piani di LEP e ne e stato osservato un peggierdamall’aumentare
del numero di layer (effetto dovuto al multiplo scatteringn’efficienza superi-
ore al 97% e stata misurata per tutti i piani nel caso denfimtitiplicatori, mentre
per i SIPM si & osservata un perdita di efficienza nei piatiudiémo blocco: in
ogni caso, tutti i piani presentano un’efficienza supera@0%.

Questo calo di efficienza di rivelazione dei SiPM é da impaiincipalmente
all’elevato rumore di questi photodetector interfacaat 'ASIC MAROC: come
dimostrato dai risultati presentati in questa tesi, camdeai diversi parametri
dell’ASIC (come ad esempio le impostazioni del circuitoekdback dello shaper)
e possibile aumentare il rapporto segnale rumore dei SPR#.questo motivo,
I'idea alla base dello sviluppo futuro e la modifica de##tonica basata sul’ASIC
MAROC in modo da ottimizzarne le caratteristiche nel cassednali provenienti
da SiPM. Parallelamente, nuovi test verranno condotti sauavo tipo di ASIC,
specificatamente sviluppato per la lettura dei SiPM e chiarBASIROC (Ex-
tended Analogue Si-pm Integrated ReadOut Chip). | princysataggi di questo
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ASIC sono un ampio range dinamico (che permette di risolvpreblemi di sa-
turazione) e la possibilita di aggiustare la tensione @reoltage di ogni singolo
canale.



Introduction

Light detection is one of the key elements in many experiadgttysics fields,
from high-energy physics to astro-particle and medicalsptyy particles deposit
energy in materials which in turn produce photons in the URihe range that
can be detected by photodetectors. The first photodeteatqgdfrticle physics
was the human eye in Rutherford’s experiment for the nuatkssovery to see
the light produced by alpha patrticles hitting a ZnS deteotare scattered by a
gold foil. In 1913 Elster and Geitel invented the first phdgéotric tube but then it
took more than 20 years for the first PhotoMultiplier Tube (BNb be produced
by the RCA laboratories in 1936 and put on the market. If onleared, PMTs are
at present the most widespread photodetectors, on the thinerew generation
experiments requirements are increasingly demanding thenpoint of view of
large dynamic range, insensitivity to magnetic fields awd d¢ost given the large
volumes involved. These requirements can be met by solid pteotodetectors
which are becoming an alternative to the standard phototiete

Among these new photodetectors, Silicon PhotoMultipl{8I®Ms) represent
the solid state alternative to the PMTs. A Silicon Photollikr is a semicon-
ductor device consisting of a matrix of pixels (whose typiianensions are in
the 20-200um range) joined together in parallel on a common Silicon sabs
Each SiPM pixel works as an independent Single Photon AchlkaiPhotodiode
(SPAD) operated in limited Geiger mode; the sum of all theMsixels outputs
is proportional to the number of fired pixels and thus to thergy deposited by
the particle. The main advantages of SiPMs compared to PvEla high inter-
nal gain (of the order of 19, a very low bias voltage, a very good time response
(below 1 ns) and the insensitivity to magnetic fields.

Several research groups are working on the improvementeoStRM fea-
tures (in terms of noise, detection efficiency and radiahiardness) and on the
design of new devices for dedicated applications such asrtas requiring large
dynamic range and UV detection. Among these groups, the EXC{Fiber Ap-
paratus for Calorimetry and Tracking with OptoelectrongaR-out) collabora-
tion (now TWICE, Techniques for Wide-Range Instrumentaiio Calorimetry
Experiments) is being supported by the Italian InstitutBlo€lear Physics for the
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6 Introduction

development of scintillator systems readout by SiPMs fa@cspand high energy
applications. The project actively collaborates with FB#&t-(Fondazione Bruno
Kessler) for the SiPM design and production. This thesiswaas been performed
in the framework of the FACTOR/TWICE collaboration to ewati@ the perfor-
mance of a large number of SiPMsZ00) as a readout system for scintillating
bars detectors and compare their behaviour with the MulddenPhotoMultiplier
Tubes one. The tests have been performed with two differetgctbrs, which
are both prototypes of the MICE Electron Muon Ranger and baea developed
by the Como/Trieste group. The first one (the small scale EvtiRopype) has
been assembled to study the EMR tracker capability, whigesdttond one (the
Large EMR Prototype, LEP) has been used to evaluate the EMBrpmnce as
a calorimeter.

The prototypes are based on scintillating bars whose Iglearried out by
WavelLength Shifter fibers and readout both by MAPMTs and SiPTvhe small
scale EMR prototype consists of 8 layers in the y geometry, each one com-
posed by 10 19.1 cm long extruded scintillating bars with @amgular cross-
section of 1.% 1.5 cn¥. For the tests presented in this thesis, the first layer of the
prototype has been equipped with a double readout systesrbaits are readout
on one side by a MAPMT and on the other by 8 1 mm diameter SiPMsifaa-
tured by FBK-irst. The Large EMR Prototype consists of 4&pkof the same
scintillating bars (4 per plane) organized in three blocki®layers along one
single orientation. The scintillating light is carried dut two 0.8 mm diameter
WLS fibers which have been glued in the bar hole: on one sidi#tbis are inter-
faced with three Hamamatsu 64 channel MAPMTSs, while on theragide with
192 2.8 mm diameter FBK-irst SiPMs. The readout electrooid¢ke two proto-
types is based on the EMR FrontEnd Board hosting the MAROCIEA&hich
is the third version of the ASIC developed by the Omega graupHe ATLAS
luminometer. Each ASIC channel consists of a preamplifiéh wivariable gain,
two shapers (a slow one for the analog readout and a fastrSioapiee digital out-
put), a sample&hold circuit and a discriminator. The MAROARSIC provides
one multiplexed analog output and 64 digital ones at the sanee

The first chapter of this thesis presents a brief review otqietectors, start-
ing from PhotoMultiplier Tubes and then concentrating olidsstate ones.

In chapter 2 the mechanism of the light emission in scinaHanaterials (both
inorganic and organic ones) is introduced focusing on tasty scintillators given
they are the ones used in this thesis work. In the second p#me @hapter, three
experiments based on scintillating bars detectors willresgnted: the MINERA
experiment, the ASACUSA tracker and the neutrino beam roowit the T2K
experiment. This last experiment will be discussed in dlstace all its detectors
are based on scintillators readout by a large number ofdBilRhotoMultipliers.

Chapter 3, after a brief review of the MICE experiment, diss the small
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scale EMR prototype and the cosmic ray test results: theopeénce of the 8
SiPMs has been evaluated in terms of Signal to Noise Ratadjaspesolution,
detection efficiency and timing resolution.

Chapter 4 and 5 deal with the Large EMR Prototype from thenaBeand the
commissioning phases to the tests performed on the T9 beaatlthe PS CERN
East Area. Chapter 4 presents the analysis results of thienprary tests per-
formed with cosmic rays whose main goals were the study oMtAROC ASIC
parameters setting and the evaluation of the system owseddllity. After the
commissioning phase, the prototype has been tested at CERN\wion/muon
beam of 6 GeV/c: chapter 5 describes the experimental s#dtapdata taking
procedure and the analysis results in terms of spatialugsnland detection ef-
ficiency for all the 48 LEP layers comparing the performanicéhe two readout
systems.






Chapter 1

The Photodetectors

In physics many applications need to detect a very small murmbphotons thus
requiring the use of very sensitive photodetectors. Photiptier tubes are nowa-
days the most common light detectors in high energy phykaskss to their high
gain, their robustness and their being easy to use. Theyag&t to be coupled
to plastic scintillators for very different applicatioresxging from particle physics
(where they are used to generate the trigger or measuramnbefiflight) to neu-
trino physics (for the next generation totally active sidleting detectors) and
medical physics (to develop scintillating fiber dosimekters

However, in recent years an alternative to the photomugtiplbe has been
proposed with the solid state photodetectors which arec@mpact, have a large
enough gain and a high detection efficiency, a fast timingoese and a low bias
voltage. Moreover, they are insensitive to magnetic fieldsnong these new
photodetectors, Silicon PhotoMultipliers, the main topichis thesis work, can
be listed.

This chapter is an introduction to the different types of foletectors. After
having summarized the main features of an ideal photod®tectietailed descrip-
tion of the structure of a typical PhotoMultiplier Tube artsl working principle
are presented (a more detailed description of PMTs can melfiol{1-3]). In the
second part of the chapter solid state photodetectors mogluted; for a detailed
description see [4, 5].

1.1 The Ideal Photon-Electron Converter
The goal of a photodetector is to convert the incoming ph®toto a detectable

electrical signal. In principle, an ideal photoconverteowd have the following
features:

* a high sensitivity, that is the capability to generate a&detble signal start-

9



10 The Photodetectors

ing from a small number of photons, without the need of a pradier
(which increases the noise);

» agood spectral matching between the incoming photonslesmyth and the
sensitivity of the photodetector window;

* a good timing resolution (typically of the order of a ns) amdmall dead
time to allow to detect a high rate of photons;

* magnetic field insensitivity;
» compactness and low cost.

There are several types of photodetectors on the markethgjwcan be di-
vided into two main categories:

* the vacuum photodetectors in which photons are conventedelectrons
through the photoelectric effect and multiplied via thes®tary emission
in dedicated electrodes biased at increasing voltagesPhlogoMultiplier
Tube is the most representative example;

* the solid state photodetectors in which the electrons yred by the in-
cident photons through the photoelectric effect are ctddirectly (no
signal multiplication) or after the multiplication via aisable mechanism.
This category, in fact, features both PIN diodes (withowt signal multi-
plication) and the Avalanche PhotoDiodes and the SilicantéMultipliers
(where the avalanche multiplication is used).

1.2 The PhotoMultiplier Tubes

A PhotoMultiplier Tube is a typical example of a vacuum phiobe. It represents
one of the most common light detectors for the readout oftideitors. In fact,
it is capable to convert light into a detectable electrieggihal: the photoelectron
produced by the incoming photon is multiplied thanks to theosidary emission
of electrons. As shown in figure 1.1, a typical photomuléptube consists of the
following elements [7]:

* aglass vacuum tube;
 an input window, which has to be crossed by the visible/UWtphs;

» aphotocathode (made of photosensitive material), witeretoming light
flux is converted into an electric flux;
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Incoming Photomultiplier Tube

Photoly, window

Photo-
cathode / I

Dynodes

Focusing
Electrode

Voltage Droppin&
Resistors

Output
Power Supply ¢ M

Figure 1.1: Scheme of a photomultiplier tube [7].

« an electron multiplier, which consists of a series of selemoy emission elec-
trodes;

* an anode which collects the electron flux.

As mentioned above, the two fundamental phenomena for taetipn of a
photomultiplier are the photoemission and the secondargsom [3]. The in-
cident light (produced for example by a scintillator) egsithe electrons in the
photocathode so that photoelectrons are emitted in vacphotdgemission pro-
cess). Thanks to an electric field, each emitted photoelecsr accelerated and
focused by the focusing electrode onto the first dynode (@et@os 1.2.2) where it
extracts more electrons; this process is repeated at edbk @dllowing dynodes
creating an avalanche of secondary electrons (secondasgien). At the end of
the electron multiplier stage, the electron cascade iect@t by the anode. The
resulting electric current is proportional to the numbeinaident photons.

The different components of a typical photomultiplier aescdribed in the
following sections.

1.2.1 The Photocathode

The photomultiplier photocathode has to convert the enefdlie incident pho-
tons into photoelectrons via the photoelectric effect.c&imost photocathodes
are made of semiconductor materials, the semiconductar theory can be used
to describe the photocathode working principle.

Figure 1.2 presents a schematic view of the semiconducgortfie photocath-
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Figure 1.2: Energy band structure of a semiconductor: the lzaracteristics
such as the valence and conduction band and the energy gagiasted together
with the electron affinity, the vacuum level and the work fuior.

ode) band model. It is characterized by three fundamentattifies:

* the forbidden band (theenergy gap E,, where there are no available en-
ergy levels): in a semiconductor this is the energy regia skeparates the
valence band (where the electrons are bound to the atoms of the crystal)
from theconduction band (where electrons are free to migrate through the
crystal). The width of the band gap is determined by thedatsipace be-
tween the atoms thus it depends on the temperature (it dase@een the
temperature increas@sand the pressure [5];

* the electron af finity (EA), which represents the distance between the
conduction band and the vacuum level (i.e. the energy ldvelfieee elec-
tron outside the crystal);

» thework function, thatis the minimum energy needed to move an electron
from the Fermi level into vacuum. The Fermi level is deteradiras the
energy value where the probability of occupancy by an edads 50%; in
an intrinsic semiconductor it is placed in the middle of tlaad gap (the
position of the Fermi level is a crucial factor in determupithe electrical
properties [8]).

When a photon with an enerdy > E, is absorbed by an electron of the valence
band, the electron gets excited and moves into the condhuatind. If the electron

1The relationship between the band gap energy and the tetupean be described by the
following empirical relation:
aT?

T T+8
whereE,(0), o andj are parameters which depend on the material [5].

Ey = E4(0)
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has enough energy to overcome the vacuum level, it will bétechin the vacuum
as a photoelectron.

Photocathodes are typically made of alkali metals with allsn@k function
(of the order of 5-6 eV). There are two different types of mlvathodes: the semi-
transparent and the opaque one. In the first case (figur@)l tB@photocathode is

SEMITRANSPARENT

PHOTOCATHODE REFLECTION MODE
: PHOTOCATHODE
S
DIFc‘)EFCLTlé}OHNT I -f\/“/“/"/“ DIRECTION OF LIGHT Z2Z23f22222152N
T

"\ PHOTOELECTRON
(a) (b)
Figure 1.3: Photocathode types: a) the semi-transparem)tie opaque one.

placed directly on the input window of the PM tube and theteters are emitted
from the side opposite to the one where the incident photomgeait is also
called transmission-mode photocathode. The opaque pdtbtude (also called
reflection-mode) is deposited on a metal electrode insieleuibe and the electrons
are emitted by the same surface hit by the photons as shovgunefi.3(b). Semi-
transparent photocathodes are normally more common irophgtiplier tubes
designed to be used with scintillation detectors.

The photocathode conversion efficiency is closely relapedistmaterial and
to the incident light wavelength: this dependence on tha hgavelength is also
called spectral sensitivity. The low limit of the sensityis due to the material
of the input window (typically made of borosilicate glass/-tbansparent glass or
guartz), while the upper limit depends on the photocathoaeral.

The spectral sensitivity is usually expressed in termgahtum ef ficiency
(QF), which represents a measurement of the incident photactidn that re-
sults in a detectable outpu@.F is defined as

number of emitted photoelectrons

QF =

number of incident photons (1.1)
and itis usually expressed as a percentage.

@ FE would be 100% for an ideal photocathode, but only recentlyeslarger
than 43% have been achieved [9]. This means that almost 6a¥teqfhotons
that hit the photocathode surface do not produce a photogheand thus are not
detected.

The light wavelength dependence is shown in figure 1.4, wtiereguantum
efficiency is plotted as a function of the light wavelength $some of the most
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common photocathode materials [10]. Most photocathodenadd have a good
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Figure 1.4: Quantum efficiency for several photocathodesnads [10].

response in the shorter wavelength regions of the visildeudtnaviolet spectrum
(in the 200-500 nm range). Photomultipliers that have ptetttodes made of
bialkali and multialkali materials have a higher quanturficcefncy in the green
region (~550 nm).

1.2.2 The Electron Multiplier

The number of photoelectrons emitted by the photocathodetisnough to have
a measurable electrical signal apart from the case in wineketis a very high
incident flux (vacuum photodiodes [11, 12]). For this reasdter the emission,
the photoelectron is collected and focused onto the firgestéthe electron mul-
tiplier section. Figure 1.5 presents a schematic view ofteetron-optical input
system [2]. It consists of an electrode (at the same poteoftihe first electron
multiplier) and a focusing electrode, which is placed ondide of the glass tube.

The electron multiplier consists of a series of stages (atlynmore than ten)
of secondary emission electrodes, caltgchodes. Each dynode is biased at a
more positive voltage than the previous one and they aragechsuch that the
electric field causes the electron secondary emission:isnaty the number of
electrons increases from dynode to dynode.
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Figure 1.5: Schematic view of the electron-optical inpugteyn of a photomulti-
plier tube [2].

The main materials used for the dynodes are bialkali antidegrberyllium
oxide or magnesium oxide and they are usually covered wiiblkehsubstrate.

Different dynode chain configurations are possible dependn the structure
and the number of stages [13], as shown in figure 1.6:

* circular — cage type structure: it is very compact and allows for a very
good time resolution; itis used with reflection photoca@m(figure 1.6(a));

* boxr — and — grid type structure: it has a good collection efficiency, but
poor time characteristics (figure 1.6(b));

* linear— focused type structure: it has a good time resolution (figure 1.6(c));

» venetian — blind type structure: it has a large collection efficiency and
gain, but mediocre time characteristics because the dgreréeplaced with
an angle of 45° with respect to the cascade axis (figure 1.6(d)

1.2.2.1 The Gain

If NV is the number of dynodes in the electron multiplier, the allegain for a
photomultiplier tube is given by

M=]]s (1.2)

whered; is the secondary emission factor (i.e. the number of thetedstecondary
electrons).
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Figure 1.6: Dynode structures: a) circular-cage type; -dénmad-grid type; c)
linear-focused type; d) venetian-blind type [13].

Since not all the electrons emitted by one dynode reach tkieome thus not
contributing to the multiplication, theollection ef ficiency n; has to be taken
into account:

N
M =]]o (1.3)
=1
whereyg; is the gain of théth-dynode:
gi = 0in; (1.4)

The most common photocathode materials Reegual to 5 anad:; ~ 1 which,
for a number of stages of 10, allow to reach a gaif'6f~ 107,

1.2.2.2 Magnetic Field Effects

The photomultiplier tubes are typically very sensitivelie magnetic field; even
the influence of the Earth one is enough to produce an effeti@RPMT perfor-
mance [14].

The most sensitive part of the photomultiplier is the cdltat system: in
fact, a small magnetic field is enough to deviate the electastade from its
optimum trajectory. The electron emitted by the photoca¢ghmay not reach the
first dynode and in this way the efficiency of the PMT could bsueed.

The efficiency loss depends on the type of the photomultifhinly on the
dynodes structure) and also on the orientation of the phaltgrher itself in the
magnetic field. Figure 1.7 shows the effects of a magnetid 6ala photomulti-
plier oriented along the three axes: the relative gain has pétted as a function
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Figure 1.7: Effect of the magnetic field on the anode curréatRMT for different
field orientations [2].

of the magnetic flux. Itis possible to note that in all the éhcases the anode cur-
rent decreases as the magnetic flux increases, and theisfteetsmallest when
the field is oriented along the axis of the PMT.

In order to shield the effects of the magnetic fieldy-anetal screen can be
placed around the PM tube: transverse fields up to 300 Gadssx@l ones up to
100 Gauss can be tolerated with a shielding of 4 cm aroundibepathode [15].

1.2.3 The Anode

The anode of a photomultiplier tube is an electrode plac#teagnd of the dynode
section which collects the secondary electrons producethéydynodes. The
anode current is proportional to the incident light (i.ee ttumber of incident
photons).

1.2.3.1 The Dark Current

The current of the photomultiplier when it is not coupled tecantillator detector

is calleddark current (figure 1.8). Its value represents the detection lower limit
The most significant source of dark current is due to the tbeynic electrons

which are emitted spontaneously (via thermal agitationjgyphotocathode. In

applications where a single photon has to be detected, theedaent signal can-

not be distinguished from real signals. The rate of this@oantribution depends
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Figure 1.8: The anode dark current as a function of the bikag®[13].

on the photocathode area, on its material and on the tenopera®he rate of
thermoionic electrons emission can be drastically redbgecboling the tube.

A second source of dark current can be identified in the rativemission
of the tube materials, especially the glass housing.

1.2.4 The Multi-Anode PMTs

When the number of channels increases dramatically (asi#llyshappens in a
tracker or in a large area segmented calorimeter), a congmatimultichannel
device for the light readout is a desirable option. In the 1&80s, a new photomul-
tiplier tube appeared on the market, the Multi-Anode Phaitiidlier.

The Multi-Anode PhotoMultiplier (MAPMT) is equivalent to amy PMTs
hosted in a single housing. It consists of a single vacuumwith a photocathode
(flat in most cases), an electron multiplier with the dynodeded in different
channels and a segmented anode [16]. The dynode systeny idifferent from
the one of the conventional single-anode PMTs, as presanfepiire 1.9.

The gain of a MAPMT is usually smaller (of the order of’L€han the one of
a standard PMT. Moreover, when using a MAPMT, one has to tatceaccount
both the gain dispersion between the channels and the allogftect between
adjacent pads. The first effect may be corrected calibra@aet) MAPMT channel
response. As far as the crosstalk is concerned, the threepra@iesses causing it
(i.e. an electric signal on a nearby cell with respect to the lnt by a photon) are
the following:

* the photoelectrons produced by the incident light can b#iphied in the
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Figure 1.9: The dynodes structure of a Multi-Anode Photalgliér.

wrong dynode chain if the photon reaches the wrong regioh@fphoto-
cathode. This effect is possible considering both the dmece of the light
which exits from the scintillator (typically the light esit fiber with a large
divergence cone) and the thickness of the entrance glaskwithat sepa-
rates the light emitting surface from the photocathode;

» a photoelectron created in the boundary region of the ealle focused on
the wrong first dynode: this effect is due to the shape of thetet field
in the boundary region of the cells. In fact it can have a sm@ihponent
parallel to the plane of the photocathode;

* asort of charge sharing between nearby channels may baqeddhy some
of the electrons that can be collected by the wrong dynodesgithe mul-
tiplication process.

The first two effects are referred to as “optical crosstalkdl she photoelec-
tron they produce generates a false signal which cannotstiegiiished from the
true signal. The importance of the optical crosstalk eftegiends mainly on the
geometry of the photocathode. On the other hand, the |lasttaff referred to as
“electrical crosstalk” and produces a much smaller elesignal than the single
photoelectron one.

1.3 The Solid State Detectors

Photomultiplier tubes have pros (the capability to detestyvow light fluxes,
high sensitivity and high gain) and cons (the sensitivitynagnetic fields, a low
guantum efficiency and the need of high voltage). For thessores, in the early
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'70s a new type of photodetector has been developed basadidstate devices,
that is the semiconductor photodiode.

