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Introduction

Experiments in very different physics fields, from nucleaparticle and space
physics, have a common key requirement: the measurememe efiergy. Parti-
cle physicists use the wolorimetryto refer to a number of techniques devel-
oped to measure the energy of a particle by absorbing it imekladf matter, the
so-calledcalorimeter Calorimeters exploit the fact that the primary impinging
particles interact with matter creating cascades of seaynghrticles, which are
degraded and absorbed in order to measure the total enetgg ehower. As a
result of these interactions, the primary particle is catgldl absorbed inside the
calorimeter and is not available for further measurements.

Even if the energy of a charged particle can be inferred measpiis bending
inside a magnetic field, calorimeters have many advantagehwnake them an
attractive alternative with respectmoagnetic spectrometers

 they are sensitive to all particle types, even the neutnalspwhile mag-
netic spectrometers are sensitive only to charged pastidoreover, ca-
lorimeters can provide an indirect identification of neubs measuring the
missing energy;

 the energy resolution of a calorimeter usually improvethwie particle
energyE as 1/+/E, while the energy resolution of magnetic spectrometers
deteriorates linearly with energy;

« calorimeters are versatile detectors: they can provigéipa, direction and
angular information; they can be used in the particle idieation (PID)
to discriminate between electrons, photons, pions and saocording to
the shape of their signals; they can be used to generateigigertrof the
experiment.

Thanks to the requirements of the next generation high grergsics experi-
ments, great efforts have been made in these last years tovenhe performance
of hadronic calorimeters, detectors specifically designadeasure the energy of
high energy hadrons. The most promising techniques aretlosving:
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2 Introduction

* the particle flow method, which is based on the combined tiaéhigh res-
olution tracker and a very finely segmented calorimeterdlggeomposed
of silicon pads or small scintillator tiles) inside a magadteld to inde-
pendently measure the energy of the charged (using theemaahd neutral
(using the calorimeter) particles;

* the dual readout method, which is based on the time diseatiun be-
tween the scintillation and Cherenkov signals producecenichted mate-
rials (plastic or quartz fibers) to evaluate the differennponents (purely
hadronic or electromagnetic) of a hadronic shower.

In both these techniques, an efficient detection of lighteegnts the key pa-
rameter to achieve the desired detector performance. Jakimaccount the strin-
gent requirements of magnetic field insensitivity, timiegaolution and cost per
channel, solid state photodetectors can be consideredasabie alternative to
replace the standard photomultiplier tubes for the readbthe scintillator and
Cherenkov light. The theoretical development of silicorotoldetectors started
in the early '40s, but technical problems due to the silicechhology limits at
the time made them suitable for particle physics purposssinri980, with the
introduction of the PIN diode. Since then, different typésilicon detectors have
been developed: among them, the recently introdwsikcbn photomultipliers
represent a major breakthrough in the light detection field.

Silicon PhotoMultipliers (SiPMs) consist of a matrix of sin@assively quen-
ched silicon avalanche photodiodes operated in limitegy&anode (GM-APDSs)
and read out in parallel from a common output node. Each gixih a typi-
cal size in the 20-100m range) gives the same current response when hit by a
photon; hence the total output signal is proportional (faderate fluxes) to the
number of hit pixels. The main advantages of the SiPMs wipeet to the photo-
multiplier tubes (PMTSs) are the low bias voltageH0 V), the small dimensions,
the simple readout and the insensitivity to magnetic fieldss making them a
suitable detector for next generation high energy and splhgsics experiments.
On the other hand, SiPMs can be affected by radiation, saffegh temperature
dependent dark noise and their dynamic range is limited éytimber of pixels.
For all these reasons, the SiPM technology needs to be fudéveloped.

The goal of this thesis work is to describe the use of SiPMsragadout sys-
tem for plastic scintillators, both for tracking and catoatry purposes. All the
tests have been performed in the framework of the FACTOReffpparatus for
Calorimetry and Tracking with Optoelectronic Read-outlatmoration, a three
year R&D project started in 2007 and funded by the Italianitui® of Nuclear
Physics (INFN). This collaboration has a twofold purpose:

* the development and optimization of the SiPM technology;
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* the test of the performance of these devices as a readaensysr fiber
calorimeters and scintillators in high energy and spacsigByexperiments.

The FACTOR project actively collaborates with FBK-irst, iafn has in the past
years designed and produced SiPMs with different size araitafeaturing ex-
cellent overall performances.

The devices used for the majority of the tests are two prp&sgyof shashlik
calorimeters, a particular type of electromagnetic cadeter consisting of layers
of lead (the absorber) and plastic scintillator (the acthagerial). The scintilla-
tion light is readout by wavelength shifter fibers which artse calorimeter for its
whole length. Even if shashlik calorimeters are electrome#ig devices, the sam-
pling technique and the fibers readout make this type of icakier conceptually
similar to the ones recently proposed to test the particle dlod the dual readout
techniques. Shashlik calorimeters are characterized ty adst, lateral segmen-
tation and good overall performances: among the example§TIC calorimeter
of the DELPHI experiment at LEP and, more recently, the ebacagnetic section
of the LHCb detector at LHC have to be cited.

The first chapter of this thesis work presents the currem¢ stiathe research
in new calorimetric systems, focusing in particular on loaitr calorimetry for
the next generation high energy physics colliders and onespaysics applica-
tions, highlighting the improvements introduced in thesédf by silicon based
photodetectors. The second chapter is devoted to a generai@w of the silicon
photodetectors and to a detailed description of silicort@naltipliers, underlin-
ing their pros and cons.

The third chapter describes the first tests performed usiagtPMs for the
readout of a scintillator bar tracker, a small prototypenefElectron Muon Ranger
detector for the MICE experiment. This detector has beed tsstudy the per-
formances of the SiPMs compared to the ones of standard mpludtipliers and
to test two different readout systems based on a standargechdegrating ADC
and on the MAROC3 frontend ASIC.

The fourth chapter summarizes the results obtained usm&iMs for the
readout of a prototype of a shashlik calorimeter, testedeeRIC using low and
high energy particles to compute its linearity, energy goatial resolution. The
results led to the assembly of a second prototype, deschibékek fifth chapter,
readout with large area SiPMs using an integrated fronteratdobased on the
MAROC ASIC. This chapter presents also a complete simulaifadhe calorime-
ter, including scintillation and light collection opticptocesses, performed using
the GEANT4 package.

The sixth and last chapter presents the preliminary resblimned using the
SiPMs coupled to a PbWjZrystal developed for the electromagnetic calorimeter
of the CMS experiment. The SiPM used for this test is a newageproduced
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by FBK-irst, consisting in a matrix of four different SiPMmbéedded in the same
silicon substrate, callequad characterized by a large area and dynamic range.
This test s the first application of the new quad SiPM in a hagth energy physics
context and can be considered an important step towardsigeon a large scale.