In this section, three kinds of solid state photodetectaslascribed: the PIN
photodiode, the Avalanche PhotoDiode (APD) and the SiliebwtoMultiplier
(SIiPM).

Before analyzing their features a brief introduction ofwaking principle of
a semiconductor junction will be given; for a complete dggmn see [4, 5].

1.3.1 The Intrinsic and Doped Semiconductors

Semiconductors are materials with an energy band strugthieh behave not
quite like conductors nor insulators. A conductor (i.e. aaf)as characterized
by the partial overlapping of the valence and the condudtimmds, as shown in
figure 1.10(a). When a valence electron is excited, it “juhigmsn the valence to

the conduction band: in this way, the electron becomes &rekitt in the atomic

lattice. On the other hand, an insulator has a very largeggri@and gap (with

typical values in the 5-10 eV range) as shown in figure 1.1@¢hen an electron is
thermally excited it does not have energy enough to overdbmenergy gap and
reach the lower energy level of the conduction band. Coresgttyy in insulators
the conduction band is completely empty. Semiconductove a energy gap

conduction band

bcunductiun states Ee

NN o :
valence \\\\ O’%\
\}\;\\;}:\\b \\\ Hiﬂ'ﬁl}e\b \\\
Metal {Conductor) Insulator Semiconductor
(@) (b) (©)

Figure 1.10: Energy band structure of a) conductors whexevétence and con-
duction bands are partially overlapped, b) insulators \aitlarge £, (typically
>5 eV) and c) semiconductors which hakig <1 eV.

value which is intermediate between the conductors andnhigators ones (as
shown in figure 1.10(c)) and depends on the temperature. All semperatures
an electron has not enough energy to move across the banamgamd O K the
Silicon energy gap is equal to 1.17 eV while the Germaniumi®0e/5 eV) while
at higher temperatures the electron can be thermally ekcitee semiconductor
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energy gap, in fact, decreases with temperature: at 300 Kititen £, is 1.12 eV
and the Germanium one 0.67 eV [2].

When an electron of the semiconductor valence band is ex(tiiermally or
by an incident photon) into the conduction band, it leavesla in its original
position. This means that in a pure semiconductor (i.e. authmpurities), the
number of holes in the valence band is equal to the numberectrehs in the
conduction band:

n=p=n; (1.5)
wheren andp are the concentrations of electrons in the conduction baddhales
in the valence one. Such a material is calledaminsic semiconductor and;
is the intrinsic carrier density (which is equal to 1:4B0'° cm~3 in Silicon and
2.4x10" cm~2 in Germanium af"’=300 K).

This equilibrium can be changed introducing a small qughtif impurity
atoms calleddopants: the semiconductor becomestrinsic. In general, the
dopant can have one moréo(.or) or one lessdcceptor) valence electron in its
outer atomic shell.

As an example, let us consider the Silicon case, which igaMaent element,
and assume that the impurity is a pentavalent atom (suchsen&ror Antimony).
The impurity occupies the place of a Silicon atom. Since #idence electrons of
the impurity are five, one of them cannot form a covalent borH the surround-
ing Silicon atoms (as shown in figure 1.11(a)). This electrasily excited
into the conduction band (without a corresponding hole gian): in fact, the
replacement of a Silicon atom by a dopant atom is accompadnyi¢te creation
of energy levels in the forbidden band gap. These levelsxdreraely close to
the conduction band (being separated by only 0.05 eV ind@ilend 0.01 eV in
Germanium) and are completely ionized at room temperafmampurity of this
type is calledlonor and the doped semiconductor is referred ta astype.

On the other hand, if the impurity is a trivalent atom, there aot enough
electrons to form bonds with the surrounding Silicon atomd therefore one
covalent bond cannot be formed (figure 1.11(b)). This ingslthe creation of
energy levels which are separated of only 0.04 eV from thenad band. This
type of doped semiconductor is called- type and is obtained using elements
such as Gallium and Boron.

At the thermal equilibrium the action mass law holds:

np =n? (1.6)

wheren; is the intrinsic concentration. Since the semiconductorestral, the
positive and negative charge densities have to be equal:

Np+p=Ns+n (1.7)

2The typical dopant concentrations are of the order of a favesi 10> atoms/cm.
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Figure 1.11: Two-dimensional schematic bonds repredsentaf a) an — type
and b) ap — type Silicon [5]. In the first case an atom of Silicon is replacethwi
an Arsenic atom (which has five valence electrons), whildéngecond one with
a Boron atom (which is trivalent).

whereNp and N4 are the donor and acceptor concentrations respectivedynin
type material, wher&/,=0 andn > p, the electron density is practicatly= Np:
in other words, the electron (theajority carrier) density is approximately the
same as the dopant concentration, while the holer{theority carrier) concen-
tration isp = ;—i

In ap-type semiconductoN,=0 andp > n which means that the hole (the
majority carrier) density is the same as the acceptor gne=-(N,), while the
electron (theninority carrier) one isn = ]:L,—:

1.3.2 The p-n Junction

To build a semiconductor detector, it is necessary to yse-a junction, that is
to join ap-type and au-type semiconductor as shown in fig 1.12.

When the two blocks of material get in touch, the large cagacentration
gradients of the contact region cause an initial carriusgibén: holes from the
p-side diffuse into the:-side while electrons diffuse towards theegion. In this
way, the diffusing electrons fill up holes in theside, while the diffusing holes
capture electrons on theside. The effect of the charges recombination is to build
up a negative space charge on thede and a positive space charge onittede
of the junction as shown in figure 1.13(a).

The space charge (figure 1.13(b)) generates an electricViieich in turn
creates a drift current in the opposite direction with respe the diffusion one
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Figure 1.12: Schematic diagram opa- n junction.
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Figure 1.13: a) Charge density and b) the correspondingreléeld intensity in
ap — njunction [2].

for each charge carrier type, as shown in figure 1.14. Theativesult is that the
electric field inhibits any further diffusion thus creatiagegion free of charge car-
riers. In other words, a potential barrier is generated,sehteight (the so-called
built — in potential, indicated ad/;) is given by the following relation:

kT NuN,
%i:_ln A2D

q n;

(1.8)

wherek is the Boltzman constarit; the temperature anghe electron chargéey 4
is the acceptor concentratiaN, the donor one and; the intrinsic carrier density.
For a Siliconp — n junction with typical values of doping concentrations (i.e
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Figure 1.14: Energy band diagram of the diffusion and duftrents in ap — n
junction.

N4=2x10 cm3 in the p-region andN,=10'" cm~2 in the n-type region), the
built-in potential at room temperature is equal to 0.77 V][While in Germanium
junctionsV;; varies in the 0.2-0.3 V range.

This region depleted of free carriers is calléghletion region and it extends
into both thep and then sides of the junction. If electron/hole pairs are created
in the depletion region by the incident radiation, they avest out of this zone
by the electric field and their motion produces an electisoghal. The width of
the depletion regionlt’) in thermal equilibrium is given by the following equa-

tion [17]:
. \/zuv w.9)

q NaNp '

wheree is the semiconductor permittivity (for Silicon is equal t@ fimes the
permittivity of free space).

1.3.2.1 The Junction Bias

Thep — n junction can be biased in two different ways as shown in figui®.

As already described, when there is no external bias (ilehtermal equilib-
rium condition), the potential barrier ig/,; (whereV},; is given by equation 1.8)
as shown in figure 1.15(a). The width of the depletion regigufe 1.15(d)) is
described by equation 1.9 and it is proportionai ;.

If a positive voltagée/; is applied to they-side with respect to the-side, the
p — n junction becomegorward biased. In this case, if the external voltagg)
gets larger thai;;, the potential barrier is destroyed and the current starfisw
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Figure 1.15: Differenp — n junction biasing conditions: a) and d) thermal equi-
librium; b) and e) forward bias; c) and f) reverse bias [5].eTdepletion region
width (the grey area in figures d), e) and f)) depends on thedmnadition.

(figure 1.15(b)). Takind’; into account, equation 1.9 becomes:

2 N4+ Np
W=, |Z2AT Dy 1.1
\/q NiN, (Vi = V) (1.10)

and the depletion region width decreases as shown in figliEgel).

On the other hand, wheng@a— n junction is biased in acverse condition
(that is then-side is more positive than theside), the free carriers in the non-
depleted regions are attracted by their correspondingretdzs. The result is that
a higher potential barrier (proportional t¢V;,; + V;.) with V, the reverse bias,
figure 1.15(c)) is created and the thickness of the depleéigion (given by equa-
tion 1.10 substitutind,; — V; with V4, + V) increases, as shown in figure 1.15(f).

1.3.2.2 The Junction Breakdown

The relationship between the bias voltage and the currentnitpin thep — n
junction is given by the Shockley diode equation [17]:

[ = Iy(e?r —1) (1.11)

wherel is the leakage current (i.e. the current that flows when théedlis reverse
biased),V’ the applied voltage; a constant depending on the material (typically
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1< n <2) andV; the thermal voltage defined &% = % ~25 mV at T=300 K.
A typical current-voltage curve of@— n junction is presented in figure 1.16.
When the forward bias is applied, the current does not flovil the V; value

CURRENT

FORWARD
CURRENT

BREAKDOWN
VOLTAGE
¥

0
r LEAKAGE CURRENT VOLTAGE

AVALANCHE
CURRENT
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Figure 1.16: Typical — V' curve of ap — n junction.

gets larger than the potential barriés,;) of the p — n junction: this represents
the so-calledoltage drop. After this region, the current increases exponentially
with the voltage. On the other hand, if the junction is reedogased, for small
voltage values only the leakage current (which is causethéyrtovement of the
minority carriers) flows [18]; increasindy,, the electric field becomes so high
that an electrical breakdown of the junction occurs and éwense-bias current
increases dramatically. The breakdown voltage is defined as

. E(NA+ND)

Vir = E? (1.12)

QQNAND max
whereFE, .. is the maximum electric fiefdbefore the breakdown occurs.

The breakdown of the junction is mainly due to two differerg¢ahnanisms:
the tunneling effect and the avalanche multiplication. Breakdown mechanism
for junctions with a breakdown voltage smaller than abbtif/q (that is below
a few \olts) is due to the tunneling effect, while if the brdalwn occurs for

3For typical Silicon junctions, the maximum field at the brean can be expressed by the
following empirical relation [5]:
4 % 10°

Emaz =
1- %IOglo(lo% cm™3)

which gives a value of the order of 1&/cm.
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voltages larger tha6E, /g, the mechanism which causes the junction breakdown
is the avalanche multiplication. For intermediate volgd®th the mechanisms
are involved [5].

When a large reverse bias is applied to a junction, the distaetween the-
side valence electrons and the empty states imthigle conduction band is very
small. Therefore, if the reverse voltage is enough, a vaehectron of the-type
semiconductor can move to an empty energy level in the cditwdtuband of the
n-side semiconductor (figure 1.17(a)). In other words, themptal barrier can be
overcome via the quantum mechanical tunnelling procesvéra high electric
field (of the order of 10V/cm or more for a Silicon junction) is applied.

Ecp

Evp

Filled states

Ewvn

| Harrier

€Y (b)

Figure 1.17: a) The tunneling effect and b) the avalanchdiptichtionin ap — n
junction operating in a breakdown condition.

The avalanche multiplication mechanism is presented irrdidul7(b): the
multiplication occurs when both types of charge carrielsoteons and holes gen-
erated either thermally or via the photoelectric effect tune incident photons)
increase their kinetic energies under the effect of thetetefield. If the field
reaches a value of the order of°1@/cm, the multiplication process starts: elec-
trons and holes can gain enough energy to create throughhtheect ionization a
secondary electron/hole pair colliding with a lattice atohthese new generated
pairs can acquire (under the electric field effect) kinetiergy and produce addi-
tional electron/hole pairs: the result of this process iaxamlanche multiplication.
The multiplication process is characterized by a multgdimn factor:

__ 1 (1.13)



28 The Photodetectors

whereV. is the reverse biagj, the breakdown voltage aridis a parameter with
values in the range 2-6. For valuesgf close toV,,., the multiplication factor
tends to infinity: this means that each initial electron ¢uced in the junction)
generates an infinite number of secondary electron/hote pathe depletion re-
gion.

The probability that a multiplication process is startegat®ls on the electric
field value and also on the spatial extension of this elettid (i.e. the region in
which the charge carriers can gain energy between cols¥ion

1.3.3 The Photodiode

A reverse-biasegd—n junction can be used to detect light, i.e. to convert an aptic
signal into an electrical one: such a device is called phHotted The operation of
a photodiode involves three main steps [5]:

* the generation of the carriers by the incident light thiotlte photoelectric
effect;

* the carrier transport and multiplication;
* the production of an output signal.

The three solid state photodetectors described in thisogegperate in a dif-
ferent reverse bias region as shown in figure 1.18:

* the PIN photodiodes work at a low reverse bias below theaanzhle region;

» the APDs are devices operated in a range of voltages wheravidanche
multiplication process is linear;

» the SiPMs work with higher reverse voltages: each photaadyces the
junction breakdown.

1.3.4 The PIN Photodiode

One of the simplest kinds of photodiodes is the PIN photoeti@aeh intrinsic semi-
conductor {) is placed between a heavily-doped layer and a*-doped one
(figure 1.19(a))

In a classicap — n junction, the depletion region electric field is not uniform
(figure 1.13(b)) and the width of the depletion region changéh the reverse
bias. On the other hand, in a PIN photodiode the introduatibthe intrinsic
region brings two main advantages:
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Figure 1.18: The current of a reverse biased semiconduatatipn (i.e. a pho-
todiode): the operating voltage regions of a PIN photodieteAPD and a SiPM
are indicated.
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Figure 1.19: a) Schematic view of a PIN photodiode [5]; bxtle field in the
PIN photodiode depletion region [11].

* the depletion region is completely defined by the intrifaiger (i.e. the
width of this region does not change significantly with thasvoltage);

* the electric field in the depletion region is uniform [11§ shown in fig-
ure 1.19(b).

The working principle of a PIN photodiode is the following:

» when there is no light on the detector, the only contributmthe current is
the leakage one;

« when the light hits the detector, the incident photon ioafsd in the deple-
tion zone of the — n junction. If the photon has enough energy, it excites
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an electron from the valence band into the conduction oagirlg a hole in
the valence band: an electron/hole pair has been produceterithe effect
of the reverse bias, electrons and holes drift to the anodé¢catine cathode
respectively: this motion induces a current on the detesdemtrodes which
is proportional to the incoming light.

The detection efficiency of a PIN photodiode is essentiailya to the quan-
tum efficiency of the device, which is defined as the probghihat a single in-
cident photon generates an electron/hole pair (see equhtl). It is dominated
by the band gap of the semiconductor: in fact, only the proteith an energy
Ephoton > F,ap (Where E,,, depends on the materficreate an electron-hole
pair. Thanks to its small energy gap of the order of an eV, #tedtion efficiency
of a Silicon PIN photodiode is very high (larger than 85%) romdarge range
(450-850 nm) of wavelengths [19], as shown in figure 1.20.
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Figure 1.20: Quantum efficiency of a PIN photodiode as a fonaif the incident
photon wavelength [19].

1.3.5 The Avalanche Photodiode (APD)

An avalanche photodiode (APD) is essentially a variatiothefp — n junction

photodiode [20]: it detects light in the same way of a staddarotodiode but
it is reverse biased with a voltage large enough to genehat@vtalanche mul-
tiplication effect. In this way, the energy of an electrasithpair (produced by
the incident photon) increases under the effect of the rddatld and secondary

4Among the typical materials one can list Germaniuiy,=0.66 eV), Silicon £,,,=1.12 eV)
and Gallium Arsenidef,,,=1.42 eV).
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electron/hole pairs can be created via the impact ionigatithe multiplication
process gives to APDs an internal current gain (of the ortlerl®0) maintaining
the proportionality with the incident flux.

Figure 1.21 shows a typical cross-section of an APD. The qeoteration
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Figure 1.21: Schematic view of an APD with the electric fietdfpe.

takes place in a region which is separated from the avalamzhgplication re-
giorr: the absorption region consists of a quite large intrinegion (with ap*-
layer as a substrate) while the multiplication occurs injthe n junction (5um
thick, where the electric field reaches values-@x 10° V/cm).

The detection efficiency of an APD is quite similar to the oha IN photo-
diode. Defining the PDE as the QE multiplied by the avalandbger probability
(which is generally equal to 1, see section 1.3.6.2), thedtiein efficiency reaches
values of the order of 80%.

However, the avalanche multiplication process has a rantktnre: each ab-
sorbed photon can produce a finite number (in the range ofalehandreds) of
secondary electron/hole pairs. But every incoming photmesdcot generate the
same number of electron/hole pairs which implies that théipligation process
varies on an event by event basis. These fluctuations pr@dooese factor called
“excess noise factor” [8].

1.3.6 The Silicon PhotoMultiplier (SiPM)

Since the PIN photodiodes have no internal gain and the ARDs & very lim-

ited gain (typically around 100), an alternative to deteut light levels has been
developed: the Silicon PhotoMultipliers (SiPMs) [21, 2Fom a certain point
of view, SiPMs are the solid state alternative to PMTSs.

5In principle, the avalanche multiplication can be produatsh in a classicab — n or PIN
photodiode which works around its breakdown voltage; hargdtie effect would not be optimized
because of the thickness of the sensitive area (which iseabttier of 30Q:m) [5].
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A silicon photomultiplier can be described as a 2D array &g&fs (typically
500-4000 pixels/mmwith a dimension in the 20-200m range) joined together
in parallel on a common Silicon substrate [23]. Figure 1.88%pnts a schematic
view of a SIPM.
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Ui ~50W ;

Figure 1.22: Schematic view of a SiPM [24].

Each SiPM pixel works as an independent Single Photon Acalaihotodi-
ode (SPAD) [24]: a SPAD is an APD biased with a voltage 10-1%§hér than
the breakdown voltage allowing it to work in the so-calledg&e mode (they are
also called Geiger-Mode APDs, GM-APD). In this way, eachepof the SiPM is
a binary (or digital) device: this means that the output aigs not proportional
to the energy released by the photon, but just registersritaa

The sum of all the SiPM pixels outputs is proportional to thenber of fired
cells: if N photoelectrons fire N pixels, the current respondl be N times the
single photoelectron response. In other words, the SiPMlis @ provide an
analog information.

1.3.6.1 The Quenching Mechanism

As it happens in an APD, when a photon hits the SPAD, it geasrah elec-
tron/hole pair if its energy is larger than the energy gapdeirthe effect of the
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electric field, secondary electron/hole pairs are prodticexgh the impact ion-
ization process.

In a standard APD the carrier multiplication is spontanéossppressed af-
ter the charge collection on the electrodes, because th&ielgeld is not large
enough to create a self-sustaining avalanche which is tritiacase of a SPAD
Thus, the multiplication process in a GM-APD would contimoinitely produc-
ing the breakdown of the junction. In this way, the numberle€&ons generated
at the anode would not be proportional to the number of intigdaotons, as it
happens in a Geiger-Mueller counter [25].

When an avalanche is triggered, the signal saturates to #xémmam value.
In order to detect the next incident photon, the current baset quenched and
the avalanche process stopped artificially. For this reasaquenching mecha-
nism able to suppress the avalanche is needed. There ardffevertt quenching
mechanisms:

« the active quenching, using an electronic circuit (as shioviigure 1.23(a)):
it detects and quenches the breakdown reducing the voltagesathe de-
vice for a certain time. After having stopped the avalantiepias voltage
reaches again the operating value. This active quenchingtiased with
SiPMs because an electronic circuit would be required fohgaxel (cre-
ating a large dead region);

QUENCHING
DRIVER

hv
NS>

——» OUT
SPAD COMPARATOR

_Va

(a) (b)
Figure 1.23: a) Active and b) passive quenching circuit oPAIS [23].

* the passive quenching (the mechanism used in a SiPM, figRg€ld) con-
sisting of a large resistak, (from hundreds of R to a few M?) in series
with the photodiode. If the current through the diode is z¢he voltage

5The typical value of the SPAD electric fieldis10° V/cm to be compared with 20v/cm of
an APD.
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across the diode is larger than the breakdown voltage (¢ojtia¢ bias volt-
age). When a photon is absorbed and the avalanche triggecetent on
the series resistor is produced. Given the potential drofmemesistor, the
bias voltage is not completely available on the junction Hrelavalanche
multiplication phenomenon is suppressed because of thectied of the
applied bias. After the quenching phase, the voltage ise®again to reach
the value of the bias voltage; given the presence of the duregcesistor,
the rise takes place with a time constant:

Trec = RQ . Cpixel (114)

whereC),;,.; is the capacitance of the junction depletion region (witja t
ical value from tens to hundreds of fF).

Trec IS the so-called recovery time: it represents the time nibgecach pixel
to recover from the discharge. In other words, this is thestdaring which the
SiPM is insensitive to other incoming photons (dead timepniequation 1.14,
it is evident that the dead time of the SiPM depends on theevafieach junc-
tion capacitance and of the quenching resistor; a typidaleves of the order of
10 ns [26].

1.3.6.2 The Photon Detection Efficiency

The Photon Detection Efficiency (PDE) represents the pritibathat an inci-
dent photon is effectively detected by the SiPM. In the SiRiMe; the PDE is
not just the quantum efficiency, but it is given by the prodafdhe quantum effi-
ciencyeg g, the geometric efficienay,.,,, and the avalanche triggering probability
€trigger [27]

€EPDE = €QE * €geom * Etrigger (115)

The quantum efficiency consists of two different compondhisintrinsic QE
and the extrinsic QE. The first represents the probabiligroincident photon to
be converted into a electron/hole pair in the depletionaregif the SiPM. The
second one is the transmission efficiency of the photon:pitesents the num-
ber of photons that hit the detection region and do not refiattof the device.
This parameter depends on the wavelength of the incidertbpH@ E£()\)), the
internal structure of the device and the diffusion lengttelgictrons and holes.
The SiPM quantum efficiency can reach values of 80%-90% (eoaigbe with
the APD ones).