Chapter 1

New Frontiers in Calorimetry

Calorimeters(from the latincalor, that means energy) are a particular type of
detectors designed to measure the energy of an incominiglparirstly devel-
oped for cosmic rays measurements, calorimeters have leesome of the most
important (and, often, the most expensive) detectors imtbdern high energy
physics experiments, holding roles that go beyond the nrexgyg measurement,
including also particle identification and triggering task

According to the type of particles they are designed to detatorimeters can
be divided in electromagnetic and hadronic ones. Electgmatic calorimeters
are well understood objects, whose performances are doly€yED phenomena
that can be calculated or simulated with high accuracy. Metails on this type
of calorimeters are given in appendix A. On the contraryrbiait calorimeters
are still under study and can be considered without any diwettalorimetry hot
topic of the last 20 years.

This chapter is devoted to a brief description of the recavetbpments in
calorimetry, with particular attention to the hadronic drwh in high energy and
space physics applications. Considering the vastnesshancbimplexity of this
topic, many aspects are not presented in detail: a more @mapsive description
can be found in|1]. As will be shown, some of the challengat@&development
of new calorimeters rely on the use of new types of photodetgedike the silicon
photomultipliers, the main subject of this thesis work, ethwill be described in
detail in the next chapter.

1.1 Calorimetry in High Energy Physics
The calorimetric system in high energy physics (HEP) expenits is usually di-
vided in electromagnetic and hadronic sections, whichespectively devoted to

the detection of high energy leptons and hadrons. Howewerdistinction is not

5



6 New Frontiers in Calorimetry

present in other physics fields (as, for instance, in cosayi@kperiments) where
the general term “calorimeter” is typically used. MoreqVyedronic particles de-
posit a large fraction of their energy in the electromagnséiction, thus affecting
the properties of the hadronic one and making the secti@ismdiion somehow
“artificial” [2].

In the majority of recent high energy experiments, from LE® ¢he flavor
factories to LHC, the main priority has been given to the tetenagnetic part of
the calorimetric system. This choice is due to the fact tHatge fraction of the
physics phenomena were analyzed mainly using their leptbetays, character-
ized by very good purity and signal cleanliness. This featsidargely exploited
by hadronic machines, like the Tevatron and the LHC, to tegglso the large and
overwhelming QCD background.

Focusing only on LHC, the key requirement of the two geneugbpse exper-
iments (ATLAS and CMS) calorimetric system was to recortmith the best
possible resolution the Higgs boson in tHe— yy decay channel, which is the
most sensitive one to the low mass region investigated by.LH3 led to the de-
velopment of electromagnetic calorimeters characteriged very good energy
resolution|[3| 4] and representing the technology statee#ftt in this field.

On the other hand, the goal of the next generation collidersists in the
precision measurements of the TeV-scale physics as [5]:

* the Higgs boson decay channels and quantum numbers;
* the threshold scans for the discovery of new particles;
* the research of new physics beyond the Standard Model.

For all these tasks a key role is played by the intermedfteand Z° vec-
tor bosons, which should be the final state of many new (are) grysics pro-
cesses and thus need to be efficiently identified on an eveexdyt basis. This
requirement is easily fulfilled in the case of the bosonsdejatdecays, but rep-
resents an important challenge in the case of the hadrorms, amhich are the
67.7% and 69.9% [6] of the total branching fraction YoF andZz® decays and
are thus needed to improve the rate of signal events. Congidihe mass dif-
ference between the two vector bosoAm(= 9.76 GeV), a jet energy resolution
of the order of 30%{E is required (Fig[1]1) to separate the decays of the two
bosons![7]. At the moment, this energy resolution is at leafstctor two better
than the one achieved by the existing detectors. As an exatig energy resolu-
tion of the complete calorimetric system for hadrons &3%A/E for the ATLAS
experiment and-85%A/E for the CMS one![2].

The poor energy resolution of the calorimetric systems #arbns is essen-
tially due to the fact that the development of hadronic shewsdeeply different
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Figure 1.1: Jet energy resolution of present and ILC-likeeck®rs and its effect
on thew* andZz® bosons reconstruction.

from the one of electromagnetic cascades. In fact, the hadshower consists
of two different components:

« an electromagnetic component, generated essentiaiifbthat decay into
VY pairs, which start an electromagnetic shower;

* a non-electromagnetic component, which combines esdigndill the re-
maining processes in the shower.

From the calorimetry point of view, three main differencesieen these two
components can be highlighted [2]:

» some fraction of the energy contained in the non-EM compbieelost.
This invisible energy is mainly represented by the bindingrgy of the
nucleons released in the nuclear reactions, and may ampuot40% of
the total non-EM shower energy, with large event by eventdlations. The
invisible energy fluctuations represent the ultimate lingtfactor on the
precision of the energy measurement;

« the relative importance of the two components varies viighenergy (Fig. 112):
in particular the electromagnetic component increasels thi¢ energy of
the primary particle since the® production may also occur in secondary
showers;

« the non-EM part of the hadronic shower is characterizedlayge develop-
ment both in the lateral and longitudinal dimensions, thakimyg it difficult
to completely contain the cascade in the detector and iatiad further
sources of fluctuations due to the longitudinal and lateakage.
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Figure 1.2: Fraction of the EM component in a hadronic shagea function of
the pion energy in copper and lead [1].

As a result of the invisible energy phenomenon, the caldemsignals for
hadrons are in general smaller than for electrons of the saremyy: this effect
is callednon-compensationMoreover, considering the fact that the fraction of
the EM component increases with the energy, the energy mespo hadrons is
generallynon-linear The scale factor describing the non-EM shower profile is
callednuclear interaction lengthAiy; it is defined as the average distance that
a hadron travels before inducing a nuclear interaction @ates asyA, with A
the atomic mass number. However, compared with the radidae'rmgthxﬂ, the
nuclear interaction length is much larger (as an examplegpperXg is equal to
1.4 cm, whileAjn; is equal to 15 cm), thus explaining the large developmernief t
hadronic showers. Fif. 1.3 presents the energy fractiotagwd in a block of
material as a function of the number of nuclear interactemyths.

As can be seen, the number of interaction lengths neededtaio®9% of the
shower increases with the energy of the incident partieles;ing at 10Ajys for
138 GeV pions. Considering the large value of Mg parameter, very large de-
tectors are needed to completely contain the hadronic sisowany techniques
have been proposed to build calorimetric systems capalaletieve the required
performances for the next generation colliders: among thieenmost promising
are the ones based on the compensation technique, on tieéeplotv approach
and on the dual readout concept.

Xy is the scale factor of the EM showers, see appentlix A for idetai
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Figure 1.3: Average energy fraction contained in a block afenal as a function
of the numbeR;s and the pion energy in ironi [1].

1.1.1 The Compensation Technique

Compensated calorimeters are defined as detectors thancespthe same way
to the EM and non-EM component of a hadronic shower. The casgi®n con-
dition is usually indicated as the/h ratio, which is equal to 1 in the case of
compensated calorimeters. Calorimeters characterizedeply ratio larger than
1 are defined asnder-compensatedhile calorimeters with the/h ratio smaller
than 1 areover-compensatedf the response to the EM and non-EM components
is different, the large (and non Gaussian) fluctuations @mEM shower fraction
degrade the energy resolution, dominating it especiallygit energy![2].

The compensation can be achieved using sampling calonisneith a very
precise fraction of the high-Z absorber material and thedrgymoug active ma-
terial. In particular, using lead as the absorber matendl@astic scintillator as
the active one, the sampling fraction needed to achieve eosgtion is 4:1, as
proven in [8], where 10 mm thick slabs of lead have been usdd2vb mm thick
tiles of plastic scintillator, obtaining a very good energgolution for hadrons of
~45%H/E. However, considering the small sampling fraction of suchlarime-
ter, the electromagnetic energy resolution was er#%A/E.

Since the small sampling fraction is a must in the compeoisatichnique, the
only way to reduce the sampling fluctuations (thus improvoth the EM and
hadronic energy resolution) is to increase the samptaguencyof the calorime-
ter. This approach was followed by the LAA collaboration &RN at the end

2The hydrogenous material is needed to boost the neutroomsspf the active material, thus
equalizinge andh.
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Figure 1.4: The 155 towers of the SPACAL calorimétet (a),naam the fibers
spacing inside the lead matlﬁ [9] and the final calorienéc).

of the '80s, developing a calorimeter prototype with sdiating fibers as the ac-
tive material and lead as the absorber, also known as SpiaGlaétrimeter (or
SPACAL) [9].

The calorimeter consisted of 155 2 m deep hexagonal towégs [{F4(a))
made of extruded lead, for a total of Ap: and 28Xy. Each tower contained
1141 plastic scintillating fibers with a diameter of 1 mm anlérgth of 2.2 m.
The fibers were embedded in the lead matrix with a spacing2® @&im in order
to maintain the 4:1 compensation ratio between lead andiltatior (Fig.[1.4(b)).
The light readout was performed by means of photomultiplmyupled to the
bundle of fibers of each tower using hexagonal light guides.

The calorimeter was tested at CERN on the H2 beamline uséngrehs, pions
and hadronic jets (generated by the interaction of primadrbns with a paraffin
target) up to 150 GeV. In order to avoid the tunneling of trmming particles in
the fiber holes, the calorimeter was tilted of an arfiyle- 3° with respect to the
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Figure 1.5: Energy resolution of the SPACAL calorimeterdtactrons, compared
with the Monte-Carlo simulation. The squared points areioietd selecting only
the particles impinging on the lead surface.

As far as the electron events were concerned, a resologigB = 15.7%/vVE @
1.99% was obtained (Fid._1.5). Considering the small dimensibthe EM
shower, the energy resolution measurement was affectebdebfluctuations in-
duced by the different impact point of the electrons on tHergaeter surface. In
particular, it has been found that the electrons enterinendetector in a fiber
(despite the 3° tilting) produced a larger signal, as showrig.[1.6(d). The en-
ergy resolution can be improved (squared points in [Eig. 4e%cting only the
electrons impinging on the lead part of the calorimeter.fad¢es impact-point de-
pendence can be further reduced increasing the caloritiletargle (Fig/ 1.6(h)).
As can be seen, the constant term is strongly dependent diitthegle, and it
completely vanishes in the “asymptotic” position of 90°.

In the pion events analysis the main error source in the gmesplution mea-
surement was due to the light attenuation inside the fibansfadt, differently
from the electromagnetic showers, the hadronic ones aractieaized by a larger
extension: because of the light attenuation the measugedlsiepends on how
deep into the detector the light is produced. The attennateefficient of the
fibers was determined performing a position scan, usingreles impinging on
different positions of the calorimeter tilted with an angke90°. The results are
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Figure 1.6: Calorimeter signal as a function of the impadhpparametef (d);
constant term of the energy resolution as a function of tharigle[(b) [9].

presented in Fig. 1.7(a). After the correction for the lighltenuation, the energy
resolution was 33%)/vE @ 2.2%, as presented in Fig. 1.7(b). This result is, at
the moment, the best ever obtained in terms of energy résoltdr a hadronic
calorimeter|[2].

1.1.2 The Particle Flow Approach

The particle flow (or PFlow) approach is a new method that leas lbecently pro-
posed to fulfill the requirements of the ILC for the invariamass reconstruction
of hadronic jets. Precise measurements performed at LERde detailed in-
formation on the composition of the hadronic jets. In paitag, it has been found
that after the decay of the short-lived particles, the jetltenergy is shared among
several carriers [10]:

* ~62% in charged particles;

* ~27% in photons;

* ~10% in neutral hadrons (neutrons and)K
* ~1% in neutrinos.

In the traditional calorimetric approach, the energy of jiteis measured using
only the information provided by the electromagnetic andrbaic calorimeters,
thus being limited by the poor performance of the HCAL, whesergy resolution
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Figure 1.7: Light attenuation in the scintillating fiberstioé SPACAL calorimeter

measured with an electron beam impinging on different posstof the calorime-

ter, tilted of 909 (d) and energy resolution for pions aftex attenuation correc-
tion[(b) with a linear and quadratic fit/[9].

is typically > 60%/+/E. The idea of the particle flow method is to reconstruct the
energy of the charged particles composing the jet using #oi&er system, limit-
ing the use of the two calorimeters to the reconstructiohehteutral particles/$
and neutral hadrons). With this approach, the HCAL is usdg tanreconstruct

a small fraction (10%) of the jet total energy, thus imprayvihe final energy res-
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olution. Assuming a photon energy resolution of 15%&, a hadronic energy
resolution of 55%+/E and a tracker energy resolution 8f.0~*E?, a jet energy
resolution of 19%+/E can be theoretically obtained [10]. From the practical poin
of view, such a performance cannot be reached because it oasible to per-
fectly associate all the energy deposits detected by tlugicadters to the correct
particles, due to the finitgranularity of the calorimeter itself.

The PFlow method has been used for the first time by the ALERbm@X
ment at LEP|[11], obtaining a jet energy resolution {gs = M, of og /E =~
59%)/+E + 0.6% (starting from a value of roughly 85%/+/E with no PFlow
correction). This was the best jet energy resolution of the LEP experiments,
but is roughly a factor two worse than what needed by the 1Lt main limiting
factor in the ALEPH case was the low granularity of the calaters.

The reliability of the PFlow approach strictly depends oe #hbility to cor-
rectly assign a calorimeter energy deposit to the corredipgreconstructed par-
ticle:

» from the tracker point of view, it is necessary to developmplex pattern
recognition software able to track and measure the energly thie charged
particles involved in the interaction; a large magnetiaffislalso necessary
to curve the charged tracks and to separate the particlegasing the jets
as much as possible;

» from the calorimeter point of view, the PFlow approach pkastringent re-
guirements on the granularity of the ECAL and HCAL, which &m@es the
most important feature to be taken into account in the aaleter design.