The geometric efficiency (fill factor) is introduced becaoséy a part of the
whole pixel area is sensitive to the photon. This paramsetdefined as the ratio
between the active area of the detector and its whole area fillfactor varies
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between 0.3 and 0.8, depending on the pixel geometry, tbh pitd the size of
the quenching resistor. Itis evident that this parameteradeses when the density
of the pixel increases [28], as shown in figure 1.24. A largenber of pixels,
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Figure 1.24: The PDE as a function of the incident photon \eangth for SiPMs
with a different number of pixels [28].

in fact, means a larger number of quenching resistors on itk Surface: this

increases the SiPM dead area. On the other hand, the mirpaae etween two
pixels cannot be reduced without increasing the risk of igaptical crosstalk
effects (i.e. photons produced during a pixel avalanchege® which can reach
the adjacent ones, see section 1.3.6.5).

The avalanche triggering probability is the probabilityagrimary photoelec-
tron (generated by the incident photon) to start an avaknttthe reverse bias
voltage is large enough, this parameter is close to 1. M@wedavwdepends on the
temperature.

The PDE of most SiPMs is optimized for the green or blue ligigion and
reaches peak values 660% [29].

1.3.6.3 The Gain

The gain of a device operating in Geiger mode is defined asuh®ar of sec-
ondary electron/hole pairs generated during the Geigeradasprocess. In par-
ticular, it is defined as the total charge produced by a sifigiey pixel (Qpizer)
divided by the electron charge.|:

G = Yrine (1.16)
Qe
The gain is linearly dependent from the applied bias:
Qpia:el = Cpimel . (‘/bias - %reak) = Cpixel : ‘/over (117)
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where the difference between the applied voltdgg, ) and the breakdown volt-
age (-car) IS the overvoltagel(,...). A large pixel capacitance (typical of the
SiPM pixels) has an important effect on the gain thus reqgitihe bias voltage to
be as stable as possible.

Figure 1.25 shows the gain as a function of the bias voltagegfconstant
breakdown voltage). In particular, the gain is constant\alae equal to 1 for a

U}
£ Avalanche Geiger
o Mode Mode
o
105 +
11
Ub Ubias

Figure 1.25: The photodetector gain as a function of the\m#age.

bias voltage smaller than the breakdown voltage, thenieases quickly for bias
voltages close td},.... For V.., larger than the breakdown voltage the device
starts to work in Geiger mode and the gain reaches valueseobrtier of 10

(a value comparable with the PMT gain). After the breakdowitage, the gain
increases linearly with the bias voltage.

1.3.6.4 The Dynamic Range

The dynamic range of a silicon photomultiplier represenésrhaximum number
of photons which can be detected and is limited by the totallyer of pixels.

In a silicon photomultiplier, each pixel can detect a singteton: as long as
the number of incident photons is smaller than the numbernPMSpixels, the
number of fired pixels gives the number of incident photonsnsidering a high
intensity flux, the probability that several photons hitte¢ same time the same
pixel increases. If an electron/hole pair is generated iixal phat is recovering
from the previous discharge, the pixel cannot fire again hedd carriers do not
contribute to the signal and the photon is lost. Thus, thebermof firing pix-
els and the output signal are subject to saturation effehtshaAbecome evident
increasing the light intensity.

The number of fired pixels is given by the following equation:

~N,},-PDE
Nfired = Ntotal [1 - 6( Ntotal >:| (118)
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where NV, is the number of incident photons whilé,,,, is the total number of
pixels. Since the PDE is a function of the bias voltage anchefwavelength
of the incident photons, the dynamic range of a SiPM is alsanatfon of these
parameters.

1.3.6.5 The Noise

As in the PMT case, the main source of noise which limits ti\Eperformance
is due to the random generation of thermal electrons. Evea Ifght is present,
these carriers can trigger an avalanche which producesr@ntwignal identical
to the signal of a single photoelectron. This signal is cadlark current. The rate
of the emission of thermal electrons depends linearly oragi@ied bias, on the
temperaturé (as shown in figure 1.26) and also on the number of pixels. &hle d
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Figure 1.26: The dark count rate (DCR) as a function of the\amieage for dif-
ferent temperatures [30].

rate of a typical SiPM (resulting from the sum of the dark pslsf each pixel) is
in the range from 100 kHz to a few MHz per Mm

Another source of noise is the so-called afterpulsing. Wehearrier is trapped
by an impurity of the semiconductor during the avalancheatiit be released some
nanoseconds later (the typical delay is 100 ns). If the timerval is longer than
the recovery time of the pixel, another delayed avalanchebedriggered [22].

The last process that influences the noise of a SiPM is bas#qmroduction
of photons during the avalanche multiplication. Figure/lpPesents a schematic

"The probability of the thermal production of an electronéhmair is a function of the temper-
ature [30]:

3 __Pg
p(T) =CT2e %BT2
Thus the SiPM dark counts are reduced of a factor 2 when thedarature decreases of 8°C [19].
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view of this process called optical crosstalk. The avalarmmolechanism generates

avalanche

p+ i pr
photon

n n ‘

Figure 1.27: Scheme of the principle of the optical cro&stal

approximately 30 photons with an energy large enough tdreae of the adja-
cent pixels [31] producing in this way a Geiger dischargee Tdsulting pulse is
the sum of the signal of two pixels. This parameter is a fumctif the overvoltage
and of the distance between neighboring pixels.

1.3.6.6 The Time Resolution

SiPMs have a very good time resolution, mainly because o¥é¢ng small width
of the depletion region~2 xm). Two main parameters affect the timing perfor-
mance:

 the avalanche propagation time, which is the time requioedhe Geiger
avalanche process and depends on the hit position of themphdhe over-
all breakdown propagation time is of the order of hundredsicdseconds
(<500 ps);

* the carriers collection time: the carriers produced by et@h can take sev-
eral tens of nanoseconds to reach the multiplication regrahtrigger an
avalanche.

Figure 1.28 presents the single photoelectron (i.e. sipigkd) timing resolu-
tion obtained with a very low intensity laser pulse chanazésl by a light pulse
of 40 ps FWHM. The measured timing resolution of 123 ps FWHBudes also
the laser pulse width and electronics contribution: afier ubtraction of these
contributions, the intrinsic SiPM single photoelectranitig resolution becomes
~100 ps FWHM (which means50 ps RMS) for photons absorbed in the deple-
tion region [24].

1.4 PMT versus SiPM

The main characteristics of PMTs and SiPMs are summarizexbia 1.1.
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Figure 1.28: Single photoelectron timing resolution: tlaéue includes also the
laser pulse width and electronics contribution [24].

PhotoMultiplier Tube | Silicon PhotoMultiplier
(PMT) (SiPM)
Gain 10 10°-10°
Detection Efficiency, ~40% >50%
Timing Response >ns Hundreds of ps
Dark Count Rate kHz MHz
Bias Voltage 1-2 kv 20-60 V
Size Not Very Compact Very Compact
(a few cn? - tens of c) (~mn?)
Magnetic Field High Sensitivity Insensitivity

Table 1.1: Comparison of the main features of PhotoMu#ipliubes and Silicon

PhotoMultipliers.

The main advantages of SiPMs compared to PMTs are a higmaitgain, a

high detection efficiency and a very low bias voltage (whiels to be compared
with the PMT need of a high bias voltage of the order of a kVP\g¢ are also

characterized by a very good time response, mainly due io gh®all recovery

time (below the ns), and, thanks to their small dimensios, aso easy to be
organized in arrays. The most important feature, howeséhdir insensitivity to

the magnetic field.

On the other hand, the SiPM technology has to deal with twaimaot lim-
itations: the dark count rate (which is of the order of one MRzomparison to
the PMT one which is of the order of one kHz) and the fill factor.

Since they are used in many high energy physics experimé&2fshany stud-
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ies have been performed to investigate also the SiPM radiatrdness. Even if
the damage depends on the flux, type and energy of the partilcietypical effect
of the radiation is the production of new centers in the Silidand gap which
increase the thermal carrier generation and thus the damrk€o

The radiation damage caused by proton and neutron irradiéievaluated
in [33] on the Hamamatsu MPPCs (Multi Pixel Photon Countérlg main effect
is the increase of the leakage current after both typesadimtion: figure 1.29(a)
presents the variation of the leakage current as a funcfitimedime in case of a
MPPC irradiated with 2.810° protons/mn¥/s (with an energy of 53.3 MeV) cor-
responding to a 130 Gy/h dose rate. It is possible to noteattitae beginning the
leakage current is quite low40.05,A) while during the proton irradiation (which
lasts~10 min) it increases linearly with time. In the same way aticascrease of
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Figure 1.29: The effect on the SiPM leakage current of a)goraind b) neutron
irradiation [33].

the leakage current is observed after the irradiation withrieutrons/mr (with
an energy in arange of 0.1-1 MeV): as shown in figure 1.29(hicvpresents the
MPPCI — V curve before and after the irradiation, the leakage cuimemeases
above the breakdown voltage (which is equal to 69 V).

The v irradiation effects on a Hamamatsu SiPM have been studied) @s
%Co source, up to a total accumulated dose of 240 Gy (deliviersi steps of
40 Gy each) [34]. As shown in figure 1.30, increasing the taxhedose there is
an increase in the leakage current and in the dark countabéddctor 1.5), while
no significant changes are observed in the gain and opticsstalk [34].
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rate (which has been plotted as a function of the bias volt@4é.
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Chapter 2

The Scintillating Bars Detectors

Detectors based on the readout of scintillating light ang/ wv®mmon in parti-
cle physics [2]. They are based on the fact that several mttewhen excited
by ionizing radiation, re-emit the absorbed energy underfthm of light. The
emitted photons have to be collected and converted intoestraal current by
photodetectors.

This thesis work deals with the development of a totally\ecscintillating
bar detector readout by SiPMs for future applications intiplar and neutrino
physics. While the first chapter has introduced the way lagint be readout, the
goal of the first part of this chapter is to introduce the tlyeafrlight emission in
both inorganic and organic scintillator materials. For ghaistive description of
scintillators see [2, 35, 36].

In the second part of the chapter, three examples of pagltysics experi-
ments with scintillating bar detectors are presented teedime the pros and cons
of these detectors.

2.1 The Scintillating Detector

The basic elements of a scintillation detector are the ilaitmg material (which
will be described in this section) and the photodetectoes¢dbed in chapter 1),
which have to be optically coupled either directly or viaghliguide (section 2.1.4).

2.1.1 The Scintillator

A scintillator can be defined as a wavelength shifter [37]faict, it converts the
energy (or wavelength) of the incident particles (which bareither charged or
neutral particles) into photons in the visible range, wiiah be easily detected by
photodetectors. If the light re-emission occurs immedyaaéter the absorption

43
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of the radiation (more precisely within 1®s, which is the typical time of atomic
transitions), the process is call¢ti.orescence. On the other hand, the process is
calledphosphorescence if there is a delay between the absorption and the light
re-emission which is due to the excitation of metastabkesta he delay time can
vary (depending on the material) from a few microsecond®to$[35].
The time evolution of the photons emission process in aiflator can be
described as a first approximation with an exponential déay?2]:
v =205 (2.1)
Td
where N is the number of photons emitted at the timéV, the total number of
emitted photons and, the decay constant. In this relation the rise time is not
taken into account: in most materials the rise time from zerthe maximum is
typically much shorter than the decay time (as show in figuté. 2
A more precise description allows to identify two differexponential contri-
butions: t
N=A¢ 7 + Be = (2.2)

wherer; andr, are respectively the decay constant of the fast and shopaom
nents. The relative amplitude A and B of the two componenfsedds on the
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Figure 2.1: The scintillating light decay curve: the dotlieés represent the fast
and short component contributions [2].

scintillating material, even if the fast component usuatminates. The tech-
nigue of the pulse shape discrimination is based on theemdstof these two
components: the study of the emitted light pulse allows stimijuish the type of
the incident particle.

Not all the scintillating materials can be used as detectdgood scintillating
detector in fact has to satisfy the following requiremegis |
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* it should have a high efficiency in the conversion of thedeait radiation
deposited energy in fluorescent light (minimizing the plmmspscence pro-

cess, which is typically undesirable);

« it has to be transparent to the wavelength of its own emisailmwing at

the same time the light transmission;

« it should have a short decay constant for the luminescemobtain fast

signals;

* the emission light has to be in a spectral range compatititethe spectral
response of the photodetector;

« it should have a good optical quality, good mechanical prtgs and be a
workable material.

The materials used as scintillators can be divided in twamategories: in-
organic and organic scintillators. They are both describekle following section
with a particular attention on the organic ones since thealets used for this
thesis are plastic scintillators.

2.1.2 The Inorganic Scintillator

Inorganic scintillators are mainly crystals of alkali ltls which contain activa-
tor impurity centres. Among the most important example® can list Nal(Tl)
and CslI(Tl), where the impurity is Thallium (TI). Non-alkahaterials such as
BGO (Bismuth Germanate), CsF and PbWQead Tungstate) are also used for
positron emission tomography [38], for energy spectrog¢d9] and high energy
physics [40]. Table 2.1 presents the main features of tmesganic scintillators.

Scintillator | Density | Wavelength Decay Light Output
Material (g/c?) | Emission(nm) | Constant(ns) | (% Nal(TI))
Nal(Tl) 3.67 410 250 100
CslI(TI) 4.51 565 1000 45
BGO 7.13 480 300 10
CsF 4.65 390 5 5
PbWQ, 8.28 480 2-11-98 0.8

Table 2.1: Properties of several inorganic scintillattdns;light output is indicated
as a percentage of the Nal(Tl) output which is chosen as eerefe [35].
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The scintillation mechanism in inorganic materials depgsonithe structure of
the crystal lattice. In an inorganic scintillator impuesi(the so-calledctivators)
are commonly present in the crystal and they create spatesl i the lattice
modifying the band structure and creating energy statdsearbidden gap (fig-

ure 2.2).
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Figure 2.2: Energy band structure of an inorganic scintftastates within the
forbidden band are created by the added impurities [3].

When a particle hits a pure crystal two main processes maypkice:

* if the particle energy is large enough, the patrticle itsalf ionize the crys-
tal by exciting a valence electron to the conduction bands.th free elec-
tron/hole pair is produced;

« if the energy of the incoming particle is smaller than thergy gap, the
valence electron cannot reach the conduction band and #insnibound
to the hole. In this way, anazciton (i.e. a bound state of an electron and
a hole) is created which remains de-localized and can maatyfrwvithin
the crystal in an energy level just below the conduction b@mel so called
exciton band).

The activation centres can be of three types [35] origigatimee different
processes:

* the luminescence centres, in which the de-excitation eéogtlound state is
accompanied by photon emission (with an energy smaller fgy). This
is called fluorescence;
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* the quenching centres, which are similar to the luminese@ames except
that the excitation energy is dissipated as phonons instekght. This is
an unwanted effect which reduces the scintillator output;

« the traps centres, which are metastable states in whicktrats and holes
(or also excitons) can stay for a long time before acquirimgugh energy
to return to the conduction and valence bands or to move tceadng
or luminescence centre. This last process correspondsdtagedi photon
emission which is calleghosphorescence.

Impurities are usually introduced to increase the proligiof the de-excitation
process and to make the scintillator almost 100% transp&ets own emission
spectrum.

The advantages of inorganic crystals over organic saitoits lie in their larger
stopping power (mainly due to their higher density and atomic number). More
over, inorganic crystals have some of the largest lightaistamong all the scin-
tillators (of the order of 410" photons per deposited MeV): this results in a very
high energy resolution. These features make inorganidikaiars suitable for
the detection of X and rays, high-energy electrons/positrons (especially in di-
agnostic imaging applications [38]) and heavy chargedgest (such ass and
protons).

On the other hand, inorganic scintillators are 2-3 ordemnafnitude slower
than organic scintillators: their time response is of theeorof hundreds of ns
(except for CsF). Some of them are also hygroscopic (suchad@ ) CsI(TI)
and also CsF) thus requiring to be used in closed boxes.

2.1.3 The Organic Scintillator

The organic scintillators are aromatic molecular compsuwith one or more
benzene ring structures [35]. Figure 2.3 presents the mlalestructure of An-
thracene, which is a typical organic scintillator.

Whereas the scintillation mechanism in inorganic materialbased on the
crystals electronic band structure, in organic matertedluorescent mechanism
arises from the energy levels transitions of a single mdéeatnich can occur in
the solid, liquid or vapor phase as well as in liquid or sobtusions and in plastic
states [3].

The energy transitions are due to the free valence electbtie molecules
which occupy particular states known as— molecular orbitals. Figure 2.4
presents a schematic view of theelectron structure where the spin singlet states

1The stopping power is defined as the average energy loss oficigaer unit path length and
depends on the nature of the incident particle and of thetangterial [1].
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H H H

Figure 2.3: The Anthracene (¢H,,) molecular structure.
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Figure 2.4: Schematic view of the energy levels of an orgamtecule with a
m-orbital structure [35]. The spin singlet and triplet staéee indicatedsS is the
ground state (which is a singlet spin statg); S, and S; are the excited states
of the spin singlet whilél}, T; andT; the excited triplet ones. The vibrational
sub-levels are also indicated.

is a single spin state (callegl) and its excited states afg, Ss, S3 (Spin singlet
case) and?, T», T (spin triplet case). Ateach electron level a fine structsigdso
associated which corresponds to the excited vibrationdesof the molecule. In
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a molecule of an organic scintillator, the typical energaspg betweerb, and

S; is of the order of 3-4 eV, whereas the spacing between thatal states
is smaller (of the order of 0.15 eV). Given that the differebetweers, and the

first excited state is large compared with the thermal en@ripych is~0.025 eV),

all the molecules at room temperature are in the ground Sgate

The energy deposited by a charged particle crossing theialaggcites both
the electron and vibrational states. The higher singleit&ian level generally
de-excites immediately<{10 ps, i.e a time comparable with the period of the
molecular vibrations) to thé& state through the internal conversion without the
emission of radiation. At this point, the probability to dgdrom.S; to one of the
vibrational levels ofS, is very large: the transition occurs within a few nanosec-
onds. This de-excitation is the one originating the fluoeese process, which
represents the fast component of equation 2.2.

The excited single state may be converted into the tripkestthe typical
transition isS; — T7) through the inter-system crossing. SinceThetate cannot
decay directly into the ground state (because of the spatsgeh rules), it decays
by interacting with another excitéi molecule. The decay process is described
by a triplet-triplet interaction [41]:

Ty + Ty — S1 + Sy + phonons (2.3)

This molecule interaction allows one of them to stay in theitexl stateS; whose
decay causes the emission of radiation in the same way Hedcabove. Since
the probability of this type of interaction is proportionialthe square of the triplet
state concentration [36], the lifetime @f is long compared to the decay time
of S;. Therefore, the light is emitted after a delay time and gatesrthe slow
component of the light output of the scintillator, the onethphosphorescence.

SinceS; decays to the excited vibrational statessgf the scintillator is trans-
parent to its own radiation: in fact, the energy for the triams S, — 5, is larger
than the energy emitted in the transitif — S;; in other words the emitted
photons have a lower energy than the minimum required foexicéation.

Organic scintillators can be further divided into three melasses: organic
crystals, liquid scintillators and plastic scintillators

2.1.3.1 The Organic Crystal

The most common pure organic crystals are AnthracengHg), Trans-Stilbene
(Ci4H12) and Naphthalene (GHs) [35]. Table 2.2 presents the main properties of
these organic materials.

These crystals have the largest scintillation efficien@fi(etd as the fraction
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Scintillator | Density | Wavelength Decay Light Output
(g/cm?) | Emission(nm) | Constant (ns) | (% Anthracene
Anthracene 1.25 448 30-32 100
Trans-Stilbeng 1.16 384 3-8 46
Naphthalene| 1.15 348 11 11

Table 2.2: Properties of several organic crystals [35]hia tase the light output
is indicated as a percentage of the Anthracene one.

of the deposited energy that is emitted as radiation) of aggric scintillato? and
also a fast time response of the order of a few nanosecondsi¢&xg Anthracene
which has a decay time of the order of 30 ns).

Several drawbacks have to be listed:

» they have an anisotropic response due to the channeliegtgffthus the
response varies with the orientation of the crystal axis [2]

* they are hard crystals and relatively fragile;
* they are difficult to obtain in large sizes.

For these reasons, the most common use of the organic srystas solutes in
liquid and plastic scintillators.

2.1.3.2 The Organic Liquid

The organic liquids are solutions of one or more organictaitors (typically
organic crystals) dissolved in an organic solvent. Whikegtintillation process is
the same of the organic crystal one, the energy absorptichamnésm is different.
In solutions, in fact, the ionization energy is absorbedmyddy the solvent and
then passed to the scintillation solute without radiatiomssion (non-radiative
dipole-dipole interaction, known as Forster transfer)isfthansfer is very quick
and efficient [42].

The most common materials used as solutes are p-TerphepH (g, PPO
(Ci5H11NO) and POPOP (&H16N2O,); among the solvents there are xylene,
benzene and toluene [2]. The efficiency of liquid scintdlatincreases with the
solute concentration.

This type of scintillators can be easily doped with otheremats to increase
the efficiency depending on the application. Materials Wwtabsorb light of one

2Anthracene is chosen as the reference to which the otheillstors light outputs are com-
pared: thus the outputs are often expressed as a percefithgefmthracene output.
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frequency and re-emit it at another one (the so-calledelength shifters) can
be added in order to improve the compatibility with the spdaesponse of pho-
todetectors. It is also possible to add atoms of boron inrotmlencrease the
efficiency for neutron detection. The doping may increagedécay time and
decrease the light output due to a quenching effect.

Because of their lack of a solid structure which can be dachadgesxposure
to intense radiation, liquid scintillators are more remnsto radiation damage than
crystalline or plastic scintillators [43].

2.1.3.3 The Organic Plastic

There are close similarities in the behavior of plastic aquaidl scintillators. Plas-
tic scintillators are similar in composition to the liquides being themselves so-
lutions. The difference is that the solvent is a solid ptastaterial. The most effi-
cient plastic solvents are the polymeric derivatives oflhenzenes (i.e. the most
efficient liquid solvents) such as Polystyrene (PS), Palyitoluene (PVT) and
PolyMethylMethAcrylate (PMMA). Among the solutes one c#st p-Terphenyl
and PPO (like in liquid solutions); in order to increase tfieiency, a secondary
solute (the POPOP) is often added in a small proportion$awévelength shifting
properties [35]. Table 2.3 presents the main propertiegwrsl organic plastic
scintillators.