The high granularity (which means a large number of readbatcels) and the
need to use the calorimeters inside intense magnetic figslds Qeeding magnetic
field-insensitive detectors for their readout) can be atereid the main techno-
logical challenges for the development of PFlow-optimizatbrimeters, both in
terms of the channel calibration/equalization and theaatslystems. In this con-
text, silicon photodetectors can play a very importantriflese devices are intrin-
sically insensitive to magnetic fields, they have small disiens (thus allowing
the construction of very compact multichannel readoutesyist avoiding cracks
inside the calorimeter) and are cheaper than standard PMTsher words, sili-
con photodetectors are the perfect candidates for the ueaflbighly-segmented
scintillator based calorimeters.

In recent years, the CALICE [12] collaboration has startexddevelopment of
high granularity calorimeters for the future ILC collidéocusing on the PFlow
approach to obtain the required detector performance. RigCE collaboration
follows different technological options for the developmef both the electro-
magnetic and hadronic calorimeters. In particular, it ssstully developed and
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tested two prototypes of calorimeters (an electromagrete a hadronic one)
based on plastic scintillator as the active material, raadath silicon photomul-
tipliers.

1.1.2.1 The Scintillator-Tungsten ECAL

Electromagnetic showers are characterized by a much snsaligial extension
(and thus a much larger particle density) with respect thfitgonic ones. Thus, a
very fine granularity of the order of 1 cm is needed to explmtPFlow approach.
The ECAL prototype built by the CALICE collaboration is a galimg calorimeter
with 26 3 mm thick tiles of tungsten alloy (88% W, 11.5% Co a0 C) and 26
3.5 mm thick tiles of plastic scintillator with an area of 99 [13] for a total of
18.5Xp. The plastic scintillator tiles were machined and segneeméx2 strips
with an area of 4.5x1 cA(Fig.[1.8); the strips were then drilled in order to host a
1 mm diameter WLS fiber to collect the scintillation light gHL.9).

MPPCs
(160Qplxels)
© i T
)

= Tungsten | | HEREEEEEE

o B (3.5 mm thick)

Scintillator layer o

e 9cm (3 mm thick) Acryl Frame / _

Scintillator strip
(1 x4.5x0.3 cm)

Figure 1.8: Sketch of the CALICE ECAL structure.

The scintillator layers are then arranged to form a x-y reédoheme: the strip
approach has the advantage to fulfill the 1 cm granularityiregnent, minimizing
the number of readout channels with respect to a “pixel” swhe

The use of the tungsten alloy as the absorber material hasltfzatage to re-
duce the Moliere radius of the calorimeter, which is 29 mimg theans that about
5 strips in each layer will be triggered in each EM shower. $tiatillation light
collected by each WLS fiber is readout using a silicon photaplier (manufac-
tured by Hamamatsu), with 1600 pixels of 25252, for a total active area of
1 mn?. The silicon photomultipliers are assembled in a hole atettg of each
scintillator strip and soldered to a flat signal cable. EigQlpresents a picture of
the assembled calorimeter: the size of the entire moduledstsdx9x20 cr, for
a total of 468 readout channels.
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Figure 1.9: Sketch of the CALICE ECAL scintillator tiles. @WLS fiber hole
and the trenches used to divide the scintillator tiles iipstare also depicted.

Figure 1.10: Picture of the CALICE ECAL module during the DE3007
beamtest.

The calorimeter has been tested at DESY in 2007 using a ppodigzam with
an energy in the range 1-6 GeV. The response of each s¢mtiditaip has been
calibrated using MIPs, and the performance of the caloem®s been evaluated
in terms of linearity and energy resolution: the resultspesented in Fid. 1.11.
The linearity is quite good, with maximum deviations smatlean 4%, while
the energy resolution features a stochastic term of 13.B%aaconstant term of
the order of 2.9%. This large constant term has been asciaboie: calorimeter
leakage and to non-uniformities in the strip response, a@fear the calibration
with the MIPs.

After the DESY beamtest, the CALICE collaboration decidednodify the
prototype, increasing both its lateral and longitudinaheinsions (thus reducing
the leakage). The new prototype consists of 30 3.5 mm thiogdten alloy layers
and 30 3 mm thick scintillator layers with an area of 18x1&cfor a total of
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Figure 1.11: Linearity (&) and energy resolution (b) oledion the DESY 2007
beamtest with the first prototype of the CALICE ECAL [13].

21.3Xp [14]. Differently from the first prototype, the scintillatstrips have been
manufactured using an extrusion method and each strip eyedwith a reflective
film. Each scintillator layer is composed of 18x4 strips; ms$hie first prototype,
the area of the strips is 4.5x1 énthe scintillation light is collected using a double
cladding WLS fiber and the readout is performed using SiPMbk 600 pixels,
glued in a hole at the end of each strip. The new prototype&as tested at FNAL
between August and September 2008 using an electron bearamgnergy up to
32 GeV. During the test, both a MIP calibration procedure a&iPM saturation
correction have been implemented. The results are showigifiH2.

As far as the linearity is concerned, maximum deviationsWwé% have been
obtained, thus confirming the good results achieved by thediototype even on
a larger energy range. The energy resolution scan presestgl@astic term of
15.2% and a constant term of 1.4%: compared to the first gpoépthe constant
term is reduced to half of its previous value, indicatingt tine response unifor-
mity and the leakage were effectively the limiting facto@® the other hand, the
stochastic term is worse, a result which is still under study

1.1.2.2 The Scintillator-Steel HCAL

The hadron calorimeter developed by the CALICE collaborais conceptually
similar to the electromagnetic one. It is composed of 38 h#thick steel plates
(the absorber) and 38 active layers, which contain bothehsive material (plas-
tic scintillator) and the readout electronics/[15]. Thigdat has been chosen to
allow the integration of the readout electronics insideda®rimeter, maximiz-
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Figure 1.12: Linearity (&) and energy resolution (b) obtdion the FNAL 2008
beamtest with the second prototype of the CALICE ECAL [14].

ing the compactness of the calorimeter itself. The high gleatty required by
the PFlow approach is ensured by the segmentation of theeadintillator layer

in tiles with different dimensions according to their pamitin the layer itself:
3x3 cnt tiles have been used in the central part of the calorimetateva coarser
granularity of 6x6 crid and 12x12 crihas been chosen moving towards the edges
of the module (Fig. 1.13()). The thickness of the scirtbildiles is 0.5 cm.

A 1 mm WLS fiber has been embedded in each tile (Fig. 1.13(bpliect
the scintillation light. In the smallest tiles a full circie not possible (due to the
small bending radius), thus a quarter of radius has been useth the ECAL,
the light readout is performed using silicon photomulepdi directly embedded
inside the edge of the scintillator tiles. The SiPMs havenbeanufactured by the
MEPhI/PULSAR group; they have an active area of 1.1x1.1%rfon a total of
1156 pixels. Considering the number of scintillator tilagptal of 7608 SiPMs
have been used for the HCAL prototype.

The scintillator tiles are sandwiched between two reflecsiieets (manufac-
tured by 3M) in order to improve the light collection. Micomax cables have
been used to connect the SiPMs to the readout electronigshwehdirectly inte-
grated at the front of the scintillator plate. The stabibfythe SiPMs is checked
using a LED light distribution system and monitoring the parature of the ac-
tive layers by means of temperature sensors. The activeslaye then assembled
in “cassettes” (Fig_1.14) that can be easily removed froenrttain calorimeter
support in case of problems of the SiPMs or the readout eleicts.

The HCAL has been tested in different beamtests at CERN if7 200@ at
FNAL in 2008 and 2009 using both electron and pion beams witbreergy be-
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AHCAL MODULE

Figure 1.13: Layout of the scintillator tilés [a) and piewf the different tiles
with the embedded WLS fibelrs [b).
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Figure 1.14: Schematic representation of one of the 38 ttasg@ot to scale) of
the CALICE HCAL, containing both the scintillator and elextics layers.

tween 1 and 50 GeV. The aim of these tests was twofold:

* to evaluate the response of the calorimeter to electroetagand hadronic
showers for calibration purposes;

* to check the validity of different hadronic models usedtfe Monte-Carlo
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simulation of the calorimeter.

As far as the electron test is concerned, the calorimetéoqpeance has been
evaluated in terms of linearity and energy resolution. Thedrity is quite good
in the 1-50 GeV range, with a good agreement between the CERIN-BIAL
datasets. The energy resolution has been measured to haaehassic term of
21.7% and a constant term compatible with zero. The electsults are pre-
sented in Fig. 1.15.
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Figure 1.15: Electron linearity (a) and energy resolufibj ¢f the CALICE
HCAL. The different datasets acquired at CERN and FNAL acdiciated with
green and black dots [16].

Going to the hadronic tests, a non-linear response to piasswpected. This
is due to the fact that the HCAL is not compensated, in theestag theve ratio
is smaller than one. This effect is clearly visible in thetmbFig.[1.16(d) where
the pion mean energy (rescaled in units of MIPs to be compaithdhe electron
data) at different momenta is presented.

The pion energy is underestimated with respect to the eleane, a clear
indication of a non-compensation. Moreover, as can be se€igi[1.16(b), the
e ratio varies with energy, thus deteriorating the eneegplution.

Even in intrinsically non-compensating calorimeters, pemsation can be
achieved analyzing the contribution of the different egeatgposits (electromag-
netic or hadronic) and by weighting them with different fastin the off-line
analysis. To discriminate between two components, it iessary to evaluate the

3Thertve ratio is an alternative way to describe the compensatioarpeter, usually expressed
as the diratio.
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Figure 1.16: Energy response to pions (a) arelvalue at different energiés [b)
obtained with the CALICE HCALL[16].

local energy density in the detector, exploiting the faet #dectromagnetic show-
ers are denser than the purely hadronic ones. This procednree used with the
HCAL, analyzing the energy depositinside each calorimegér the large energy
deposits are associated to the core of the shower, and timeallangeighting factor
is used. Since the composition and the density of the shoavgwith the energy,
the weighting factors are usually energy dependent.[Fly firesents the energy
resolution of the HCAL computed using different analysipraaches for pions
with an energy up to 80 GeV.

The single weight method is the simplest one, but also theedpsimized: it
consists in the sum of the contributions of the differenksgehultiplied by an av-
erage GeV/MIP correction factor. The energy resolutionlbammproved using
multiple energy dependent weights for the electromagreetit hadronic show-
ers, selected according to the energy density of each nater cell, obtaining a
stochastic term smaller than 5004 . The results of this analysis are still prelim-
inary.

1.1.3 The Dual Readout Technique

The dual readout technique is an evolution of the compemsagichnique. As
previously explained, the main problem of the hadronic srews that the EM
component fluctuates on an event by event basis, with avelatiportance that
varies with the energy. In compensating calorimeters tHastiations are elimi-
nated by design, and the calorimeter has the same respahesiM and non-EM
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Figure 1.17: Energy resolution of the HCAL using a simpleg&nweighting
method (black dots), multiple energy dependent weights degts) and multiple
weights with beam energy constraints (blue dots) [17]. Tieyesis is based on
the 2007 CERN data.

component. These calorimeters are however limited by tloe BM resolution,
due to the small sampling fraction that has to be adoptedifiti the compensa-
tion requirement.

The goal of the dual readout technique is to measure thadraof the EM
component event by event using a non-compensated calerirfiet with an
electromagnetic resolution 15%y/+/E), thus eliminating the main source of fluc-
tuations. The dual readout approach takes advantage f@fadhthat the energy
carried by the non-EM component is deposited mainly thromgh-relativistic
particles (protons and neutrons), while relativistic &laes are the responsible of
the EM partl[2]. This means that it is possible to evaluateBENeand non-EM
components of a hadronic shower measuring at the same time:

 the Cherenkov emission, which is sensitive only to thetirgtic EM part;

« the totaldE/dx inside the detector, for example measuring the scintifat
light emitted by a standard scintillator, which is sentte both the EM
and non-EM part.

The feasibility of the dual readout method was first expentakly demon-
strated by the DREAM (Dual REAdout Method) collaboratio@][1 The basic
element of the DREAM detector is a 2 m long extruded rod of eopyith a cross
section of 4x4 mrA The central part of the rod is hollow, with a hole with a diam-
eter of 2.5 mm filled with seven 0.8 mm diameter optical fib&ig.(1.18). The
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effective nuclear interaction radiation lengtini200 mm, thus the whole detector
corresponds to 1Bjy;.
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Figure 1.18: Basic module of the DREAM calorimeter. The @nhé&pv fibers are
depicted in white, while the plastic scintillating fibergatepicted in blue [18].

Three of the seven fibers are standard plastic scintilldilbgys, while the
other four are made of high purity quartz or undoped plastid are used as
Cherenkov radiators. The complete DREAM calorimeter csinsof 5580 cop-
per rods, 5130 of which equipped with fibers, while the renmgirare left empty
and used in the external region of the detector to improverteehanical stabil-
ity. The central rods of the assembly have been equippedthatiguartz fibers,
while the external ones with the clear plastic fibers. Thesioave been divided
into 19 hexagonal towers, as schematically shown in[Figd(&]1 The fibers of
each tower are also divided in different bunches (Fig. hj)J6r the scintillating
and Cherenkov ones, for a total of 38 bunches. Each buncheskfib coupled
to a PMT, using a yellow filter for the scintillating fibers and filter for the
Cherenkov ones. The yellow filter is used both to reduce tjie lattenuation
effect along the fibers (the yellow wavelength is less atiégaiinside the plastic
material) and the amount of light impinging on the PMT, thusiding saturation
effects.