Scintillator | Density | Wavelength Decay Refractive
(g/cn?) | Emission(nm) | Constant (ns) Index
PS 1.05 492 3 1.60
PVT 1.03 423 2 1.58
PMMA 1.19 410 2.2 1.49
BC 414 1.03 434 1.8 1.58
BC 434 1.05 425 2.2 1.58

Table 2.3: Properties of some organic plastic scintil&f86]: the ones called BC
414 and BC 434 are produced by Bicron [44].

The main advantages of plastic scintillators are their fasponse~2-3 ns,
which allows to use them for trigger applications) and tflekibility. In fact they
can be produced in a wide varieties of size and shape (sudrgasdylinders and
also fibers).
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Extruded Plastic Bars

As mentioned before, plastic scintillator detectors are ohthe most used
detectors in many applications of high energy physics. Heweuntil the 1990s
two main aspects made their use not convenient: the largeroation cost even
if the material was relatively inexpensive and the diffigut collecting and trans-
porting light (see section 2.1.4).

Motivated by the need of lower cost plastic scintillator farger and larger
detectors, many studies for improving the performance asadity of this type of
scintillator have been performed since the end of the 1948F [The extrusion
technique has been introduced for the first time in 1980 an&l biased on the
passage of molten plastic through a die to obtain the desnest-section shape
and size. Every shape can practically be produced with thres&n technique:
figure 2.5 presents two examples of dies for the extruded graxtuction while

Figure 2.5: Dies to produce the MINER a) triangular and b) rectangular
bars [46].

figure 2.6 an example of the extruded bar.

The first polystyrene-based scintillators produced wiik ffrocess resulted
to have a good light yield but a poor attenuation leAdg#Y]. This problem was
solved in the early 1990s, when wavelength shifting (WLSgbbecame com-
mercially available and were used in several scintillati@tector applications:
in this way the requirement for a long attenuation in the tdtator became less
important.

3The attenuation length, or absorption length, is definedhaslistance after which the light
intensity is reduced of a factc%r.
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(b)

Figure 2.6: An example of an extruded scintillating bar vdthole for the WLS
fiber insertion.

The Scintillation Detector Development Technical Centéfeamilab has pro-
duced extruded plastic scintillators for several expentasuch as MINERA [46],
T2K [48], MUSASHI [49] (discussed in detail in section 2.2)daEMR [50] (at
MICE). For a detailed description of the manufacturing teqghe of extruded
scintillators see [45, 51].

The extrusion technique is based on the use of pellets or @owdde of
polystyrene, which are rather inexpensive materials.idliytthe extrusion pro-
cess consisted in two steps: the dopants (typical quanéitee1% PPO and 0.03%
POPOP) were added to commercial scintillating pellets deoto produce scin-
tillating polystyrene pellets. These materials were pieeah and then added to
the extruder with the desired shape and a hole in the middiecfwcan host the
WLS fiber) [51]. Figure 2.7(a) presents a scheme of this fistipction method.
An alternative method (figure 2.7(b)) is a continuous ireldompounding and ex-
trusion process. In this case, polystyrene pellets andrdsae directly put into
the extruder with the correct rate to obtain the requiredtsigitor mixture: a par-
ticular scintillator profile is thus produced starting frgrolystyrene pellets [45].
This second method allows to produce plastic scintillatatls a high quality and
homogeneity.

2.1.4 The Light Collection

Once the scintillating light has been produced in the detedthas to be trans-
mitted as efficiently as possible to the photodetectorsdeioto create an electric
signal. There are two effects that can reduce the light codle [1]:

* the light loss at the scintillator surfaces: since thetligimitted by a scin-
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Figure 2.7: a) The two-steps extrusion technique and b) dméircuous in-line
extrusion process [45].

tillator is isotropic, only a limited fraction can travelrdctly to the surface

where the photodetector is placed. A large fraction of thetqhs have

to be reflected from the scintillator surfaces towards theecd direction.

Considering a critical angl® defined by Snell’s law:
1"

O¢ =sin” —

(2.4)
o

whereny is the refractive index of the surrounding material andhe re-
fractive index of the scintillating plastic, two differesituations can occur
(as shown in figure 2.8). When the light reaches the surfate avi inci-

Surrounding Material (n,)

Scintillating Surface

o

0<0, 00,

Scintillating Material (n,)

Figure 2.8: Schematic view of the two different situatiohshe scintillator sur-
face: iIf © < O¢ the light escapes, while ® > ©, photons are internally
reflected.

dence angl® larger than the critical angl®., the total internal reflection
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occurs. On the other hand@f < © a partial transmission through the sur-
face takes place and photons are lost. In order to recoveasit part of the
“lost” light, the scintillator surfaces are typically pa&ea with a reflective
material;

* the optical self-absorption. Even if the scintillation texaals are reason-
ably transparent to their own radiation, if the detectoes\aary large self-
absorption is not negligible. Defining the light attenuatiength () as the
distance after which the light intensity is reduced by adatye, the light
intensity can be expressed as

L(z) = Loe™ 1) (2.5)

where z is the path length of the light and, the initial light intensity.

With a typical attenuation length of the order of 1 m or everren@nly

very large detectors are affected by such a problem. Moretiis effect

can be further reduced by adding a wavelength shifter commtafable to

absorb the scintillation light and shift it to a longer waaadjth) to the basic
scintillator one.

The layout of the experiment or the presence of a magnetetrirgly prevent
from the possibility of coupling directly the photodetercto the scintillator, thus
requiring the presence oflaght guide [52] usually made of optical Plexiglas.
The light guides can be of various shapes and sizes, as shdwguie 2.9.

Figure 2.9: Several examples of different shapes of ligidegiused for the col-
lection of the light produced in a scintillating plastic eetor [53].
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2.1.4.1 The Scintillating Fibers

As mentioned before, in the early 1990s a new light collectieethod (used es-
pecially in extruded detectors) was introduced: the Wawegtle Shifter (WLS)
fibers. They are thin optical fibers [54] made of plastic sitator, with a typical
thickness from 0.25 mm to 5 mm and square or round crossesescti

In general, a WLS fiber has a central core made of Polyst§r@ataracter-
ized by a refractive index.,,..=1.60) and an outer cladding region made of Poly-
MethylMethAcrylate (PMMA), as shown in figure 2.10(a). There of an optical
fiber contains a wavelength shifter dopant: the light absdfioom the detector is
then re-emitted isotropically with a different wavelengib].

In order to allow the light transport via the total internaflection inside the
core, the cladding material has a lower refractive index{=1.49). In this way,
the internal reflection occurs at the interface between tier ftore (the region
with a high refractive index) and the fiber cladding (the |@fractive index re-
gion), as shown in figure 2.10(b). The internal reflectionrisdoiced only if the

partlcle
cladding
) core \///')\
/ C(;lla?\(/lj:\j/;:\(‘); flber axsis
Core / '
(PS) / \

lost photon

€Y (b)

Figure 2.10: Schematic view of a) a single-cladding fiber Bphds light trans-
port mechanism (internal reflection). The fiber core is mati®aystyrene
(ncore=1.60) while the cladding of PMMA{;,4=1.49).

angle of the light is larger than the critical angle (typigab. ~ 70°). This angle
is determined by equation 2.4 (Snell’s law) usingigghe core refractive index
and asy; the cladding one. In this way, just the photons emitted byctire with
an angle ¢) on the fiber axis less than- = 7/2 — © are reflected within the
core. The light emitted witlv > « may exit from the core fiber and should
be absorbed by an Extra Mural Absorbé&rX/ A), which is an additional opaque
layer whose function is to limit the crosstalk with the neafibers.

4Even if Polystyrene has a lower mechanical strength, theeto use this material is due to
its being easily extruded, simplifying the fiber productjmocess.



2.1 The Scintillating Detector 57

In order to reduce the critical angle and increase the efifogieof the light
collection, a particular type of scintillating fiber (tdeuble — cladding fibers) has
been developed. A second cladding made of a material witfiexelt refractive
index (typically Fluor-Acrylic withn.q ...=1.42) is added to the standard fiber
structure. Figure 2.11(a) presents a schematic view ofdahbld-cladding section,
while figure 2.11(b) shows the light transport mechanismhese fibers: in this
way, O increases up to 73°.

/particle

. outer cladding /
Inner Cladding Tnner cladding / et
/ (FP) core \%iber axsis Ek-/e" \
Core w ;
(PS) =~ //
Outer Claddin
\ (PMMA) ° / lost photon

(a) (b)

Figure 2.11: Schematic view of a) a double-cladding fiberl@nts light transport
mechanism.

The intermediate cladding (called inner cladding) has twidie the mechan-
ical bonding between the Polystyrene and the outer claddhegreason for not
applying the outer cladding directly on the Polystyrenesasrthe lack of adhe-
sive force between this cladding and Polystyrene. The usautif-cladding fibers
offers two main advantages over single-cladding ones [56]:

* there is an improvement in the detection photoelectroldyie
* the double-cladding fibers are more flexible and robust.

The introduction of this new light collection method allows separate the
different tasks. While the detector performances are apéchfor the radiation
detection, the WLS fibers are used to collect the photongi(jmed by the scin-
tillator itself), re-emit them at different wavelengthsdamansport the light to the
photodetector: in this way, the collection efficiency irases considerably [55].
The use of scintillating fibers as a light collection systeweg other advantages:

* the possibility to transfer the light at a long distancewihg the construc-
tion of very large detectors without the problem of lighteattation;

 a better matching with the very small area of some of thet lagtectors,
thanks to the small diameter of the fibers themselves;
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* the possibility to build compact detection systems withie use of light
guides.

2.2 The Scintillating Bars Experiments

In this section, three detectors based on scintillatinguebetd bars are described:
» the MINERVA experiment [46, 57] for the study of the neutrino oscilbatj

» the ASACUSA tracker [49, 58] for the reconstruction of thtidnydrogen
(or anti-proton) annihilation vertex;

 the monitor of the T2K neutrino beam features [48, 59].

The near detector of the T2K experiment will be discussecetaitisince all
its sub-detectors are based on scintillators readout Iiyo8iPhotoMultipliers.

2.2.1 The MINERvA Experiment

The NuMI neutrino facility at Fermilab (which is designed tbe MINOS neu-
trino oscillation experiment [60] and based on the Maindtipn (MI) accelera-
tor) provides an extremely intense beam of neutrinos. MINERfigure 2.12(b))
is a high statistics neutrino scattering experiment iteiadn the NuMI beamline,
more precisely it is placed directly in front of the MINOS NMé&zetector. Its main
goal is the precise measurement of the quasi elastic nettrinleus cross-section
in the 1-10 GeV energy range [46], to improve the knowledgeuébeutrino in-
teractions at low energy and their dependence on the madsanys).

Figure 2.12(a) presents a front view of the MINE&Rdetector, which consists
of a totally active scintillating bars detector (where psedracking, low density
of material and fine sampling allow to perform different mgasnents) and a
calorimeter. The scintillator detector (called inner dete ID), in fact, does not
fully contain events (because of its low density and low Z) éimerefore it is
surrounded by a sampling calorimeter (the outer detectby, @hich is made
of six trapezoidal towers of scintillator and steel layeg$][ The inner detector
consists of several parts and sub-detectors with difféftemdtions (as shown in
figure 2.13): the nuclear target, the fully active targeg tlownstream electro-
magnetic calorimeter (ECAL) and the hadron calorimeter AHLC

Both the inner and outer MINEFA detectors are made of extruded plastic
scintillating bars which have a Polystyrene core (Dow Sty863 W) doped with
PPO (1% by weight) and POPOP (0.03% by weight) [46] and a teféeecoating
of TiO, to reflect the escaping light. The OD bars have a rectangrdasesection
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(b)

Figure 2.12: a) A 3D scheme and b) a front view photo of the MRNE detector:
it consists of a totally active scintillating bars detectarrounded by a sampling
calorimeter made of trapezoidal towers.

Outer Detector (OD)

U

NuMI

Figure 2.13: A 2D slice of the MINERA OD and ID: all the ID sub-detectors are
indicated [57].

of 1.9x 1.5 cn¥; the active target bars have an isosceles triangular pafitea
base of 3.3 cm and a height of 1.7 cm (figure 2.14(a)). In bofegain the
middle of the bar there is a 2.6 mm hole to insert the WLS fibdre TD bars
are cut at different lengths, arranged to form a hexagon asenabled as shown
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Figure 2.14: a) The MINERA scintillating bars with the wavelength shifter fibers
and b) three ID layers.

in figure 2.14(b) in order to allow the charge sharing betweenneighboring
bars of a single layer: a spatial resolution of 2.65 mm (figideb(a)) has been
measured [57].
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Figure 2.15: a) The fully active detector spatial resoluamd b) the Hamamatsu
MAPMT used for the readout.

The scintillation light produced by an incident chargedip#e is collected by
a wavelength shifter fiber, which is inserted and glued (aittoptical epoxy glue
increasing the light yield by a factor 1.5) in the hole of eéen. Only one fiber
side is readout by 473 Hamamatsu 64-channels MAPMTs (figli®(12)), while
on the other side a mirror is placed in order to maximize thletlcollection.

The first MINER/A module was completed in the early 2006, and the first
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events were observed by the partially assembled detectapiih 2009. From
November 2009 to March 2010 MINER has run with a low-energy anti-neutrino
beam while until March 2012 with a low energy neutrino beams hlso sched-
uled that for the beginning of 2013 the beam energy will beaased.

2.2.2 The ASACUSA Experiment

ASACUSA (Atomic Spectroscopy and Collision Using Slow Ambtons) is an
experiment for the study of the antiproton-nuclei crossgise@and the high pre-
cision spectroscopy of anti-hydrogen atoms. The expetiaigptup for the anti-
hydrogen synthesis is composed as follows [49] (figure 2.16)

3D track
detector

- -

Detector.
“

detector

(a) (b)

Figure 2.16: The ASACUSA experimental setup: a) a 3D schiemigiw and b) a
top view photo. The main components are the MUSASHI antiggraccumulator
and the positron one, the cusp-trap and the 3D tracker defd&].

the MUSASHI anti-proton accumulator;

the positron accumulator;

are captured and form the anti-hydrogen atoms;

the 3D tracker detector used to monitor the annihilatiositom.

2.2.2.1 The 3D Tracker Detector

In order to reconstruct the exact cusp-trap conditions irckvthe anti-hydrogen
synthesis can occur, an on-line monitoring of the partibksavior inside the trap
has been developed. The 3D tracker is able to reconstrueintiiaydrogen (or

the cusp-trap where (thanks to its trapping potentiali}jrdtons and positrons
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anti-proton) annihilation vertex in the cusp-trap detagtihe annihilation prod-
ucts (which are typicallyr mesons) given that its 4 modules are placed in pairs on
each side of the cusp-trap (figure 2.17).

(b)

Figure 2.17: The ASACUSA 3D tracker: a) a sketch of the sidkfeant view and
b) a photo of the tracker modules placed in pairs on each $ithe cusp-trap [49].

As shown in figure 2.18(a), each module consists of two layetse x — y
configuration; each layer is made of 64 bars (the same of tidERVVA ones)
of plastic scintillator with a rectangular cross-sectidridx1.9 cnt and 96 cm
long [58]. In each bar there is a central hole with a 2 mm diamietr the intro-
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960 mm

U

15x19 mm

€Y (b)

Figure 2.18: a) The ASACUSA tracker module with its two lay@r ax — y
configuration and b) a bar with a glued WLS fiber in the centcdéh

duction of a WLS KURARAY green fiber which is used for the ligidllection
(figure 2.18(b)).

The 64 fibers of one plane are readout with a single photoptigition one
side while on the other one they are interfaced to two Hamsumé4-channel
PMTs: in this way only 32 out of 64 available pads of the PMT@apled to the
fibers in order to reduce the crosstalk effects [53].

Before the assembly of the detector in the experimental #iegerformance
of all the 4 modules have been tested: figure 2.19(a) pregenspatial resolution
(< 1 cm) while figure 2.19(b) the efficiency of one module for eliéint values of
the PMTs bias [53].

2.2.3 The T2K Experiment

T2K (Tokai to Kamioka) is a long-baseline neutrino-ost¢itla experiment: its
main goal is to precisely measure the neutrino oscillatiarameters using an
off-axis muon neutrino beam produced by the proton beameItRARC syn-
chrotron. Figure 2.20 presents the basic elements of theekpi€riment:

» a Near neutrino Detector (the ND280) placed at 280 m fromnéhtrino
facility which measures the spectra and the fluxes of the nmeutrinos
before they have the possibility to oscillate. It considtenm different de-
tectors called on-axis and off-axis (which will be discussedetail in this
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Figure 2.19: A layer of the ASACUSA tracker: a) the spatialietion and b) the
efficiency (evaluated for different PMT bias voltages) [53]

section) [48] both based on scintillating bars detectoasloat by Silicon
PhotoMultipliers;
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Figure 2.20: Schematic view of the T2K experiment: the bakments are the
neutrino beam line, the ND280 near detector and the Superidd@ande far neu-
trino detector [59].

+ a far detector (called Super-Kamiokande) which is plade2b& km from
the beam production. It measures the unknown mixing afgley observ-
ing they,, — v, oscillation distinguishing,, andv, through the Cherenkov
emission of electrons and muons. The Super-Kamiokandetdete fact,
is a 50,000 tons ultra-pure water Cherenkov detector with4ielphotomul-
tiplier tubes [62].
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2.2.3.1 The On-axis Near Detector

INGRID (Interactive Neutrino GRID) is the neutrino ND cergd on the neutrino
beam axis designed to monitor directly thebeam direction (with a precision
better than 1 mrad) and intensity [63]. As shown in figure gaplthe INGRID
detector consists of 14 modules placed around the beamr@merganized in
two groups (7 modules are in the horizontal direction and thenvertical one)
and of other 2 modules placed off-axis with respect to thesoonfiguration. The
overall area covered by the INGRID detector is about 10 n¥.

(a) (b)

Figure 2.21: a) The ND280 on-axis detector (INGRID) and BY&RID module
where the tracking layers (in blue) and the iron ones are slj48j.

Each INGRID module consists of 11 tracking scintillatordesy and 10 iron
planes (with a dimension of 124124 cnt and 6.5 cm thick along the beam di-
rection) as shown in figure 2.21(b). On the top and sides di eamdule, other
scintillating layers are used as a veto. Each tracking le&yeomposed of two
layers (a vertical and a horizontal one) of 248x 120 cnt extruded scintillator
bars with a 3 mm hole in the middle [63]. The bars are made ofd?griene doped
with 1% PPO and 0.03% POPOP. The scintillation light coitetis performed
by 1 mm diameter KURARAY double-clad WLS fibers, which arereleterized
by an absorption spectrum centered at 430 nm (blue regi@hgamemission one
centered at 476 nm (green region) [48]. Each fiber is readpat Hamamatsu
MPPC (described in section 2.2.3.3)

The INGRID modules have been tested with cosmic rays: theagedight of
each channel is measured to be larger than 10 photoelegionm of MIP tracks
and the timing resolution is about 3.2 ps [48]. Figure 2.2@8spnts a neutrino
beam profile obtained with the INGRID detector.
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Figure 2.22: The INGRID’ beam profile in both directions: @ndy) [63].

2.2.3.2 The Off-axis Near Detector

The goal of the T2K off-axis near detector is the measureroétite flux, the
energy spectrum and the contamination in the direction of the far detector.
These measurements allow to characterize signals and feacidyin the Super-
Kamiokande detector [48]. The off-axis ND280 consists ryantf five different

parts (as shown in figure 2.23):

UA1 Magnet Yoke

Beam

Downstream
ECAL

Figure 2.23: Schematic view of the ND280 off-axis detecédirthe sub-detectors
are indicated [48].

» the UA1 magnet providing a dipole magnetic field of 0.2 T akdo mea-
sure the charged particle momenta with a good resolutiomlatetmine the
sign of the particle produced in the neutrino interactions;
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* the Pi-Zero Detector (POD) designed to measure the rateeaiéutral cur-
rent process (in which a° is produced):

v+ N = v, + N+7%+ X (2.6)

This detector is composed by 40 scintillator modules, eaaldarof two
scintillating bars layers in a — y configuration, and interleaved with water
target layers as shown in figure 2.24(a). The POD scintilgliars have an
isosceles triangle cross-section with a base of 3.3 cm basa height of
1.7 cm: in the middle they have a hole with a diameter of 1.5 mmenre
WLS fibers can be inserted;

scintillator bars

= ® ~ O =

-~ D Q = O ~
=~ ® ~ O =

- D Q = O ~+

(a) (b)

Figure 2.24: A schematic view of a) the POD (with triangulardand a water
target) and b) the FGD where the green area is the scintilligti@ctor [48].

» the ND280 tracker which consists of 3 Time Projection Charsl{TPCs)
and 2 Fine Grained Detectors (FGDs): the main goal of thisegyss to
measure the,, andv, beam flux and energy spectra. The main reason of
the choice of the TPCs is their capability to perform the 3@gng of the
particle tracks, the measurement of the momenta of the etigrgrticles
produced by the neutrino interactions (occurred in othetspa the detec-
tor) and also the identification of the different types of rgjeal particles
through dE/dx measurements.

The two fine grained detectors consist of finely segmentedilating bars
which provide the target mass for the neutrino interactisrwall as the
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tracking of the charged particles. The first FGD is a totallyive scin-
tillating detector (similar to the SciBar detector [64]) ifh consists of
about 5760 extruded Polystyrene scintillating bars (witimension of
0.96x0.96x 186.4 cm) arranged into 30 layers oriented in either ther y

direction. In each bar there is a hole for the insertion of aSAiber: one
end of the fiber is readout by a MPPC (see section 2.2.3.3p\itnd other
end is mirrored by the vacuum deposit of aluminum in ordemrease
the light yield [48]. The second FGD is a water-rich deteaonsisting
of 7 x — y modules of plastic scintillator alternating with six lagesf wa-
ter which is maintained under sub-atmospheric pressurevag@am pump
system.