The DREAM calorimeter has been tested at CERN on the H4 beamsing
high energy electrons, pions and jets between 20 and 300The\électron events
have been used for calibration purposes, to evaluate/theatio and to study the
light attenuation inside the fibers. In order to avoid theneling of the particles
inside the fibers, the calorimeter has been tested in a lslighed position with
respect to the beam axis (2° in the horizontal plane and Q.#fa vertical one).
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@) (b)

Figure 1.19: Sketch of the DREAM calorimeter tower struef(a) and bundles
of fibers exiting from the back of the calorimeter coupledhe PMTS[(E)EB].

As far as the pion events are concerned, their signal is cteaiized by the
typical shape of non-compensating calorimeters (Fig.(@&p0

* the presence of asymmetric tails both in the Cherenkov eimdiltator sig-
nals;

* very broad distributions, witbg /E values of 12.3 and 19% at 100 GeV,

* mean values considerably smaller than the ones obtairthdelectrons of
the same energy.

Thus, the calorimeter is non-linear for pion detection, @dharacterized
by a poor energy resolution (Fig. 1.20(b)), especially whsimg the Cherenkov
readout.

On the other hand, the power of the dual readout techniqudeaxploited
combining the information collected by the Cherenkov andtglating fibers. In
general, the hadronic response of the calorimeter can bhessgd as a function
of the EM shower fraction according to the following relmi@]:

1
R(fem) = fem+ %(1— fem) (1.2)
where for is the EM shower fraction and/h is the compensation ratio. This
equation holds separately both for the Cherenkov and Batiig components,
which are characterized by a differezth value. In particular, the compensation
ratio of a copper/quartz fiber module 4s5, while the one of a copper/plastic
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Figure 1.20: Signal distributions of 100 GeV pions using sleatillating and
Cherenkov fiber$ (f) and corresponding energy resolutitedfitvith a linear
sum(b) [18].

structure is~1.4. Thus, equatidn 1.1 can be written in two separate waythé
scintillator and Cherenkov components:

where 0.20 and 0.71 are tie/h)~! values of the Cherenko®) and scintillator
(S components. Two variables can be defined to r&sadSto the EM fraction:
the Q/Sand the(Q+ S)/E ratio. The first one is the ratio of the scintillator and
Cherenkov response to hadrons:

S Temt 0.71(1— fom) '

TheQ/Sratio can be used to evaluate thg,parameter event by event (FHig. 1.21(a))
and a correction procedure for each of the two componentbeapplied using
the following:

(1.5)

S(Q)final = S(Q) [ 1+ p1/p0 }

1+ fempl/p0
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whereS(Q)tinal is the corrected scintillator (Cherenkov) signal &) is the
uncorrected scintillator (Cherenkov) signail/pO0 is defined ag/h— 1 and the
exact value of this ratio can be obtained performing a lifiéa@n the scintillator
signal as a function of th&, variable (Fig[ 1.21(B)).
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Figure 1.21: Value of th€/Sratio with the correspondinfem value[(a); linear
fit of the scintillator signal versus thig, value/ (b) [18].

Fig.[1.22(@)) presents the energy resolution for pions leedod after the cor-
rection. The energy resolution improves from the 6%k and 49%+E of
the Cherenkov and scintillator component to 44A%k for both the components.
Moreover, the correction procedure improves also the titygavith maximum
deviations after the correction of the order of 3% (Fig. {8JR and substantially
reduces the asymmetric tails of the signals.

The efficacy of th&)/S correction procedure could be improved reducing the
shower longitudinal leakage, which affected the calorenat very high energy.
The presence of the longitudinal leakage can be confirmekingaat the high
energy signal distributions, which are still charactediby asymmetric tails also
after the correction. Nevertheless, the efficacy of thicpdore was remarkable.

Even better results can be obtained using the second dorrecéthod, based
on the(Q+S)/E variable:

(Q+S)
E
This variable is defined starting from equationg 1.2 ih@uding the beam
energyE. Similarly to theQ/Smethod, the correction is applied to a single com-
ponent (the scintillator or the Cherenkov one) after a lirff¢af the (Q+ S)/E

= 0.914 1.09fen (1.6)
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Figure 1.22: Energy resolutign [a) and lineafity| (b) befane after theQ/S cor-
rection procedure [18].

dependence. The results in terms of energy resolution aedrity are presented
in Fig.[1.23.
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Figure 1.23: Energy resolution after tf@ + S)/E correction (both in the tilted
and untilted position) (&) and linearity {b) before and iaftee (Q+ S)/E correc-
tion procedure [18].

As can be seen, the energy resolution is greatly improvell negpect to the
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simple Q/S method reaching a value of 209%E. Even better results can be
obtained tilting the calorimeter, thus minimizing the paes tunneling into the
fibers. The new correction method improves also the lingafithe calorimeter to
pions and jets. However, this method is based on an infoomathich is usually
not available in a real calorimeter: the knowledge of theiimgmg particle en-
ergy. Thus, this correction method cannot be applied inlecodlder experiment.
However, these results can be considered as the best esbitae dual readout
capabilities, which can anyway be achieved with @y method minimizing the
longitudinal leakage.

It has been shown recently that the dual readout method capgdleed also
to crystal calorimeters, in particular to Pb\W@nd BGO [19] crystals, which are
used simultaneously as scintillators and Cherenkov radiatn this case the dis-
crimination between the scintillation and Cherenkov lighterformed exploiting
the time structure of the two signals. In particular, the I@hkov radiation is
emitted promptly with a very fast emission of the order of & f&s, while the
scintillation light is emitted with a timescale of tens ornuineds of ns, with a
well defined exponential attenuation law. Thus, also in tlaise the use of new
and fast silicon photodetectors like the silicon photoipliéirs offers many ad-
vantages with respect to the standard PMTSs.

1.2 Calorimetry in Space Physics

Since their discovery in 1912, cosmic rays played a fundaahenle both in
particle physics and astrophysics|[20]. Composed of clikaigd neutral particles,
their energy spectrum covers more than 20 orders of magnitpdo 16°eV [21],
an energy far beyond the one achieved in modern particldeaeters. These
particles are emitted by the most powerful astrophysicdlc@smological objects
in the universe, but the models describing the accelergtiooesses of the most
energetic cosmic rayE(> 10'8eV) are still unknown.

Even if the energy of primary cosmic rays can be studied orEdugh sur-
face, detecting the particle showers produced inside thesihere, direct mea-
surements performed outside the atmosphere are needettdo identify their
emission sources. Moreover, the Earth atmosphere is opgadugh energy pho-
tons (in the X and gamma band), thus satellite-based expatgrare mandatory
to study this component of the cosmic rays. All these demésatito the devel-
opment of particular types of calorimeters specificallyigiesd to operate in the
space environment.