Figure 2.25 presents an event display (reconstructed bMEI®S0 tracker)
of a muon which enters into the POD and crosses the trackiemrpgoduc-
ing secondary particles which are stopped in the ECal;

ﬁﬁﬁﬁﬁﬁ FGD___ FGD
ot el
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Figure 2.25: A muon event in the ND280 tracker: the muon @®ske POD
continuing to the tracker region and producing secondantigkes (which are
stopped in the ECal) [48].

 the ECal is a sampling electromagnetic calorimeter sundog the inner
detectors (POD, TPCs and FGDs): it is made of plastic skititi bars
(with a 4x 1 cn? cross-section) arranged in 32 layers (the calorimetevecti
area) and separated by 31 layers of 1.75 mm thick lead shasts the
INGRID bars, a 1 mm diameter fiber runs along the hole in theerenf
each bar, but in the ECal case the fibers are readout in twerelift ways:
with a double-end readout if the fiber has a MPPC at each endtbraw
single-end readout if one end of the fiber is readout by a MRRIGlee other
end is mirrored. Its main purpose is to measure those phqmtiiced
and not stopped in the inner detectors and its energy résolbas been
measured to be about:%/+/ E(GeV) for energies up to 5 GeV,



2.2 The Scintillating Bars Experiments 69

 the Side Muon Range Detector (SMRD) which detects muoreafed in
the neutrino interactions) escaped at large angles withertdo the neu-
trino beam and it is also used as a trigger for cosmic ray mtloatscross
the ND280 detector. The SMRD consists of a total of 440 dtandr mod-
ules which are inserted in the air gaps between the ste@sptdithe UAL
magnet yoke. As shown in figure 2.26, the SMRD scintillatingsare char-

Figure 2.26: Scintillating bar of the ND280 SMRD: the S-skdmgroove with
embedded the WLS fiber (needed for the light collection) sske.

acterized by a S-shaped groove for the insertion of the WL fich is
coupled with a MPPC at both ends.

2.2.3.3 The T2K Photodetectors

In the ND280 detectors, the scintillation light is collettey WLS fibers and car-
ried out to photodetectors: MAPMTSs (successfully used neoscintillator based
neutrino experiments) are not suitable for ND280 becauskeopresence of the
magnetic field and also because of the limited space (comsidhat ND280 has
~50,000 channels). A particular type of silicon photomuikip the Multi Pixel

Figure 2.27: The Hamamatsu MPPC used for the readout ofeND280 scin-
tillating detectors.

Photon Counter (MPPC), has been designed specifically éof #K experiment
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by Hamamatsu Photonics [65]. Figure 2.27 presents an exaafghe MPPC
while table 2.4 summarizes its main features.

Number of Pixel 667
Pixel Size 50x50 pm?
Active Area 1.3x1.3cn?
Operating Voltage 68-71V
Gain ~10°
Photo Detection Efficiency >25%
Dark Rate ~1 MHz

Table 2.4: Main features of the MPPCs used in the ND280 dmte{t8].

2.3 A Different Approach to the SiPM Readout

As already stated, the T2K collaboration has developed perérent based on
scintillating bars detectors readout by Hamamatsu SilRleotoMultipliers.

A different approach has been chosen by an Italian R&D ptajaibed FAC-
TOR (Fiber Apparatus for Calorimetry and Tracking with Ogleztronic Read-
out) [66] which has evolved in TWICE (Techniques for Widerlga Instrumenta-
tion in Calorimetry Experiments). The FACTOR/TWICE goathe development
of a new type of SiPM and its use in several physics fields. Thgpt is funded
by the Italian Institute for Nuclear Physics (INFN, Istiltlazionale di Fisica Nu-
cleare) and actively collaborates with FBK-fr§Fondazione Bruno Kessler) for
the SiPM design and production. The large dynamic range @mchbise SiPMs
are readout by commercially available ASICs to develop @oatasystem for
calorimetry applications.

This thesis work intends to evaluate the readout systenoipeaice based on
SiPMs with respect to the one exploiting MAPMTSs: in order tonpare the re-
sults, both the systems are readout with the same fronteaibdn particular,
the tests have been performed using two prototypes of theEMAléctron Muon
Ranger (EMR) detector: the small one has been tested withicagays (the re-
sults are presented in chapter 3) while the second one (tige IEEMR Prototype,
LEP) has been used to detect both cosmic rays and a partee &8 CERN (see
chapter 4 and 5 for further details). The spatial resolytiloa detection efficiency
and the timing resolution of the first prototype have beensueal exploiting a
small number of SiPMs, while the performance of a large nur(th200) of these
devices has been evaluated with LEP.

SFondazione Bruno Kessler, now Advansid (Trento-Itahtjp://www.fok.eu



Chapter 3

The Small EMR Prototype with a
SIPM readout

The comparison of the SiPM performance with the MAPMT oneldesen studied
with two detectors. Both the systems are prototypes of théBElectron Muon

Ranger developed by the Como/Trieste group to study eitieeEMR perfor-

mance as a tracker (with the small scale EMR prototype [67§sa calorimeter
(with the Large EMR Prototype [50]). The two detectors argdobon scintillating
bars whose light is carried out by WLS fibers and have beeedesgith cosmic

rays and particle beams.

This chapter deals with the description of the small EMR qirgie and its
performance: the first part is devoted to a brief review ofNHEE experiment,
its goals and its different components (focusing in patéicon EMR) to move
then to the prototype features. In the second part the evatuaf the spatial
resolution, the detection efficiency and the timing resotubbtained with cosmic
rays is provided.

The LEP description and the results obtained with this pypare presented
in chapter 4 and 5.

3.1 The MICE Experiment

Neutrino physics has a fundamental role in modern physienghe study of os-
cillation phenomena may lead to an evidence of new physisrethe Standard
Model. Both natural and artificial neutrino sources existnt the sun and the
cosmic rays to nuclear reactors and particle accelerators.

In recent years a new artificial neutrino source has beenogeap the Neu-
trino Factory. In a Neutrino Factory thebeam is produced by the decay of stored
muons: since the muon decay is a well-understood decayegtineimo beam of a

71
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Neutrino Factory would have well-known features in term&oérgy and inten-
sity allowing the optimization of the detector (which is arfehe hard tasks given
the very small interaction cross-section of neutrinos).

The international Muon lonization Cooling Experiment (MA}ds being com-
missioned at the Rutherford Appleton Laboratory (RAL, UK$, main goal is
to evaluate the possibility of producing a muon beam withqad¢e features
for a Neutrino Factory based on a muon storage ring. The meambof the
MICE experiment is produced by the ISIS synchrotron pro{@nth an energy of
800 MeV) which hit a titanium target and produce pions thaumm decay gen-
erating muons (with a momentum in the 140-240 MeV/c rang8). [fhe beam
obtained from the pion decay has a large emittance (thafiisedkas the volume
of the beam in the phase-space): the MICE experiment intendismonstrate the
possibility of using the ionization cooling to reduce theanieam emittance. In
fact, because of the muon short lifetimg & 2.2 x 107 s), the standard cooling
techniques (for example the electron or stochastic coplng not effective if ap-
plied to muon beams. The ionization cooling, which représére only possible
solution, consists of two different phases: the muon beatin avlarge emittance
crosses an absorber section and loses momentum (both tisgdraal and lon-
gitudinal one) through the ionization interactions witbraic electrons. The lost
energy longitudinal component is then restored by accabgyaavities: the net
resultis a reduction of the transversal momentum whichgeslthe particle emit-
tance [69].

In order to achieve its goals, the MICE experiment has togieand build a
cooling section and characterize the muon beam before a&mdthis section. Its
main elements are (figure 3.1):

» the muon beamooling channel, based on a liquid hydrogen absorber and
RF structures;

* the scintillating fiberspectrometers placed in solenoids of 4 T and used to
measure the emittance before and after the cooling chatitaekihg each
muon track);

* theparticle I D section with its calorimeter station (placed at the end of
the MICE line) which allows to distinguish muons from otharficles (i.e.
the background consisting mainly of pions and electrons).

The experiment intends to reduce the beam transverse eodthy a factor larger
than 10% which requires to measure the emittance before fégrdtlae cooling
section with an absolute precision of 0.1% [68]. To achiéwg precision, a very
high muon identification purity (equal to 99.99%) is reqditeoth upstream and
downstream of the cooling channel: for this reason, at tlieaérihe MICE line
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Figure 3.1: The MICE layout: the muon beam comes from thedeit crosses
the upstream patrticle ID and spectrometer, the coolingmélathe downstream
spectrometer and particle ID [67].

(i.e. after the cooling section) a particle ID has been feeasmainly to discrimi-

nate muons from electrons (produced in the decay of the mihensselves). This
detector consists of an electromagnetic Pb-scintilldilvgy pre-shower calorime-
ter [70] (KLOE-Light) and a totally active scintillating baracker-calorimeter (the
Electron Muon Ranger EMR, described in the next section) [71

3.1.1 The EMR Detector

Figure 3.2 shows a schematic view of the EMR detector, whatsists of 48
layers arranged in a — y geometry.

As shown in figure 3.3(a), each layer is made of 59 1.1 m longtiflating
bars with a triangular shapébase of 3.3 cm and height of 1.7 cm, figure 3.3(b)).
The bars are made of blue-emitting DOW Styron 663 Polysgy/reith 1% PPO
and 0.03% POPOP dopants and characterized by an emisstoff cfitd00 nm
and an emission peak of 430 nm.

The light produced in each bar is collected by one 1.2 mm BEZ®vaS fiber,
that is a double-cladding fiber with an emission peak at 49Ziranit is a blue to
green shifter). Each fiber is inserted in the bar hole, glugld tkansparent glue
and fixed at the ends of the scintillator bar itself with twatjgalar connectors.
The light is carried out to the PMTs by two separate clear $ilvanich are cov-
ered with a dark plastic to avoid the fiber crosstalk effect tnprotect the fibers

LAfter the study performed with the prototype bars [72], ttierigular shape has been preferred
to the rectangular one to reduce the inefficiency effectstdu@e non perfect planarity of the
contiguous edges of the bars.
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Figure 3.2: a) A schematic view of the Electron Muon Rangeictviconsists of
48 layers (in ac —y geometry): the beam direction is defined alongzlagis [50].

Plane Cross section

R
16.5mm

(b)

Figure 3.3: a) The EMR layers organized in they geometry: the clear fibers are
covered with a dark plastic to avoid the fiber crosstalk ¢ffegthe scintillating
bars which have a triangular cross-section to reduce tHecieacy in the dead
region between the bars themselves.

themselves (figure 3.3(a)).

The scintillation light of each layer bars is readout on bsittes, as shown
in figure 3.4(a): on one side, the fibers are grouped togetiecannected to
a single anode PMT in order to measure the energy releasée wtiole plane
(figure 3.4(b)) and on the other side the fiber of each bar isected to a single
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channel of a 64-channel multi-anode PMT (figure 3.4(c))veilhg to measure the
energy loss in each single bar.

(b) (c)

Figure 3.4: a) The EMR layers have a double readout: b) onioledlse bars are
readout by a single anode PMT (for the overall energy measemg and c) on the
other one by a 64-channel MAPMT (for the measurement of tleeggrdeposited
in each single bar) [50].

The single-channel PMTs signals are digitized by six 8-cleaiVaveForm
Digitizers (WFD 1731, CAER) while the MAPMTs ones are processed by the
FrontEnd Boards (FEBs) and sampled, buffered in a local mgrand sent by
the Digitizer and Buffer Boards (DBBs) to a readout boardr &more detailed
description of the EMR electronics see [50]. The FrontEnér8aused in the
EMR detector is the final version of the one used during théopypes tests (de-
scribed in section 3.2.1.4).

2CAEN Spawww.caen.it
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3.2 The SiPM Readout Test

A new type of scintillating bars detector readout systenetlasn SiPMs inter-
faced with a MAROC3 board has been tested using cosmic raythid section
the small EMR prototype (used to perform the tests) is diesdriogether with the
setup, the readout electronics and the DAQ features. Thedasof this section
presents the results (mainly in terms of spatial resolutietection efficiency and
timing resolution) obtained during this cosmic ray test.

3.2.1 The Setup

Figure 3.5 presents the experimental setup for the cosmitesd. It mainly con-
sists of:

i
s

'Iicon Chambers

Figure 3.5: The experimental setup for the cosmic ray telsighvconsists of two
plastic scintillators, two Si BCs and the small EMR protatyp

* two plastic scintillators which provide the trigger siggna
* two Silicon Beam Chambers (Si BCs) for the particle tradorestruction;

+ the small scale EMR prototype.
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3.2.1.1 The Plastic Scintillators

The two plastic scintillators used in coincidence to prewvide trigger signal are:

» a10x20x 1 cn? scintillator placed above the BCs: itis made of polystyrene
(figure 3.6(a)) and readout by a 931B Hamamatsu PMT;

(b)

Figure 3.6: The two scintillators for the trigger generatio

» a 20x30x1 cm® NE120 (Nuclear Enterprises) scintillator, which during
this test was placed below the Silicon beam chambers. ltadaat by a
P30CWS5 photomultiplier (Electron Tub®glirectly coupled to the scintil-
lator [73] and, as shown in figure 3.6(b), the module is hosteal PVC
box.

3.2.1.2 The Silicon Beam Chambers

The Silicon Beam Chambers represent the tracking systeheddtup: they are
a pair of large area Silicon detectors developed for the AAHhtellite [74]. Each
chamber consists of two 9:69.5 cnt 410um thick single side Silicon microstrip
detectors arranged inza— y geometry and glued on an epoxy fiberglass support,
as shown in figure 3.7(a). The physical pitch is 12, but the readout one is
242 m because a floating strip readout is adopted: a spatialutgsolof 30m
has been obtained in this way [74].

The two Silicon tiles are housed in an aluminum box (figurél®)ftogether
with a part of the frontend electronics: a printed-circuwabd (PCB) for the three
readout ASICs (which are 128-channel self-triggering TAI8s, Gamma Med-
ica - IDEAS') and a repeater board which generates the bias voltagesdroth

3Now Sens-Tech Ltdwww.senstech.com
4Gamma Medica - IDEAShttp://www.gm-ideas,com
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Figure 3.7: The Silicon beam chamber: a) one of the Silides tvith its frontend
electronics and b) the aluminum box which houses the trgckystem and a part
of the readout electronics [74].

the ASICs and the Silicon detectors (typicathp4 V), transforms the digital in-
puts from a standard RS422 to single ended and amplifies thglaxed analog
output with a NE592 [74].

3.2.1.3 The Small Scale EMR Prototype

Figure 3.8 presents the small scale EMR prototype (inytiaisembled to study
the tracking performance of the EMR detector [50]) whichsists of 8 layers,
arranged in two blocks (separated by a 3 cm air gap) and ae@mn axr — y
configuration. Each layer is composed of 10 19.1 cm long detiscintillating

Figure 3.8: a) A photo of the small scale EMR prototype: itsists of 8 layers
arranged in & — y geometry readout by two MAPMTSs.

bars with a rectangular cross-section of 1.9<hrb cm.
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The light produced by a particle in the scintillator is cadrout by four 0.8 mm
diameter WLS fibers to two R7600-00-M64 Hamamatsu 64 chaki®d?MTs
(whose main properties are summarized in table 3.1): thesdayers are read-

Spectral Response 300-650 nm
Wavelength Peak 420 nm
Quantum Efficiency at 390 nm 21%
Photocathode Material Bialkali
Photocathode Effective Area || 18.1x 18.1 mn#t
Anode Size 2 x 2 mnt
Window Material Borosilicate glass
Maximum Supply Voltage -1000 V
Gain 3.0x 10
Crosstalk 2%

Table 3.1: Main features of the R7600-00-M64 Hamamatsu éamél photomul-
tiplier.

out by one MAPMT, while the layers along thelirection are readout by a second
MAPMT, as shown in figure 3.8. For the cosmic ray test, thisloeé configura-
tion has been modified: as shown in figure 3.9(a), 8 bars of teeléyer are
equipped with a double readout system. In other words, thasseare readout on
one side by a MAPMT biased with a voltage of 850 V and on theratlte by 8
circular SiPMs manufactured by FBK-irst (figure 3.9(b)),igthhave been biased
at 38 V. Table 3.2 presents the main features of the FBK-iRMS used in this
test.

Diameter 1 mm
Number of Pixels 688
Pixel Area 40x 40 um?
Breakdown Voltage 31V
Gain ~10°
QE (at 380-530 nm) 90%
PDE ~40%
Fill Factor 44%

Table 3.2: The main features of the FBK-irst SiPM used as dagasystem in
the small scale EMR prototype.

The interface between the fibers coming out from the barstemceadout sys-



80 The Small EMR Prototype with a SiPM readout

(b)

Figure 3.9: a) The schematic view of the double readout sysfahe small scale
EMR detector first layer: it has been equipped with a doulddaat system based
on a MAPMT and 8 SiPMs. b) A photo of the FBK-irst SiPM.

tems is provided by two different coupling plastic masksvahman figure 3.10(a)
and 3.10(b): in both cases the mask is divided in two parts,that holds the

(b)

Figure 3.10: The coupling mask for the readout system of iti&lISEMR proto-
type based on a) the MAPMT and b) the SiPMs.

device in position and the other where the fibers are gludd avitoptical glue.

3.2.1.4 The MAROC Board

Both the MAPMT and the SiPMs signals are processed by a ypeaif the EMR
detector FrontEnd Board (figure 3.11), whose main elemeats a

* the 64-channel Multi Anode Read-Out Chip 3 (MAROC3) ASIQiigh
represents the heart of the board. The ASIC is able to pr@&eshannels
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Figure 3.11: The EMR FEB prototype used for the tests witmzosays.

in parallel: each MAROC3 channel consists of a pre-amphfigh a vari-
able gain (which for this test has been set to 64, i.e. theagngain, both
for the MAPMT and the SiPMs), two shapers (a slow one for tha&lan
readout and a fast shaper for the digital output), a sampé&Rtircuit and
a discriminator;

« two Plastic Quad Flat Pack (PQFP) FPGAs (ALTERA Cyclofig Which
perform the configuration and the readout of the MAROC ASIC;

 a socket providing the photodetector connection on the:FSBar as the
MAPMT is concerned, it has been connected directly to th&etoevhile
the 8 SiPMs have been connected using 8 ns long LEMO cables;

* the analog and digital connectors.

A more detailed description of the MAROC3 board and the tesof the
bench tests are presented in appendix A.

SAltera Corporationywww.altera.com
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3.2.1.5 The DAQ System

Figure 3.12 presents a schematic view of the Data AcQuis{fiAQ) chain. It
is based on a standard VME system controlled by a SBS Bit3 h&i#feboard
optically connected to a Linux PC. The VME crate hosts thiaihg boards:

VME BUS
Clock
V775 V550 Control
TDC ADC Board
1 A/ A
/ / to PC
3 4 Analog Outputs
BC VA [ 1]
repeater A MAPMT | SiPM
FEB FEB
Digital Outputs

Figure 3.12: The DAQ scheme of the small scale EMR prototyysenic ray test:
the red lines represent the output signals from the contratdy while the blue
ones are the outputs from the detectors.

* a VME 1/O control board which receives the trigger signagr{grated by
the coincidence of the two scintillators) and provides tiagtsignal to the
the beam chambers readout system. The control board ist@bjpmalso of
the configuration and the readout of the analog outputs dinbMAROC3
boards;

» a CAEN 10 bit V550 ADC (Analog to Digital Converter) to comv¢he
analog signals of the BCs. This ADC can work in zero-suppoessiode,
so that only the beam chambers strips above a threshold asueadout:
each channel signal is compared to a threshold and only ikigyeal is
above this threshold the value is stored. The thresholdtis@esidering
the noise of the channel as computed in the pedestal rune $ss than
5 strips are typically above the threshold and the time retéddransfer
the data from the VME to the PC is around 2:8 per channel, the zero-
suppression reduces dramatically the readout time. Thisife has been
used only during the tests with particle beams at CERN;

« aCAEN 12 bit V775 TDC (Time to Digital Converter) to samphedigital
outputs of the MAROC boards to obtain the timing information
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The DAQ software is written in C while Tcl/T{75] is used for the graphical
interface. The raw data are stored in binary files (PAW nijpléhich have been
processed off-line to obtain ASCIlI DST (Data Summary Tape}fi

The data used for this analysis were pre-analyzed duringftHane process-
ing. When a particle crosses the silicon detector of a chanitiseposits an en-
ergy which may be detected by several neighboring stripsfoinan the so called
cluster. To decide if a strip belongs to a cluster, a thrasiwoset in terms of the
noise RMS. The distribution of the signal to noise ratio @becalledpull distri-
bution) has been computed for the strip with the maximumadignthe event. A
typical value of the threshold is 15, that is the signal detdy the strip has to
be larger thari5 x noise RM S. Two clusters are considered separated if there is
a gap of at least two below-threshold strips among them.dmatfalysis described
in the next section (performed with ROOT), only the one dustvents (in all the
BCs) have been selected and written in the DST files.

In the off-line processing the pedestal, defined as the inasef each ASIC
channel when no signal is present, has to be subtracted frematv data. The
pedestal has been evaluated acquiring a run of 200 everitawandom trigger.
Figure 3.13(a) presents an example of the pedestal profiléaSiPM board of
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Figure 3.13: a) An example of the pedestal profile of the SiRhoels and b) the
noise RMS for the eight bars readout both by the MAPMT (top) tre SiPMs
(bottom): the values are much larger in the SiPM case.

the small scale EMR prototype: the mean value of the SiPMlin&sis 760 ADC
and the 8 channels connected to the SiPMs are clearly visible

The noise RMS of the 8 bars with the double readout is plotsea fanction
of the channel number in figure 3.13(b). It is possible to ribte the values of

5Tcl (Tool Command Language) is a dynamic programming lagguand Tk is its graphical
user interface toolkit.
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the MAPMT noise RMS are smaller than 2 ADC, while the mean ef $iPMs
RMS is of the order of 100 ADC. This result has to take into actahe different
gain of the two readout systems: figure 3.14 shows the puigbtseof a selected
bar when this is the one with the maximum signal in the eventfe MAPMT
and the SiPM. The distributions have been fitted with the olution of a Landau
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Figure 3.14: The pulse height distributions for a) a MAPMT bad b) a SiPM
one computed requiring that the bar is the one with the maximaignal. A fit
with a Landau convoluted with a gaussian has been performed.

and a gaussian functiéim order to extract the most probable value, which in the
MAPMT case (220 ADC) is smaller than in the SiPM one (608 AD€Ca dactor

3. Even taking into account this factor, the SiPM is much msier than the
MAPMT (a factor 25-30).

3.2.2 The Analysis Results

The main goal of the data analysis is the evaluation of théopeance of the
SiPM based readout system, which is presented in terms ¢kpasolution,
detection efficiency and timing resolution.

The analysis procedure consists of the following steps:

* the evaluation of the signal to noise ratio;

* the cluster identification in order to reconstruct the igthit on the proto-
type layer;

* the evaluation of the spatial resolution, that is the mied with which the
detector is able to reconstruct the hit position;

CERN-Root package referendstp://root.cern.ch/root/html/tutorials/fit/langau.html
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* the evaluation of the detection efficiency;

* the evaluation of the timing resolution.

3.2.2.1 The Signal to Noise Ratio

Figure 3.15 presents the beam profile in bothailandy directions obtained with
one of the Silicon beam chambers: as expected the incidenticaays cover the
whole active area of the detector.
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Figure 3.15: The cosmic rays profile in a) thelirection and b) in the) one as
reconstructed by one of the Silicon beam chambers.

The first step of the analysis consists in the evaluation®fignal to Noise
Ratio performed considering the pull distribution: thelpsildefined as the ratio
between the pulse height of the bar with the maximum signahénevent and
its noise RMS (obtained from the pedestal analysis andesritt the DST file).
Figure 3.16(a) presents the pull distribution for the 8 MAPMars, while fig-
ure 3.16(b) the one of the 8 SiPM bars. The MAPMT pull is muaiyda than
the SiPMs one and a mean value of 109.33 in the MAPMT case &adibthe
SiPMs one has been obtained fitting the distributions wittaadau + gaussian
function.

The pull distributions allow to set a threshold to distirgjuthe noise events
from the signal ones, which is 45 for the MAPMT case and 5 fer$iPMs.

3.2.2.2 The Spatial Resolution

Even if only the BCs one-cluster events are selected, it e@pén that different
particles hit the prototype but not the trigger and the timglsystem: in order to
avoid taking into account these events and to select onlgrnkecluster events in
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Figure 3.16: The pull distribution of a) the MAPMT and b) th&B8 bars. The
green lines represent the threshold to distinguish theerfoasn the signal events.

the prototype, a cluster identification algorithm has beseduo find the particle
hit position measured by the prototype layer.

As mentioned before, a cluster is defined as a group of camiigbars with
a signal larger than a given threshold (defined in sectiotR3P The cluster
identification algorithm consists of the following steps:

the pulse height of the 8 bars has been compared with thehtbick

if the signal is larger than the threshold, the bar has beesidered as one
which forms the cluster and its number has been identifiethighcase the
first cluster is identified and a counter is increased of one;

the bar number difference between each couple of hit bazsngputed in
order to identify the number of clusters and the number of samposing
each cluster. If the difference is larger than 1, the two lbateng to two
different clusters: the cluster counter is increased of dfrthe difference is
smaller (or equal) than 1 the two bars belong to the sameeelartl another
counter, defined as the number of bars per cluster, is inedezsone;

the hit position, or, in other words, the position of eachistér, has been
obtained as the center of gravity of the deposited charge:

> PH; % nyg, * pitch

~Pr (3.1)

pOSitionmeasured =

wherei is the index of the number of the bars composing the clustér;,
is the pulse height of each cluster bay,, is the bar number in the plane
andpitch is the bar pitch (1.9 cm).
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The cluster identification has been performed indepengémtithe MAPMT
and the SiPM readout system. The distributions of the nurobetusters are
presented in figure 3.17, while figure 3.18 shows the didiobs of the number
of bars per cluster. In most of the events there is only onstetu both for the
spatial resolution and the efficiency evaluation, only thengs with a single clus-
ter have been selected. Also the number of bars per clusbereisn most of the
events: larger numbers are due to the particles which arperpendicular to the
prototype layer.
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Figure 3.17: The distributions of the number of clustersapthe MAPMT and
b) the SiPM readout system: most of the events are one-cluste
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Figure 3.18: The distributions of the number of bars pertelusr a) the MAPMT
and b) the SiPM readout system: it is one in most of the events.

The spatial resolution has been computed using the residatdiod. The
following procedure has been applied:

* the one-cluster events have been selected;
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* the particle tracks have been reconstructed with theosiligetectors and
projected on the surface of the layer prototype, as showiyumei3.19.
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Figure 3.19: The residual method principle: the residuaefned as the differ-
ence between the hit position projected by the silicon dete®n the prototype
surface (equation 3.2) and the one measured by the protiv$ghigequation 3.1).

The expected position of the cluster is found with the follogwelation:

ITPOSpc1 — TPOSBC2
diStBCS

posz’tionprojected - : diStBC—Proto + TPoOSpc1 (32)
wherezposgc1 and xposgco are the hit positions in the first and second
beam chamber, whiléist ¢, is the distance between the two silicon detec-
tors anddist gc— proto the distance between the first beam chamber and the
small EMR prototype layer;

» the residual has been evaluated as:
residual = positionyrejected — POSILIONmeasured (3.3)

whereposition,,..sureq 1S the cluster position as measured by the prototype
itself (equation 3.1);

* the distribution of the residual values has been fitted witfaussian func-
tion and its sigma represents the spatial resolution.

The residual has been minimized considering the distarteeslea the first BC
and the prototype as a free parameter. This step is necdssayS@ist g proto
was not known with a very high accuracy. The residual has lesatuated for
several distances and the spatial resolution has beerglast a function of the
distance, as shown in figure 3.20. The scan has been fittedawptthwer-of-2
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Figure 3.20: The spatial resolution as a function of theadlicé between the first
silicon detector and the prototype, fitted with a power-dtt@ction. The mini-
mum corresponds to 44.2 cm.

function: the ratio—3"> represents the correct distance (which in this case was
equal to~44.2 cm), that is the distance minimizing the residual.

Figure 3.21(a) and 3.21(b) present the residual distobutor the readout
system based on the MAPMT and the SiPMs. In particular, irMBA®MT case,
a second peak due to the crosstalk is clearly visible. Asardethe values are
comparable: for the MAPMT is equal to 6.9 mm while for the SiPM 6.8 mm.

3.2.2.3 The Efficiency

The efficiency of the detector is defined as:

d t
. good events (3.4)
target events

where the §ood events” are the particles detected by the detector, while the
“target events” are the ones theoretically crossing the detector. In @aldr,
only the EMR one-cluster events are tagged @as Jet events” (to ensure that
the particle crosses the detector), while to identify amees ‘Good” the clus-
ter position measured by the prototype has to be withirfrBm the projected
position.

To compute the efficiency a profile histogram has been fillett @ior 1: if
an event is tagged as &i-get event” the profile histogram has been filled with
0, while if the event is tagged also as @od event” the profile has been filled
with 1. The error on the efficiency is evaluated using thereroonputation of the
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Figure 3.21: a) The MAPMT and b) SiPM residual distributidtefi with a gaus-
sian function: ther value represents the spatial resolution.

ROOT TProfilé: the error is defined as:

_ RMS.
VN

where N is the number of entries of a bin of the profile while RMShe spread
of the entries of that bin (i.e. the spread of the efficiendyes).

Figure 3.22 presents the two dimensional efficiency proféeshe MAPMT
and the SiPM. The MAPMT spot in the direction is larger because all the 10
bars of the layer are connected with the photodetector,ewdnl the SiPM side
only the central 8 bars are readout.

In order to extract an efficiency value, the projection aldingx direction
of these two dimensional profiles has been performed: asrsiigure 3.23

(3.5)

O¢

8CERN-Root package referendettp://root.cern.ch/root/html/TProfile.html/TProfietError
Option
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Figure 3.22: The two-dimensional efficiency profile hisegs of the layer read-
out both by a) the MAPMT and b) the SiPMs.

the plots have been fitted with a constant function, obtgimin efficiency equal
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Figure 3.23: The: projections of the 2D efficiency plots fitted with a constaot f
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to 94.8+0.1% for the MAPMT (figure 3.23(a), where an efficiency dropthe
middle of the layer is visible) and to 93t®.1% for the SiPMs (figure 3.23(b)).

3.2.2.4 The Timing Resolution

The time resolution has been computed considering the T4 aaich give the
time interval between the scintillators trigger and the M®Rdigital outputs (that
is the time the analog signal crosses the discriminatostioid) [76]. Figure 3.24
presents an example of the TDC values distributions olbdaith a MAPMT bar
(figure 3.24(a)) and a SiPM one (figure 3.24(b)): in both caadail in the left
part of the distribution due to the timewalk is present. Tis¢rdbutions have been
fitted with a gaussian function in order to obtain the timiagalution represented
by thesigma parameter of the fit. In particular, for this selected barNtAPMT
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Figure 3.24: The timing resolution of a) a MAPMT and b) a SiP&t:lthe TDC
value distribution has been fitted with a gaussian functrahies sigma parameter
corresponds to the timing resolution.

timing resolution is equal to 2.44 ns while the SiPM one i9Z4. This analysis
has been performed for all the 8 bars with the double readmiés obtaining
an average value of 2.54.02 ns for the MAPMT and of 2.560.02 ns for the
SiPMs.

The two results are comparable and they have to be considenggper limit:
in fact, they are the sum of different effects such as thensitt timing resolu-
tion of the photodetector, the characteristic timing ofsbmtillator and the WLS
fibers light emission and the timewalk of the electronicsrtha

3.2.2.5 The Position Dependence

Using the TDC data, the travel time of the scintillation liginthe scintillating bar
has been computed. Since the bars are made of Polystyreich, vds a refractive
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index ofn=1.60, the light speed in the bar should be 18.7 cm/ns: tiheslight
should need-1 ns to cross the 19 cm long bar.

Considering the BCs information, just the events in which plarticle hits
a small area on the two opposite bar ends have been selebdelected re-
gions are~1 cm wide. The distributions of the TDC values have been cdatpu
separately for the signals coming from the SiPM side (the bistogram in fig-
ure 3.25(a)) and for the ones coming from the other side @tdrstogram). The
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Figure 3.25: Measurement of the light travel time througi1B cm long bar: a)
a schematic view of the event selection; b) the TDC histogreonthe two sides
of the bar.

two histograms have been fitted with a gaussian functionlaatno peaks are in
fact separated by 1 ns: in other words, since the light preduc the region op-
posite to the SiPM has to cross the whole bar length, its biguielayed of~1 ns
with respect to the one coming from the SiPM side. This amslisspossible
thanks to the intrinsic timing resolution of the SiPM (srealthan 1 ns, as de-
scribed in section 1.3.6.6), while it cannot be performeastdering the MAPMT
signals: its timing resolution is not good enough to idgntiife timing separation
between the two peaks.

Given the tracking capability of the setup, it has also bemssible to study the
pulse height of the signal as a function of the hit positiorit@nbar: in principle,
the pulse height should not depend on the incident posiggcatise the scintillator
is homogeneous. The analysis procedure is similar to theleseribed before:

» a bar has been selected and its length divided into 10 differegions, as
shown in figure 3.26(a);

« the patrticle hit position has been reconstructed by the BCs
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Figure 3.26: Study of the pulse height dependence on thesitipn: a) a scheme
of the event selection method; the mean value of the pulgghhgaussian fit as
a function of the position in the bar for the b) MAPMT and c) ®i®M readout
system.

* selecting just the events in each of these areas, the peilgktidistribution
has been computed and fitted with a gaussian;

» the mean value of each fit has been plotted as a function of the incident
position.

The resulting plot is quite similar for both the MAPMT (figuBe26(b)) and the
SiPM (figure 3.26(c)) case: the trend of the pulse height tscnastant for the
whole bar length. In particular, in the regions correspogdo the ends of the bar
a signal attenuation is clearly visible and it is probable dma loss of light in the
holes for the fibers insertion (which are not painted withréffeective material).



Chapter 4

The Large EMR Prototype:
Assembly and Commissioning

The Large EMR Prototype (LEP) is a totally active scintiigtbars detector made
of 48 layers of 4 scintillating plastic bars: the light is gad out by two WLS
fibers (inserted and glued in the hole bar) and readout by bld@ystem based
on MAPMTSs (on one side) and SiPMs (on the other side). Thectlmtéas been
developed to test the EMR performance as a calorimeterhfsitihesis work it
has been used to evaluate the performance of a large numBép) of SiPMs
and compare their behavior to the MAPMTSs one.

This chapter presents the Large EMR Prototype and its cosmonigig with
cosmic rays. In the first part a detailed overview of the detas given together
with its assembly procedure and its electronics.

The second part of the chapter introduces the experimesttgh and the anal-
ysis results of the preliminary tests performed with cosrays, whose main goals
were the choice of the MAROC ASIC parameters that optimizeSi#®*Ms perfor-
mance and the evaluation of the system overall stability.

4.1 The Prototype

The Large EMR Prototype (figure 4.1) consists of 48 plane<iotifiating bars
in a single orientation (the direction). The detector is organized in three blocks
of 16 layers each with a 1 cm air gap between the blocks themseEach layer
is made of 4 19 cm long extruded bars with a rectangular csesen of 1.5x
1.9 cn?, as the small scale EMR prototype.

The light produced in each bar is carried out by two 0.8 mm di@m\Wave-
Length Shifter fibers (Y11(200)MSJ, KURARAY) which have beglued in the
bar hole; the assembly and gluing procedure is the following

95
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Figure 4.1: Schematic drawing of the Large EMR Prototype& dbtector con-

sists of 48 layers of 4 extruded scintillating bars readouboth sides either by
MAPMTSs or SiPMs.

the fibers have been cut with a length of about 70 cm;

a hole has been drilled on both ends of the top face of the bar;

« the two fibers have been inserted in the extruded bar holblac#ied at the
ends with silicone glue;

* two syringes, one full of glue (the E-30 epoxy resin fromdhina) and the
other empty, have been inserted in the bar holes;

« using the filled syringe, the glue has been pushed in theademtrusion of
the bar until it came out in the empty syringe (figure 4.2). iDgithe gluing
procedure, particular attention was paid not to leave aidmthe bar hole;

* the glued bars have been dried for one night and then thegasihave been
extracted from the holes.

On one side the fibers have been interfaced with three R76008%1 Hama-
matsu 64 channel MAPMTs (the same of the small scale EMR {yqo¢o and
whose main properties are presented in table 3.1), whiléderother side with
192 SiPMs with a diameter of 2.8 mm (described in detail iisact.1.1).

Two different mask systems have been developed to alignMéfMTs and
SiPMs with the fibers. In the first case, the fibers of 64 barsrésponding to
one scintillating block) have been glued in a plastic masictviallowed a direct
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Figure 4.2: The WLS fiber gluing procedure.

connection between the fibers and the MAPMT (placed in aiplastder), as
shown in figure 4.3(a). Once glued, the fibers have been cupalshed. As far

Figure 4.3: The alignment system (plastic masks) for a) tA°MTs and b) the
SiPMs.

as the SiPMs are concerned, the fibers coming out from thesAdbaach layer
have been glued in a teflon holder, cut and polished. On ther gide of the
holder two holes were drilled to position the PCBs with theMgs (figure 4.3(b)).

4.1.1 The LEP SiPMs

As in the small scale EMR prototype case (section 3.2.1h8)SiPMs assembled
on the large EMR prototype have been developed by FBK-irgui@ 4.4(a)):
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table 4.1 presents their main features.

| Diameter | Cell Number | Cell Dimension | Fill Factor | PDE |
| 28mm | 2450 [ 50x50um* | 50% | 20-25%]

Table 4.1: The FBK-irst SiPMs features.

As previously mentioned in chapter 1, each SiPM has typicaltlifferent
breakdown voltage. In order to find the operation voltageéal’ measurement
has been performed for each of the 207 SiPMs (192 for LEP argpa#e ones).
Figure 4.4(b) presents the biasing scheme of the SiPM; thierdwalue has been
computed measuring the voltage drop across the {0@kistor.

Vbias

§ 100k
____{%__12UT

10nF

(b)

Figure 4.4: a) A photo of the LEP SiPM and b) the SiPM readobese: the
current consumption is computed measuring the voltage acopss the 100k
resistor.

An example of a characteristic curve is presented in figusédt. in this case,
the breakdown point is defined as the voltage value correbpgrto the current
threshold value, set at 0;BA and represented in the plot by the dotted violet line.
For instance, for the SiPM in the figure the breakdown voliagd.1 V.

As stated before a total of 207 SiPMs have been tested andltwof were
not working: their current consumption was larger than.20for the first step
of the voltage scan (equal to 29 V). Figure 4.5(b) presergsatbrking SiPMs
voltage for different values of the current: the black psicorrespond to 0.5A
(the SiPMs breakdown point) while the red and blue ones ta@itiof 2.A and
5uA (two possible operation voltages for the data taking).
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Figure 4.5: a) The I-V curve to compute the breakdown pouhertified as the
voltage corresponding to the crossing of the dotted viahetWwith the curve). b)
The 201 working SiPMs voltage for a current of 04 (in black), 2uA (in red)
and 5.A (in blue); the SiPMs have been divided into 12 groups.

Starting from these measurements, the 192 SiPMs have beeledlin 12
groups (the dotted violet lines in the plot) that have beesdxl independently
using an adapter board.

4.1.2 The LEP Readout Electronics

Both the prototype sides are interfaced with three MAROCarBs (described
in section 3.2.1.4) to process the signal coming from thdqatetiectors. All the
prototype boards have been tested on bench (before the $isaidly) in order
to evaluate the ASIC performance: the results of the bersthate presented in
appendix A.

While the MAPMTs have been plugged directly on the back ofitbard, as
shown in figure 4.6 which presents the bottom face of the beérdthe MAPMT
in place, the interface between the SiPM PCBs and the boaiess provided
by the adapter board (figure 4.7(a)). These adapter boavesdegn used also to
provide the different biases to the SiPMs groups. Figuréd gresents a photo
of the prototype with all the six MAROCS3 boards assembled.

4.2 The Cosmic Ray Test

The first Large EMR Prototype test has been performed at tB&JIMB labora-
tory with cosmic rays in order to make a preliminary studyted MAROC ASIC
parameters setting and the detector performance. In thesaetions the experi-
mental setup and the DAQ system are described and the rastétsns of spatial
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Figure 4.6: The bottom face of the FrontEnd Board with the N\¥APplugged on
the board itself (on the left of the board).

(b)

Figure 4.7. a) The adapter board used to connect the MAROG@8dhbto the
SiPMs. b) The prototype with the six MAROC3 boards in place.

resolution and detection efficiency are presented.

4.2.1 The Setup and the DAQ

Figure 4.8 presents the experimental setup of the cosmitestyand the DAQ
system (which is quite similar to the one used for the smallessEMR prototype
test, described in section 3.2.1.5).

The setup consists of:

e a10x10cn? 1 cmthick plastic scintillator (figure 4.9) made of Polysye:
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Figure 4.8: A schematic view of the experimental setup aedAQ system of
the cosmic ray LEP test. The setup consists of a plastidkaiat, which provides
the trigger signal, a couple of BCs and the prototype undgy wehile the DAQ is
based on a standard VME system.

<.

Figure 4.9: A photo of the scintillator for the trigger sigirathe cosmic ray test
of LEP.

the light produced by the incident particle is readout by atpmultiplier
tube directly connected to the scintillator tile providiting trigger signal to
the VME 1/O control board;

» a couple of Silicon Beam Chambers (described in sectiorl.2Pto re-
construct the particles tracks. The readout start signgémerated by the
control board once the trigger has been processed; thdogoatputs are
converted by the V550 ADCs (see section 3.2.1.5);

 the LEP detector: just the first block (i.e. the first 16 layaf the prototype
has been tested. The MAPMT bias voltage has been set at 750, tive
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SiPMs one (all the 64 SiPMs have been biased with the sameehia4.5 V,
corresponding to a bias currente8 yA. The two MAROC boards process
the signals coming from the different readout systems aaccanfigured
and readout by the control board. Although the ASIC provideth an
analog and digital response (as described in chapter 3)iataehave been
acquired only in the analog mode for all the LEP tests;

» a SBS Bit3 620 board which provides the optical connectioa PC.

4.2.2 The Test Procedure and the Results

The main goal of the preliminary test on LEP was to study thréopmance of the
64 SiPMs under test and compare their behaviour with the MARMNe. The
test procedure was the same described in chapter 3:

» a pedestal run is acquired with 200 random triggers;
« different cosmic ray runs are acquired changing the MAR@@meters;
* a high statistics cosmic ray run is acquired with the besfigaration.

In the off-line processing, only the BCs one cluster evengsstéored in the
DST files.

4.2.2.1 The MAROC Parameters Setting

The MAROC ASIC can be tuned depending on the applicationpteeamplifier
and shaper features (gain and peaking time) can be varieddohe best signal
to noise configuration. The MAROC configuration is perfornheatling a string
of 829 bits in the ASIC itself (as described in appendix A)peleding on the
analog signal shape, the readout electronics has to choameeat value for the
hold signal, that is for the time when the signal has to be $aanprhe test on
the ASIC settings has been performed varying the paramistatrsietermine the
shaper signal features (which are set with three capar@ocsthe readout hold.
The pre-amplifier gain has been fixed to a constant value of@4gsponding to
the unitary gain).

The slow shaper circuit (figure 4.10(a)) consists of thrgecdors called g
C, and G whose values are 1200 fF, 600 fF and 300 fF: they can be sqiénde
dently in theon (indicated with 1) or the f f (0) mode thus changing the shaping
time and the gain (as shown in figure 4.10(b)).

Figure 4.11(a) presents an example of the pulse heightmistn of one of
the LEP SiPMs used to evaluate the Signal to Noise Ratio feerdnt MAROC
parameter configurations: the plot has been computed withealkapacitors in
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Figure 4.10: a) The slow shaper circuit with its capacit@s=(200 fF, G=600 fF
and G=300 fF) and b) the hold scan with different shaper settibg$. [

the on mode (the so called1,1,1} configuration) corresponding to the longest
possible shaping time and a hold value of 10 ns. The noise paslbeen fit-
ted with a gaussian (the red line) while the signal one withabnvolution of a
Landau and a gaussian function (the green one); the Signdbige Ratio has
been computed dividing the mean value of the signal fit by thESRf the noise
gaussian distribution. This procedure has been also peeidmith a faster slow
shaper configuration characterized by only the 600 fF cégaiti the on mode
(the {0,1,0; configuration) and a hold value equal to 2 ns (the smallestiples
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value). The obtained SNR values are equal to 5.05 for theesdbigsted configu-
ration and 6.67 for the fastest one.