The calorimeters used in space physics experiments haaedaflarge num-
ber of constraints:
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compactness and robustness, in order to comply with tirgstit dimen-
sion and weight requirements of the payloads and to rededatinch costs;

low power consumption and heat dissipation;

spatial and angular discrimination to identify the enosssources with a
good enough resolution;

large dynamic range in order to cover a large energy interva

Due to the large spatial extension of the hadronic showeegjimension con-
straints particularly affect the hadronic capabilitiestioé calorimeter. For this
reason, space calorimeters are usually used to study ttkeosi@agnetic compo-
nent of the cosmic rays, that is electrons, positrons and érgergyys. Never-
theless, topological constraints on the shower developmside the calorimeter
can be used to discriminate between hadrons and leptonthigsaieason, silicon
based detectors (mainly strips or small scintillators ¢edipo silicon photodetec-
tors) are usually used to build finely-segmented calorirsdte both the lateral
and longitudinal direction in order to reconstruct the shapthe shower.

1.2.1 Cosmic Ray Satellites

These experiments are designed to study the charged contpafndae cosmic
rays in terms of energy spectrum and composition, with galdr attention to the
anti-matter research. The two most recent experimentdofythe are PAMELA
(Payload for Antimatter Matter Exploration and Light-neichAstrophysics)/[22]
on board of the Russian Resurs DK-1 earth-observationlisateind AMS-02
(Alpha Magnetic Spectrometer-2) [23], installed on thesinational Space Sta-
tion in 2011. The main goals of both these experiments are:

* the search for anti-matter, in particular anti-heliumleyc
* the search for dark matter candidates;

* the precise measurement of the cosmic ray flux and energyrapeup to
several TeVs.

A sketch of the experiments layout is presented in[Eig.]1.24.

The central part of both the detectors is a magnetic speetento measure
the momentum of the incoming particles by their bendingdeghe magnetic
field. The calorimeter is used to precisely measure the grarghe incoming
particle and to discriminate between electrons/positesmshadrons. In particu-
lar, positrons have to be identified from a background ofgusthat is about £0
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Figure 1.24: Layout of the PAMELA () [22] and AMS-0Zb) [2d}periments.

times the positrons component at 1 GeV, while anti-protangelto be selected
from a background of electrons5x10° times larger([22]. In both the experi-
ments, the particle identification (PID) is performed exjhg the different shape
of the electromagnetic and hadronic showers, using a fineegtacalorimeter,

able to image the shower development ifl3D

The PAMELA calorimeter section is composed of 22 2.6 mm tHaykers
of tungsten and 44 layers of silicon strip detectors, fortaltof 16.3Xy. The
silicon layers are arranged in a x-y geometry, thus progdi2D spatial informa-
tion of the shower development. Each silicon plane consilsta/o single sided
3x3, 380um thick, 8x8 cnf detectors, segmented into 32 strips with a pitch of
2.4 mm [22]. Two pictures of the PAMELA calorimeter are presel in Fig[1.2b.

A prototype version of the calorimeter has been tested aCERN SPS with
electrons and pions up to 200 GeV, which corresponds to thenmuan energy
sensitivity of the spectrometer. The results showed tharergy resolution of
the order of 5.5% could be achieved in the energy range 202080 with a very
good electron-pion separation (Fig. 1.26). An importaatdee of the PAMELA
calorimeter is the ability to work in self triggering mode tgpan energy of 2 TeV,
overcoming the limit imposed by the magnetic spectromeiére performance
of the calorimeter in the self triggering configuration haet simulated above
200 GeV, obtaining an energy resolution of the order of 12%hé&200-700 GeV
range, which deteriorates to 16% above 1 TeV, due to the Eligeer leakage

(open circles in Fid. 1.26(a)).

4The PID task in the AMS-02 detector is accomplished using al3ransition Radiation De-
tector and a Ring Imaging Cherenkov Detector, installedteethe calorimeter section.
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(a) (b)

Figure 1.25: Layout of the complete PAMELA calorimeter miaf{@) and a detail
of a single Iayeﬂﬂ)@Z].
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Figure 1.26: Energy resolutign [a) and electron/pion dlisicration[(b) of the
PAMELA calorimeter[L_ZE]. The open circles[in [a) are the siated data obtained
with the calorimeter in self triggering mode.

After a brief commissioning phase, the instrument has edténre data tak-
ing mode in July 2006. Fid._1.27 presents an example of evsntichination
performed with the calorimeter on real in flight data. Therggénave been se-
lected by the magnetic spectrometer with a momentum bet2@and 30 GeV/c.
The plots of Fig[ 1.27(%) have been obtained exploiting tiewer tracking ca-
pability of the calorimeter. The x axis represents the rhgbween the charge
released along the track in the calorimeter (obtained bynsimgy the signal in
the hit strip and the signals in the left and right neighbgsirips) and the total
charge measured in the calorimeter itself. Thus, this gyaistequal to one in
the case of non interacting hadrons (protons or anti-ps)tdn the negative par-
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ticles plot, the peak corresponding to the electrons carldslg seen, while in
the positive particle plot the positron sample, expecteldetpeaked in the same
position of the electron one, is completely overwhelmed hwy background of
protons. Fig[ 1.27(b) presents the same plots after sonwomipal cuts on the
shower profile, the starting point and energy-momentum hiagcwith the mag-
netic spectrometer. The positron peak can be clearly seemuistrating the good
PID capabilities of the calorimeter.
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Figure 1.27: Energy fraction released along the track inctlerimeter for both
negative (top) and positive (bottom) particles before (@) after the energy-
momentum match correctign {b) [22].

As far as the AMS-02 calorimeter is concerned, a completéigrént design
has been chosen with respect to the PAMELA one. The AMS-0&icagter is
a sampling device composed of lead as the absorber and 1 nstic@aintillat-
ing fibers embedded in the lead structure as the active medlima orientation
of the fibers is rotated by 90° every 10 planes of lead and fifersing a so-
called superlayer. In total, 9 superlayers are present,tharx direction and 5
in the y one. The dimensions of the calorimeter are 65.8¥@%.%5 cni for a
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total of ~16.8Xg [2€]. A sketch of the fiber-lead structure and a picture oééhr
superlayers are presented in [Fig.1.28.

0.135

(b)
Figure 1.28: Sketch () and pictyre](b) of the AMS-02 caletien [26].

The lightreadout is performed using 324 Hamamatsu multlai®MTs (MAPMTS).

Each MAPMT is composed of 4 9x9 nfrpixels. The MAPMT cells are coupled
to groups of fibers by means of light guides. The MAPMTSs lodatethe central
superlayers are also used to provide a standalone triggetectron/positron or
gamma events. The complete calorimeter module has been taisthe CERN
H4 beamline using 100 GeV protons and electrons in the 6—230r@nge. Con-
sidering the fiber structure of the calorimeter, differemrections have to be im-
plemented to improve the angular and energy resolution:

* a gain equalization of the different channels using a dgdatMIP beam;
* a correction of the light attenuation along the fibers;

 a correction of the energy deposit with respect to the gartimpact point;
 a correction of the longitudinal energy leakage.