~
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Figure 4.11: The computation of the SNR for different MARO& aimeters set-
tings: a) the pulse height distribution performed with #ie1,1} slow shaper
configuration and a hold value of 10 ns with the noise gaudgiand the signal
Landau + gaussian one. b) The SNR as a function of the hole Vahihe two

different slow shaper configurations.

The hold setting has been also tested: the hold is definedeasttrval be-
tween the trigger signal and the sampling one (for furthéaitbesee appendix A)
and typically its value has to be chosen in order to sampleé#ak of the slow
shaper output signal. This choice allows to optimize then8ligo Noise Ratio
(evaluated also in this case considering and fitting theeplwsght distribution).
The hold test has been computed in fig1,1} slow shaper configuration with
two different hold values (5 ns and 15 ns): the SNR valuesespactively 5.21
and 5.04. The hold test value has been performed only in tve shaper con-
figuration: in the{0,1,0} one the hold has been set to the smallest possible value
given the time needed by the trigger logic to generate tiggériis already long
enough.

Figure 4.11(b) presents the SNR values for all the diffepamameter settings
considered in this test: thi,1,0} configuration (with a hold of 2 ns) is the one
chosen for the tests given its better SNR.

4.2.2.2 The Pedestal Analysis

The first step of the analysis is the subtraction of the patlestiue (i.e. the
baseline) from the raw data. Figure 4.12 presents the pEgesfile for the LEP
boards: the average value for the MAPMT channels is of therasfi630 ADC,
while the one of the SiPMs is around 900 ADC.
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Figure 4.12: The pedestal profile of the a) MAPMT board andb)3iPM one.

As far as the noise RMS is concerned (figure 4.13(a)), in thePMA case
(top) the average value is about 1.5 ADC while in the SiPM d¢as¢tom) it is
around 80 ADC: the SiPMs are clearly noisier than the MAPMVUaneif they
have a factor 10 larger gain.

The noise RMS is the sum in quadrature of the intrinsic no@®aponent
and the so calledommon mode, which corresponds to an overall movement of
the baseline common to all the ASIC channels due to the noigbebias line.
The common mode noise is computed on an event by event basise #.13(b)
presents the distributions of the common mode values foMIREMT (top) and
the SiPMs (bottom). The common mode value has to be subtraetent by
event, from the raw data and the pedestal and the noise vahwesto be re-
computed. The red lines in figure 4.13(a) represent the 48 once the com-
mon mode has been subtracted: as far as the SiPM plot is eatc@rottom), it
seems that in the SiPM case the common mode is very small. €othier hand,
the noise RMS is so large that the evaluation of the CM is ndhblyethis RMS.
For this reason, the MAPMTs data written in the DST files aréh Ipedestal and
common mode subtracted, while the SiPM data are only pddegiaacted.

4.2.2.3 The Working and the “Bad” SiPMs

The typical pulse height distribution obtained with a LERP®i has been pre-
sented in figure 4.11(a): the noise peak, due to the eventseewizeparticle has
hit the detector or the particle has not been detected, eratgal from the signal
one.

Figure 4.14(a) presents the pulse height distribution agegpwith a SiPM
which is a working device but not interfaced to the two WLS ifdbeoming out
from the bar. As expected, the distribution is comparabléheéopedestal one.
On the other hand (figure 4.14(b)), the pulse height didtiobwof a broken SiPM
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Figure 4.13: a) The noise RMS (in blue) and the common modtasttbd noise
RMS (in red) for each ASIC channel and b) the common modeibligions. The
MAPMT board is the one in the top plots while the SiPM one the iorthe bottom
plots.

(the so called “bad” SiPM) is narrow and peaked on zero (ictpra it is the noise
RMS of a MAROC channel).

In the LEP first block there are 4 SiPMs not connected to thedibed just a
broken one (over a total of 64 SiPMs); in other words, the g@etiage of working
devices in the first LEP 16 layers is 98%.
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Figure 4.14: The pulse height distribution of a) a workingMinot connected to
the fibers coming out from the bar and b) a “bad” device. In tts¢ EEP block 4
SiPMs are not connected to the fibers and one is broken.

4.2.2.4 The Pulse Height Equalization

The analog output may vary from bar to bar for several reasanhk as the fact
that the scintillating light could not reach the MAPMT chahibecause of the
bad gluing of the WLS fibers in the bar hole (thus producindptlitpss), the
not good alignment between the fibers and the photodetectarsl introduce
crosstalk problems and the intrinsic non uniformity of th&@RMT channels or
the different SiPMs in terms of gain.

To set a threshold to distinguish noise from signal evemtsualization is
needed:

* the pulse height distribution of each of the 64 bars undsrisdilled requir-
ing that the bar has the maximum signal in the event for the MARvhile
in the SiPM case the bar has to be the maximum one and the pongisg
MAPMT channel has to be above a given threshold (30 ADC) ireotd
reduce the noise peak;

+ all the distributions have been fitted (excluding the npisak) with a Lan-
dau + gaussian function to extract the most probable valtheedafistribution
(represented by th&/ P fit parameter, figure 4.15);

* the 64 pulse heights have been re-computed rescaling ea&vplue to the
first bar one;

* the distributions of the rescaled pulse heights have bé¢texl fas a cross-
check (figure 4.16).

Once completed this procedure, the pulse height of the beadfi layer with
the maximum signal in the event has been considered as shdigniie 4.17 to set
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Figure 4.16: The distributions of the rescaled pulse heighthe first four a)
MAPMT and b) SiPM bars.

the signal threshold; the final values are 15 ADC for the MARNMIhd 270 ADC
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Figure 4.17: a) The MAPMT and b) the SiPM threshold value &iidguish the
noise from the signal (the red lines): the pulse height ithstions have been
computed with the equalized signals and the bar with the maxi signal in the
event.

for the SiPMs.

4.2.2.5 The Spatial Resolution and the Efficiency

To identify the particle hit position on the different progpe layers, the cluster
identification has been performed (with the algorithm diégctin section 3.2.2.2)
independently for the MAPMT and the SiPM readout system. @ in fig-
ure 4.18, in most of the events there is one cluster with desingy. Larger num-
bers of bars per cluster are mainly due to the particles wdniemot perpendicular
to the layer or to different particles which hit the protogyput not the trigger and
the tracking system.

The spatial resolution has been evaluated using the saimdeaémethod pre-
sented in section 3.2.2.2: just the one-cluster events beee selected and the
differences between the position reconstructed by th&itrgsystem (i.e the pro-
jection from the BCs to the surface of the layer prototype) e one measured
by the prototype layers themselves (defined as the clussgiqguo have been eval-
uated. Figure 4.19 presents the distribution of the resscafahe first layer of the
LEP detector with the gaussian fit for the MAPMT and SiPM cdke:MAPMT
o is 5.1 mm while the SiPM one is 4.6 mm.

The efficiency has been computed with equation 3.4 wheredhg:t and
the good events are defined separately for each layer. An event iethgg a
target event if the surrounding layers (like in a sandwich) have a sindlister
with a residual smaller tharvdr,,.,.. For the first and the second-last LEP layers,
the sandwich condition is applied to the two following or geding layers. An
event is identified agood if there is one cluster in the layer under test within 3
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Figure 4.18: The distributions of the number a) of clusterd b) of bars per
cluster for the MAPMT (top) and the SiPM (bottom).
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Figure 4.19: a) The MAPMT and b) the SiPM first layer residusirtbution fitted
with a gaussian function to evaluate the spatial resoluiientheos parameter).

times the sigma resolution.
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Figure 4.20 presents the two dimensional efficiency ploteefirst LEP layer
for the MAPMT and the SiPMs, while figure 4.21 shows the priogers along the
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Figure 4.20: The two-dimensional efficiency profile histogs of the LEP first
layer readout by a) the MAPMT and b) the SiPMs.
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Figure 4.21: The projections along thelirection of the 2D efficiency profiles for
the first LEP layer readout by a) the MAPMT and b) the SiPMs.

fit with a constant function gives a value of 99:38.04% for the MAPMT and
98.65+0.06% for the SiPMs.

Considering the efficiency value of each layer as presentédure 4.22, the
MAPMT one is constant (larger than 90%) while the SiPMs ordicates that
the small Signal to Noise Ratio limits the performance ofgistem: in fact, an
increase of the inefficiency is visible in the last layersh#f LEP block under test.
The same result has been obtained during the test at CERNI(hs presented in
section 5.1.4.2), where the LEP efficiency has been measutedwo different
methods.
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Figure 4.22: The efficiency of the layers readout by a) the MIAPand b) the
SiPMs.
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Chapter 5

The LEP Beamtest Results

As already described in chapter 4, the Large EMR Prototygeblean tested for
the first time with cosmic rays obtaining good results abbet $ystem overall
stability. After the commissioning phase, the prototypse been also tested with
particle beams at one of the extracted lines of the Europegarfzation for Nu-
clear Research (CERN).

The first part of this chapter describes the beam and the iexpetal setup. In
the second part of the chapter, a presentation of the datgytpkocedure and the
analysis results is given. The results are presented instefrapatial resolution
and detection efficiency for both the readout systems baseflAPMTs and
SiPMs.

5.1 The T9 Beamtest

The Large EMR Prototype has been tested on the T9 beamlile &ERN PS
East Area. The T9 beam is a charged particle secondary bezinged by the
ProtoSynchroton (PS) primary 24 GeV/c proton beam hittirigrget. The re-
sulting beam is a mixed negative or positive beam (typicallyr ande) in the
1-15 GeV/c momentum range [77] and has typical intensitigh@order of 10
particles per bunch (the so calledill). The spill lasts around 400 ms with a
period of 45 s; depending on the users, between 1 and 3 spellavailable to
the beamline for each period. The selection of the particlesnentum is per-
formed by a horizontal collimator placed at the beginninghef line, while the
beam intensity can be adjusted with a vertical collimatdre Beamtest has been
performed using particles with a momentum of 6 GeV/c, so thatbeam was
mainly composed by pions which cross the whole detector élethe 48 LEP
layers) as Minimum lonizing Particles (MIPs).

An example of the beam profile both in the horizontal and galtdirection
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as measured by the Silicon Beam Chambers is presented ie Bglir The RMS
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Figure 5.1: The beam profile in the a) horizontal and b) valtiirection as mea-
sured by the BCs.

of the horizontal profile is 1.22 cm, while the shape of thenbéa the vertical
direction is due to the settings of the collimators chosecotcer the whole LEP
extension: the RMS of the vertical profile is in faeR.3 cm. The entries drops
visible in the plots are due to non working strips, which wdigabled and not
taken into account in the analysis.

The beam divergence is shown in figure 5.2. The angular bligion of the
beam particles (whose peak is not centered on O because alighenent of the
BCs in the horizontal direction) has been fitted and the diece is given by
the sigma parameter. The values are 4483801 mrad for the horizontal direction
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Figure 5.2: The beam a) horizontal and b) vertical divergenc

and 1.48-0.02 mrad for the vertical one: for these tests there was nocpkar
requirement on the beam divergence.
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The main goal of the T9 beamtest is to evaluate the perforenai®uch a large
number of SiPMs used as the readout system of the scimtgldtars. Although
initially the Large EMR Prototype has been developed tottesElectron Muon
Ranger calorimetry capability, in this beamtest only tlaeker performance has
been evaluated and the results are presented in terms @dlsegblution and
detection efficiency for each layer of the prototype.

5.1.1 The Experimental Setup and the DAQ System

As shown in figure 5.3, the beamtest experimental setup st

Figure 5.3: The experimental setup at the T9 beamline: isistsof a scintillator
providing the trigger signal, a couple of BCs for the paetsctracking and LEP
(the tracker under test).

« the 10x 10 cn¥ scintillator (section 4.2.1) placed at the beginning of the
line for the trigger generation;

 a couple of Silicon Beam Chambers (section 3.2.1.2) foptmticle track
reconstruction;

* the Large EMR Prototype. The bias voltage of the LEP MAPMas been
set at 850 V, while the 192 SiPMs have been biased with thriéereint
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Figure 5.4: A photo of the three power supplies used to biad @2 LEP SiPMs.

(one for each block) power supplies (figure 5.4), whose \&{peesented in
table 5.1) have been chosen in order to obtain an overvotibgeout 3 V.

| Block | Bars Number | Voltage (V) |

1 164 34.00
2 65—128 34.00
3 129192 34.55

Table 5.1: The three different bias values of the LEP SiPMs.

The Data AcQuisition system is similar to the one used forabemic ray
tests performed both with the small scale EMR prototype Aed_irge one (see
section 3.2.1.5 and 4.2.1). As shown in figure 5.5, it is based standard VME
system (controlled by a SBS Bit 3), which hosts several lmard

* 4 VME Readout Boards (VRB, developed for EMR) that are respae of
the MAROC configuration, the readout sequence generatidthenduring-
spill data storage;

* atrigger board which generates the trigger and sendslietdiaster VRB
which in turn distributes it to the other VRBs.

The VRBs generate the readout sequence for the MAROC boadditia BCs
repeater + ADC system. The data are stored in 2 32-bit Mwonshonies in the
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VME BUS

Trlqger | Trigger

| | |
VRB Trigger
VRB VRB VRB Master Board

1 AN

to PC
Trigger
from Scintillator

| FEB1| FEB2 |FEB3 | FEB4 |FEB5 | FEBS|

I I I

Figure 5.5: The scheme of the T9 beamtest DAQ system: thermesl lepresent
the output signals of the control boards in the VME crate |evtiie blue lines are
the outputs from the detectors.

VRBs during the spill; this readout system has allowed a marn theoretical
speed of 4 kHz, which could not be completely exploited duthébeam inten-
sity: around 1200 events per spill were acquired with resjoeihie possible 1600
events.

As in the previous tests, the DAQ software is written in C wAitl/Tk is used
for the graphical interface; the raw data were stored in PAWles which have
been processed to obtain the DST files, where only the orsteclavents of the
BCs are selected.

The test procedure (which is quite similar to the ones diesdrin chapter 3
and 4) consists of the following steps:

 pedestal runs (acquired with 200 random triggers) and tatissics particle
runs are acquired changing the settings of the MAROC parsiethe
detector performance has been evaluated in terms of noise &M SNR
in order to find the best configuration optimizing the SiPMd&gm@nance;

 a pedestal run to evaluate the ASIC channels baseline amghatatistics
run are acquired with the best configuration.

5.1.2 The Slow Shaper Performance

Once the MAROC gain has been set at 40 to avoid a lot of evesttumation for
the SiPMs and at 64 for the MAPMTS, the first step of the testieas performed
using the slow shaper.
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As presented in section 4.2.2.1, the longest shaping tinobtsined setting
the three slow shaper capacitors in themode 1,1,1}). Figure 5.6 presents
the pedestal profile of the six LEP boards in this slow shapefiguration for the
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Figure 5.6: The pedestal profile of the six LEP boards: theplopis obtained
with the MAPMTSs while the bottom plot with the SiPMs.

MAPMTSs (top) and the SiPMs (bottom): the pedestal value figidint for each
board.

The noise RMS plotted as a function of the channel numbehi®sMAPMTs
is presented in figure 5.7(a) (the blue histogram) and hasverage value of
about 1.5 ADC, while in figure 5.7(b) the blue histogram shtwessame plot for
the SiPMs with a mean value of the order of 80 ADC. Considetirggresults
presented in section 4.2.2.2, the evaluation of the nois& RNte the subtraction
of the common mode (which represents the overall movemethebaseline
common to all the ASIC channels) has been performed onlyHerMAPMT
channels (the red histogram).

The green histogram in figure 5.7(b) presents the noise Rst8Hition with
a different setting of the slow shaper capacitors corredipgno a faster shaping
time ({0,1,1}). The net result is a decrease of the RMS value for the SiPMs
channels: the average value is around 60 ADC, while in the MARase it is
already so small that the difference cannot be appreciated.

In order to determine the best slow shaper configuration &ie @f both set-
tings has been evaluated. Figure 5.8 shows the pulse hebatsar (performed
when this is the one with the maximum signal in the event)ditt¢h a Landau +
gaussian function for thé¢l,1,1} configuration (plot 5.8(a)) and th®,1,1} one
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Figure 5.7: The noise RMS (blue histogram) for each ASIC ok&for a) the
MAPMTs and b) the SiPMs in thél,1,1} slow shaper configuration. The green
histogram for the SiPMs corresponds to fiel,1} configuration, while the mea-
surement of the common mode subtracted noise RMS has bdemped only in
the MAPMT case (the red histogram).

(plot5.8(a)). TheVl P parameters extracted from the fits are 387 ADC for the first
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Figure 5.8: The pulse height distribution in a) 51,1} and b) the{0,1,1} slow
shaper configuration.

case and 318 ADC for the second one. Thus, the best configuratithe slow
shaper capacitors (i.e the one which optimizes the SiPM S&fRg{0,1,1} one:
even being the gains of the two configurations simitat @), the{0,1,1} noise
RMS is a factor 0.75 smaller than the one obtained witH th&,1} configuration.
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5.1.3 The Hold Setting

A study to optimize the SiPMs SNR varying the hold has alsmhmsrformed.
Considering the best configuration of the slow shaper cawad{0,1,1}) and the
gain at 40, the pull distribution of each LEP layer has beenpmaed for three
different hold values: 5 ns, 8 ns and 10 ns.

Figure 5.9(a) presents an example of the pull distributidhefirst LEP layer
for a hold of 5 ns with the fit with a Landau + gaussian functiéingure 5.9(b)
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Figure 5.9: a) The first SiPM layer pull distribution and bg thull values as a
function of the layer number for three different hold values

shows the pull most probable values for the 48 layers whiersammarized in
table 5.2. The best hold configuration (i.e. the one with #rgdst pull values)
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| Hold (ns) | Signal to Noise Ratio

5 7.39
8 6.90
10 6.88

Table 5.2: The average of the pull for three different hollliga.

corresponds to a hold of 5 ns (the blue points in the plot).
Thus, the data taking configuration was the following:

a slow shaper configuration ¢0,1,1};

a hold value of 5 ns;

a SiPM gain of 40;

a MAPMT gain of 64.

5.1.4 The Analysis Results

As in the cosmic ray test, the first step of the data analydisesqualization of
the bars outputs (with the same procedure described ineh&pto be able to set
a single threshold to distinguish noise from signal events.

Figure 5.10 presents the distribution of the pulse heightédhe subtraction
of the pedestal and the common mode value (if needed) haspestrmed) of
two MAPMT layers (figure 5.10(a)) and two SiPMs ones (figurgé0gh)): the
plots have been computed selecting, event by event, theflaese layers with
the maximum signal.

As previously described in section 4.2.2.4, the bar eqattin has been per-
formed considering the pulse height distribution of eacigle bar and rescaling
each mean value to the first bar one, separately for both uéagstems. The same
distributions of figure 5.10, once rescaled, are shown irrégull. A threshold
(represented by the red lines in the plots) to distinguishnthise events from the
signal ones has been set at 80 ADC for the MAPMTs and at 150 AGhe
SiPMs.

The analysis has allowed to identify the non working SiPMa ik the ones
not interfaced to the two WLS fibers coming out from the bard #re broken
ones, as summarized in table 5.3. Less than 7% of the 192 LIHR®<Shave been
considered as “bad” devices.
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Figure 5.10: The pulse height distributions of two a) MAPMyérs and b) SiPM
ones before the signal equalization.

n
(=3
]

| | 1
1000 1200 1400
Pulse Height (ADC Counts)

LEP Block | Not Connected| Not Working | Working
SiPMs SiPMs SiPMs (%)

1 4 1 92.2

2 2 1 95.3

3 4 1 92.2
\ Total \ 10 \ 3 \ 93.2 \

Table 5.3: The number and the percentage of the working SileMsach LEP
block and for the overall detector.
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Figure 5.11: The rescaled pulse height distributions oflayers readout by a) the
MAPMTSs and b) the SiPMs: the red lines represent the threstootlistinguish
the signal from the noise.

5.1.4.1 The Spatial Resolution

Once the outputs have been equalized, the cluster idetibficalgorithm (de-
scribed in section 3.2.2.2) has been used to identify thigcgahit position on the
different LEP layers. The cluster identification has beafgomed independently
for each of the 48 LEP layers and for the MAPMTs and the SiPMgure 5.12
presents the number of clusters in each of the three LEP sledkle figure 5.13
shows the distributions of the number of bars per clusterinAlse previous tests,
also in this case in most of the events there is one clustarasingle bar.

Figure 5.14(a) and 5.14(b) present the residual distobuftor the MAPMT
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Figure 5.12: The distributions of the number of clustersdpthe MAPMT and

b) the SiPM LEP blocks.

and the SiPM first layer fitted with a gaussian function. Asested, thesigma
values of the fits (i.e. the spatial resolution) are comgarabr the MAPMTso

is equal to 4.16 mm while for the SiPMs 3.92 mm.

The spatial resolution has been evaluated independemttizdod8 MAPMTs
and SiPMs layers as shown in figure 5.15. In both cases, thi@lsesolution gets
larger with the increase of the layer number because of thiépleuscattering and
the energy loss during the patrticle travel; however, the MAB haveos values
larger than the SiPMs ones. This is due to the cross-talkteffeich may cause
the misidentification of the hit position increasing thus thsidual.
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Figure 5.13: The distributions of the number of bars pertelusr a) the MAPMT
and d) the SiPM LEP blocks.

5.1.4.2 The Detection Efficiency

The procedure to evaluate the detection efficiency for alltBP layers is the one
presented in section 4.2.2.5.

Figure 5.16(a) and 5.16(b) present the 2D efficiency profilthe first LEP
layer for the MAPMT and the SiPMs. In both cases, the wholedayg very
efficient. As already performed in the commissioning phaseprojections along
they-direction of the two-dimensional plots have been comptdegive a precise
measurement of the LEP efficiency. Figure 5.18 presentsrtjeqtions of one of
the first LEP layers fitted with a constant function obtairamgefficiency equal to
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Figure 5.14: a) The MAPMT and b) SiPM first LEP layer residuakribution
fitted with a gaussian function: thevalue represents the spatial resolution.
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Figure 5.15: The trend of the spatial resolution for a) the RMYT and b) the

SiPM readout system.

99.73+0.01% for the MAPMT and to 97.980.03% for the SiPMs.
Considering the overall efficiency of the detector, as shimwfigure 5.18(a),

all the MAPMT layers have an efficiency larger than 97% (witheaerage value
equal to 99.5%), while in the SiPMs case a loss of efficiencthenlayers be-
longing to the last LEP block (corresponding to the one testith cosmic rays,
chapter 4) is clearly visible.

The same result has been obtained computing the efficieneadf bar in
a self-consistent way, that is not using the tracking syg@smpresented in fig-
ure 5.19). Also in this measurement, the efficiency is deflmethe same equa-
tion of the previous method (equation 3.4) and#tvegjet and thegood events are
defined separately for each bar: an event is tagged@asjat event if the bars in
the same vertical position of the layer before and the ore #fe layer under test
have a signal larger than the threshold (150 ADC) and thetésexso identified
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Figure 5.16: The two-dimensional efficiency profile hisergrof the LEP first
layer readout by a) the MAPMT and b) the SiPMs.
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Figure 5.17: The-direction profile histogram of the first a) MAPMT and b) SiPM
layer fitted with a constant function to evaluate the efficien

asgood if the signal of the selected bar is larger than the threshioldhis case,
the efficiency of the first and the last layers and of the bamslwached by a not
working SiPM have not been taken into account.

Figure 5.20(a) shows the distribution of the bars efficient a mean value
larger than 93% while in figure 5.20(b) the same efficiencyealas a function
of the bar number are presented. This result is in agreemiéntive first method
(figure 5.18(b)) and with the trend of the efficiency obtaimleding the cosmic
rays tests and presented in section 4.2.2.5: in fact, theld®onging to the third
LEP block (from 128 to 192) are clearly less efficient thandtieer ones.
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Figure 5.18: The efficiency of each layer readout by a) the MAB and b) the
SiPMs.
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Figure 5.19: The self-consistent method for the measureaidime bar efficiency:

an event is tagged asarget event if the signals of the bars (the red ones) before
and after the one under test are larger than the threshold®r@dood one if

the bar under test (the blue one) has a signal larger thaneahtbid. For this
measurement only the particles that hit the bars at the santieal position are
taken into account; target events like the orange ones amonsidered.

5.1.5 The Results with a Different SIPMs Bias

In the last phase of the beamtest, the SiPMs performancedesasdvaluated with
a lower biasing voltage (table 5.4), the same MAROC parammeted MAPMTSs

| Block | Bars Number | Voltage (V) |

1 164 33.00
2 65—128 33.00
3 129192 33.55

Table 5.4: The values of the SiPMs bias values used in thééshtest phase.

settings (section 5.1.3).
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Spatial Resolution (cm)

The analysis procedure is the same of the previous sectigure=5.21(a)
and 5.21(b) show the spatial resolution and the efficiencg&eh of the 48 LEP
layers readout by SiPMs. The trend of the spatial resolus@orrect while with

1
0.9k
0.8F
0.7 «
E Ky KK
0.6 x*xxx****x* * T
£ KKK
0.5 xx****x* ~
E * **xx**
0.4;;,(****
0.3
E L P B |
0'20 10 20 30 40 50
Layer Number
(a)

*
KK xexn

*

*

T[T [T [T T IT R T [T T[T T

*

0.9525 + 5.529e-05

pO

P ST
40 50
Layer Number

10 20 30

(b)

Figure 5.21: a) The spatial resolution and b) the efficiencgach LEP layer
readout by the SiPMs biased with a smaller voltage.

the smaller bias voltage there is a drop in the efficiency ¢wig of the order of
95% with respect te-97%).



132 The LEP Beamtest Results




Conclusions and Outlooks

The PhotoMultiplier Tube can be considered the most widesspphotodetector
in different physics fields: it has pros such as the capgitditietect very low light
fluxes, high sensitivity and high gain but also cons as theiseity to magnetic
fields, a low quantum efficiency and the need of high voltage tlkese reasons, in
the early '70s a new type of photodetector based on semicboidu(called solid
state photodetector) has been developed as an alternatitie standard PMT.
Among these new photodetectors, Silicon PhotoMultipli8i®Ms) represent one
of the most probable alternatives for many experiments wersé physics fields
(from high energy physics to space physics) which havegnnhrequirements
such as the large number of sensors, low power consumpttmaansitivity to
magnetic fields.

A SiPM consists of a matrix of pixels (typically 500-4000 eis/mn¥) with
dimensions in the 20-200m range and joined together in parallel on a common
Silicon substrate. Each pixel works as an independent &iAgbton Avalanche
Photodiode (SPAD) operated in limited Geiger mode (i.e. dggdal device),
while the sum of all the SiPM pixels outputs is proportiomalthe energy de-
posited by the patrticle. The high internal gain (of the ofer(’), high detection
efficiency, low bias voltage, very good time response andtbensitivity to mag-
netic fields represent the main advantages with respect teMPs. On the other
hand, SiPMs have important limits such as the dark count(vatéch is of the
order of one MHz in comparison to the PMT one which is of theeorof one
kHz) and the fill factor (defined as the ratio between the ediea of the detector
and its whole area).

The FACTOR (Fiber Apparatus for Calorimetry and Trackinghadptoelec-
tronic Read-out) collaboration (now TWICE, Techniques\Wide-Range Instru-
mentation in Calorimetry Experiments) is one of the redegroups who intends
to improve the SiPM features in terms of noise, detectiogiefiicy and radiation
hardness. It is being supported by the Italian Institute atldar Physics and
actively collaborates with FBK-irst (Fondazione Bruno Kles) to develop and
optimize a new SiPM technology. The final goal is the assemhly commis-
sioning of scintillator based systems readout by SiPMs dorcalorimetric and
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tracking applications.

This thesis work has been performed in the framework of tHe FAR/TWICE
collaboration and its goal was the evaluation of the perforce of SiPMs used
as a readout system of scintillating bars detectors anddhmparison of their be-
haviour with the MAPMTs one. Two different prototypes of thiéCE Electron
Muon Ranger detector (developed by the Como/Trieste groap)een used for
the tests: they are based on scintillating bars whose Igybaiiried out by Wave-
Length Shifter fibers and readout both by MAPMTs and SiPMsallthe tests
performed during this thesis work, the photodetectorsagywere processed by
a FrontEnd Board whose main element is the MAROC3 ASIC, whidact has
been designed for the readout of 64-channel MAPMTs. EaclCABhnnel con-
sists of a preamplifier with a variable gain, two shapersda sine for the analog
readout and a fast shaper for the digital output), a sampd&Rsircuit and a dis-
criminator. The MAROC3 ASIC provides one multiplexed amptutput and 64
digital ones at the same time: the multiplexed output (withaximum clock fre-
quency of 10 MHz) is digitized by an external ADC (AD9220, Ao Devices)
integrated on the frontend board, while the 64 fast shapaisuts are discrim-
inated to generate 64 independent digital outputs (whosiéhwis a function of
the input amplitude). Several characterization tests lhaen performed on the
MAROC boards as presented in Appendix A.

The first tests have been performed with the small scale EMB®{ype, which
consists of 8 layers of 10 19.1 cm long extruded scintilgtiars whose light is
carried out by 4 1.2 mm diameter WLS fibers. Eight bars of tis layer have a
double readout system: on one side the light produced byhthéeant particles is
readout by a 64-channel MAPMT and on the other side by 8 1 mmelier FBK-
irst SiPMs. The MAPMT performance and the SiPMs one have bespared in
terms of Signal to Noise Ratio, spatial resolution, detecéfficiency and timing
resolution (as shown in chapter 3). The analysis resulte/ shat SiPMs have a
smaller SNR with respect to the MAPMT because of their largansic noise;
on the other hand, comparable results on the spatial résol(#t6.8 mm) and
efficiency (of the order of 94%) have been obtained. As fahasiiming resolution
is concerned, the measured value is of the order of 2.5 nsoftbr, lvhich is an
upper limit because it is the sum of different effects suckhasintrinsic timing
resolution of the photodetector, the characteristic tgnofi the scintillator and
the WLS fibers light emission and the timewalk of the eleatsmhain. A clear
demonstration of the better intrinsic timing resolutiorsa®Ms has been obtained
measuring the light travel time in the scintillating bar,iahis of the order of 1 ns.

The tests performed with the Large EMR Prototype representéart of this
thesis work (chapter 4 and 5). LEP is a totally active sdattilg detector consist-
ing of 192 rectangular bars arranged alongdtltirection in 48 layers and divided
in three blocks. The light is carried out by two 0.8 mm diam&.S fibers per
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bar which have been glued in the bar hole: on one side theyleem interfaced
with three Hamamatsu 64 channel MAPMTSs, while on the othén %92 2.8 mm
diameter FBK-irst SiPMs. During the commissioning phasefifst 16 layers of
the detector have been tested with cosmic rays obtainingpd gtability of the
overall system. LEP has been also tested at CERN with a 6 Gadrnentum
particle beam and characterized in terms of spatial resol#nd detection ef-
ficiency. The spatial resolution has been measured for efttte@l8 prototype
layers using the residual method: both in the MAPMTs and Silelke, the spa-
tial resolutions are in the range of 4.0-7.5 mm and get langdr the increase of
the layer number because of the multiple scattering andtéryg loss during the
particle travel. As far as the MAPMTSs detection efficiencgacerned, an effi-
ciency value larger than 97% for all the layers has been medsin the SiPMs
case, the efficiency has been evaluated with two differenhoas one of which
does not use the tracking system: in both cases, a loss aésfficin the layers
belonging to the last LEP block has been measured; howeveffiaiency larger
than 90% has been obtained for all the 48 layers.

The measurement of a smaller efficiency in the SiPM case wispeact to
the MAPMT one is mainly due to the noise of the device itsei¢éifaced to the
readout ASIC. As shown in chapter 4 and 5, the MAROC ASIC carnubed
depending on the application and varying its parametezstfie shaping timing)
it is possible to increase the SiPM SNR.

As far as the next future is concerned, a new version of thetrel@cs has to
be developed: considering the MAROC features the eleasoctiain has to be
improved to optimize the readout of SiPMs signals. An aliiue can be repre-
sented by the development of a new frontend board based dfeeedt ASIC:
the EASIROC (Extended Analogue Si-pm Integrated ReadOuyp)Ctvhich is
an ASIC developed specifically for the SiPMs readout. It hagl@annels with
a 4.5 V range 8-bit DAC for adjusting the bias (and thus the)gaf the single
SiPM and a maximum multiplexed charge up to 320 pC is avalé@hich has
to be compared with the MAROC one which is of 5 pC). Each chhisnmade
of 2 variable gain pre-amplifiers followed by 2 tunable shrapnd a track and
hold. The main advantages of the readout system based orABEREC ASIC
are represented by:

« the large dynamic range, which will solve the saturatiavbpem;

« the possibility of setting the overvoltage on a SiPM by SiBasis.
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Appendix A
The Tests on the MAROC3 Boards

The readout electronics of the two prototypes, the smalé4esIR prototype and
the Large EMR Prototype, used to perform the SiPM tests mttiesis work, is
based on a prototype of the EMR detector FrontEnd Boards (FBB. In all the
tests, the two scintillation light readout systems arerfateed with a MAROC3
board (figure 3.11), whose main element is the 64-channdidabde Read-Out
Chip 3 (MAROC3) ASIC [79].

After a brief introduction on the board and its ASIC, this epgix describes
the bench tests of all the LEP MAROC boards before their fiss¢mbly on LEP
to evaluate the functionality and the uniformity of the listhemselves.

A.1 The MAROC3ASIC

The MAROCS3 is the third version of the ASIC developed by theggmgroup
(LAL 1, Orsay) for the ATLAS luminometer [79] and it is designed iMB SiGe
0.35um technology with an area of 4 4 mn?. Each ASIC channel (figure A.1)
consists of a preamplifier with a variable gain, two shaparsli¢w one for the
analog readout and a fast shaper for the digital outputyygkeghold circuit and
a discriminator. The MAROCS3 provides one multiplexed agaboitput and 64
digital ones at the same time. The multiplexed output (witheximum clock fre-
quency of 10 MHz) is digitized by an external ADC (AD9220, Av@Devices)
integrated on the frontend board, while the 64 fast shapaisuts are discrim-
inated to generate 64 independent digital outputs (whoskéhvis a function of
the input amplitude). The frontend board is equipped with BRGAs (ALTERA
Cyclone Il), for the configuration and readout of the MAROCSIS.

!Laboratoire de I'accélérateur Linéaire, Orsaytp://omega.in2p3.fr
2Analog Devices Inc.www.analog.com
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Figure A.1: Scheme of a single channel of the MAROC3 ASIC.

All the channel settings can be selected sending a strin@#flts to the
ASIC during the configuration phase. The bit list is sumnetin table A.1

| Bit | Name | Description |
1-2 dummy not used
3 slope DAC change DACO slope
4— 13 DACL1 threshold set the discriminator threshold
14— 23 DACO threshold set the discriminator threshold
24 — 27 ADC parameters set the internal ADC features
28 — 155 | mask discriminator outputs enable/disable digital outputs
156— 190 general parameters select shaper and sample&hold circuit
191— 198 gain 64 select gain of channel number 64
199 sum 64 enable sum output channel number 63
200— 765 gain-sum select gain and sum of the other 64 chanr
766— 829 C-test all channels enable the calibration input

Table A.1: The MAROCS3 configuration bits.

Before the final assembly of the MAROC3 boards on the Large BM®&
totype, all the boards have been tested on bench in orderalasge the ASIC

els
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performance and to check the functionalities of the boandsselves. In par-
ticular, the linearity of the 64 channels response and t@fiormity have been
measured both for the ASIC analog output and the digital oReslly, the be-

havior of the 10 MAROCS3 boards (six for the prototype plusrfepare ones) has
been compared.

A.1.1 The Analog Part

The first test of the analog response consisted in the measuateof the ASIC
channel noise by means of a pedestal run, which is a run ahusing a ran-
dom trigger in order to evaluate the baseline of each champlesented in fig-
ure A.2(a). Figures A.2(b) and A.2(c) show respectivelydistributions of the
pedestal and noise RMS extracted from the pedestal problé: fdots have been
fitted with a gaussian function. The spread of the distrdngj defined as the
sigma overmean ratio, is 4.3%o for the pedestal and about 2.9% for the noise
RMS.

The main test of the analog output is the hold scan, whictwallo evaluate
the shape of the analog signal varying the “sample&hold®tirithe hold is de-
fined as the interval between a start signal (typically tiggér signal) and the
sampling one: the idea is explained in figure A.3. The triggignal is generated
by a scintillator whose analog output is discriminated by IMMliscriminator
(which requires a few tens of nanoseconds). This signaldsgased by a VME
trigger board whose output is the start of the hold delay. Jdigtillator light
integrated by a PMT pad is amplified (by the preamplifier) p&lutb(by the slow
shaper) and sampled (by the sample&hold circuit) in the MABAASIC. The
sampling is performed at the time indicated by the hold digha sampled value
is stored to be sent to the ADC during the readout procedure.

The tests have been performed using a calibration signalha¢onsisted in
square pulses with a frequency of 1 kHz and a variable anaddif V, 750 mV
and 500 mV). Given that the hold value should be set in ordeatople the peak
of the signal, the shape of the analog signal can be obtaemythg the hold delay
in the range 0-840 ns (thus sampling the signal in differdéstgs). The goal of
these tests was to evaluate the linearity of the output df sexgle channel of the
ASIC as a function of the input amplitude and the uniformityiee 64 MAROC3
channels.

Figure A.4(a) presents the hold scan for a single MAROCS3 sblmvhere the
peak has been fitted with a gaussian function.

For each channel, the peak amplitude (titeof the gaussian fit) has been
plotted as a function of the amplitude of the input signal &tidd with a linear
function (figure A.4(b)). This fit allowed to extract the adt{thep0 value of the
fit which should be comparable with the pedestal one) and & (the slope of
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Figure A.2: a) The pedestal profile and the distributions)ahle pedestal and c)
the noise RMS values for the 64 MAROC3 channels.

the line, that is the1 value). The overall distributions of these two quantities a
shown in figure A.5.

These distributions have been fitted with a gaussian fum@ti@rder to mea-
sure the spread: as far as the offset is concerned, the deaareesqual within
4% (as expected, a result comparable with the spread of thespa), while the
spread of the gain distribution is about 3%. Also the meaneval the offset is
comparable with the pedestal one (figure A.2(b)).

This procedure has been performed for the 10 MAROC3 boaradsder to
study their uniformity. As described before, the peaks donghé of the hold scan
have been plotted as a function of the input amplitude anetfittith a straight
line. Figure A.6(a) presents the overall distribution @ tifset: in this plot seven
peaks are clearly visible since the signal baseline (orhertvords the pedestal
value) of the ASICs is different. Since in this way it is notspible to evaluate
the boards uniformity, the peaks have been normalized t0 2IDC, as shown
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Figure A.4: a) AMAROC3 channel hold scan performed with aasgypulse with
a frequency of 1 kHz and an amplitude of 1 V. b) The peak angitoas been
plotted as a function of the input amplitude. The offset aath galues have been
extracted from the linear fit.

in figure A.6(b). At this point, the uniformity of the offsef the different boards
channels is defined as the spréa]mb %) of this distribution and it corresponds
to 0.7%.

The result obtained considering the gain of the 640 chansaelemparable
with the spread of the same distribution for a single boagli(é A.5) as shown
in figure A.7: the gain spread is about 4%.
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Figure A.6: The offset distribution of the ten MAROC3 boautsler test a) before
and b) after the normalization at 1000 ADC.

A.1.2 The Digital Part

The test of the MAROC3 digital part consists in the threstsaadn: a calibration
signal was sent to the 64 MAROC3 channels varying the disodtar threshold

and measuring the corresponding counting rate. The ingaats were square
pulses with a frequency of 1 kHz and with three different atages: 500 mV,

250 mV and 125 mV.
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Figure A.7: The 10 MAROCS3 boards gain distribution.

Figure A.8(a) explains the principle of the threshold scarsquare pulse is
sent to the input capacitor, the injected charge is amplifbdped and discrimi-
nated. The shaper output corresponds to a positive sigtialaniundershoot for
the rising edge of the square pulse and a negative signabwitdvershoot for the
falling edge (an opposite charge is injected in this case).

Depending on the threshold value, the behavior of the ASififierent:

« when the threshold is too small, the ASIC counts at a very hege due
mainly to the noise (green line);

* increasing the value of the threshold until the level oftihee line, the ASIC
counts twice the number of pulses: one count correspondsetpdsitive
signal of the rising edge and the other to the overshoot ofaltieg edge.
In this case the counting rate is double;

* increasing the threshold (until the red line value), thd@8ounts the ef-
fective number of pulses and the counting rate is equal térétpiency of
the input signal (1 kHz);

» when the threshold value is higher than the signal ammitdkde shaper
signal never crosses the threshold and the system doesurdt co

An example of a threshold scan of one MAROC3 channel with éi@lon
signal of 500 mV is presented in figure A.8(b); the plot coessdthe counting
rate instead of the effective number of pulses because thetiog interval is
generated via software and thus it is not precise.

The threshold scan has been fitted with a step function:

rate = p0 x erf(—(x — pl) * p2) + p3 (A.1)
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Figure A.8: a) The threshold scan principle. b) One charmeishold scan per-
formed with a square pulse with a frequency of 1 kHz and an &ngg of 500 mV.
The plot has been fitted with equation A.1.

whereer f() is the error function defined as

erf = % /07r e rdt (A.2)

The parameters are defined in the following wafis the function range ana3
the offset and in this case they are both equal to about 50@hdz;l parameter
is the position of the inflection of the curve (which repreasehe threshold value
corresponding to the peak of the discriminator input signahile p2 represents
the slope of the linear part of the function.

The position of the inflection of the curve is a function of tadibration pulse
amplitude as shown in figure A.9. The fit with a linear functadlows to obtain
the offset (the so called zero-threshold, that isph@arameter) and the gain (the
slope of the line).

This procedure has been performed for the 64 MAROC3 chantie®verall
distributions of the zero-threshold and the gain are pteskeim figure A.10: the
offset distribution can be fitted with a gaussian functionlg/the gain one has
a long tail. One can conclude that as far as the zero-thrésbaoncerned the
ASIC channels are equal within 0.9%. This is fundamentattieroperation of
the ASIC in the digital mode: if the zero of the threshold is #game for all the
channels, setting one threshold value for all means beilgtaldetect the same
input amplitude. The tail of the gain distribution incresifige gain spread to 14%.

Figure A.11 summarizes the behavior of the 64 ASIC channts: zero-
threshold is practically the same for all the channels, evifile gain value de-
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Figure A.10: The threshold scan offset (top) and gain (Imj}tdistributions for
the 64 MAROC3 channels.

creases with the channel number which may indicate the pces# a systematic
effect due to the way the discriminators are physically enpénted in the ASIC.
As for the analog tests, also for the digital one the uniftyraf the ten differ-
ent boards response has been checked. Figure A.12(a) fgr@serero-threshold
values distribution: three peaks are clearly visible amy tave been fitted with
three gaussian functions. Considering the three peaksethkeoards can be di-
vided into 3 groups: the first and the second one are chaizeddry a spread of
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Figure A.11: The different behavior of the MAROC3 channelgerms of a)
zero-threshold and b) gain.
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Figure A.12: The distribution of the a) zero-threshold amel b) gain values for
the 10 MAROC3 boards.

1.4% while the last one by a spread equal to 1%. Both thesewvahe comparable

with the result obtained with a single board.

Also the gain distribution (figure A.12(b)) is similar to thaee obtained with a
single board: the spread of the distribution is about 16 83¢ause of the presence
of a long tail for high gains.



List of acronyms

ADC Analog to Digital Converter

APD Avalanche PhotoDiode

ASACUSA  Atomic Spectroscopy and Collision Using Slow Antiprotons
ASCII American Standard Code for Information Interchange
ASIC Application Specific Integrated Circuit

ATLAS A Toroidal LHC ApparatuS

BC Beam Chamber

BGO Bismuth Germanate

CERN European Organization for Nuclear Research

CM Common Mode

DAC Digital to Analog Converter

DAQ Data AcQuisition
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