In particular, the leakage correction considerably impsothe linearity and
energy resolution at high energies: Figs. 1.29(a)[and h)3g€sent a maximum
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deviation from linearity of the order of 1%, with an energyaohition (for an
incidence angle of 0°) o@% @ 1.5%. The energy resolution improves increasing
the impinging angle due to the larger number of radiatiomlles crossed by the
particle. As far as the angular resolution is concerned)ueMaelow 1° has been
obtained for particles above 50 GeV (Hig. 1.2D(c)).
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Figure 1.29: Linearity (&), energy (b) and angular resohjffic) of the AMS-02
calorimeter([26].
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1.2.2 Gamma Ray Satellites

The first observations of gamma rays coming from outside #r¢éhEatmosphere
were performed using very simple detectors mounted on #wdyes or rockets
originally developed to monitor the atomic tests of USA anfiSR [27]. Un-
expectedly, most of the gamma ray sources identified duhage surveys were
located outside the Earth atmosphere: gamma ray astron@spern.

EGRET All-Sky Map Above 100 MeV

Figure 1.30: Map of the sky obtained by the EGRET telescople gamma rays
above 100 MeV.

Since the '60s, many satellite-based experiments have $&@nin orbit to
study the gamma and X ray emission starting from a few hursdoékeV up
the multi-GeV scale. Among them, EGRET (Energetic Gammg-Raescope
Experiment), mounted on the Compton Gamma-Ray Observ{28iyin 1991,
discovered a large number of new sources and studied in detait the diffused
galactic gamma ray emission (Fig._1.30).

The study of high energy photons is the primary interest afsthe recent
space physics experiments, like AGILE [29] and FERMI-LAT]3 Due to the
fact that gamma rays are neutral particles, their path istoalified by the galactic
magnetic field and thus can be considered as a direct prolady their produc-
tion sites, like supernova remnants, active galactic macld gamma ray bursts.
The typical layout of a gamma ray telescope is the followirig (1.31):

* a gamma ray tracker;
* an electromagnetic calorimeter;
* an anticoincidence system.

The gamma ray tracker is the heart of the experiment: it ispms®d of alter-
nate layers of high Z material (called converters) andailimicrostrip detectors.
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Figure 1.31: Layout of the structure of a gamma telescope.

The high energys interact with the converters creating electron-posifrains.
The tracks of the two charged patrticles are then sampleddgilicon strip de-
tectors in order to estimate the direction of the primarytphpwhile the opening
angle between the tracks is used to measure its energy. Tdreneter can be
combined with the tracker to measure the energy of the elegiositron pair, or
as a standalone detector to perform an independent measnirefrihe energy of
non-convertegs. For both these tasks, the main requirement of the caltense
a good energy resolution. Among the alternatives, inoaaintillator crystals
are well suited to fulfill the requirements of good energyteson, compactness
and easy segmentation. Moreover, considering the weighgrgsion and power
consumption constraints of space calorimeters, silicariqutetectors are the best
candidates for the readout of the scintillation light. Intfahe three most impor-
tant telescopes sent in orbit in the last two decades (EGRE] AGILE [31]
and FERMI-LAT [30]), use Nal(Tl) or CslI(TIl) crystals as thalorimeter active
material and two of them (AGILE and FERMI-LAT) use PIN phoitnxdbsﬁ as the
readout detectors.

The calorimeter sensitivity to high energy is limited by the number of ra-
diation lengths of the calorimeter itself. As an example, BERMI calorimeter,
which is 8.4Xp can measure a maximum gamma energy of 70 GeV [30], while the
AGILE equivalent one (MCAL, 1.%p) is limited only to 100 MeV/|[31]. Thus, to
enhance the energy sensitivity of the next generationdefess, larger calorime-
ters are needed.

SDescribed in detail in the next chapter.
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1.2.2.1 The Gamma-400 Experiment

The Gamma-400 experiment is one of the most promising anealging next

generation projects in the field of gamma ray physics. Supgddoy the Rus-
sian Space Agency in collaboration with many other insons, including the
Trieste, Roma and Florence sections of the Italian InstiaftNuclear Physics
(INFN), the aim of the project is to further increase the ggeange with respect
to the FERMI-LAT experiment. This task is obtained with trenstruction of a

very large and deep calorimeter, comparable in terms otiadi lengths with the
typical calorimeters of high energy physics experimentise main goals of the
Gamma-400 mission can be summarized as follows [32]:

* to extend the gamma energy range up to 3 TeV,
 to improve the angular resolution up to 0.01° to identifyalete sources;
* to improve the energy resolution up to 1% to enhance thetsatysto dark

matter candidates.
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Figure 1.32: Layout of the Gamma-400 observat@/ [32].

A sketch of the Gamma-400 telescope is presented in Fig. TI82complete
space observatory is composed of:
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an anticoincidence (AC) detector;

the multilayer converter (C), which consists of 6 0Xglayers of tungsten
(CD1-6) interleaved with x-y silicon strip detectors witl1@0 um readout
pitch and an active area of 1x12mA 71" layer (CD7) is positioned-1 m
below the first six layers for a more precise measurementeottéctron-
positron opening angle;

a Time-Of-Flight (TOF) system, composed of two plastimstiators (S1-
2), used to identify the particle direction;

a Transition Radiation Detector (TRD) and a Neutron Dete@iD) to im-
prove the proton rejection efficiency;

two scintillation detectors (S3-4) used as additionaiger;

the calorimeter system (CC).

The calorimeter system is divided in two parts: the imagi@¢1) and the
electromagnetic one (CC2). The imaging calorimeter co&1si510 1 cm thick
layers of BGO crystals interleaved with silicon strip detves with a readout pitch
of 500um, for a total of~9 Xo. This calorimeter is used to perform high precision
measurements of the shower axis in order to enhance theaamgablution. The
electromagnetic section is composed of BGO crystals aetmy towers, for a
total of 21 Xp; this section of the calorimeter is used to enhance the tbatysof
the calorimeter itself to high energg and to fulfill theog /E=1% requirement.
The BGO crystals might be readout using large area SiPMgsactaized by
a very large dynamic range to fulfill the large energy rangpiirement of the
experiment. In particular, the Gamma-400 project couldnaefirst to introduce
the SiPM technology for the light readout in a space enviremm



Chapter 2

Silicon PhotoMultipliers

This chapter is devoted to the description of Silicon Phattildliers, a new type

of silicon photodetectors recently proposed as an altemé&b the widespread
photomultiplier tubes (PMTs) in many applications. Thetfpart of the chapter
is dedicated to the description of the basic principleslafsi photodetectors and
to the different available devices. The second part anal§gtBMs and the main
parameters used to characterize them, while in the lastipamttention will be

focused on the SiPMs manufactured by FBK-irst, the devitéseabasis of this

thesis work.

2.1 The Basic Principles of Silicon Photodetectors

Silicon photodetectors are semiconductor devices thatoawvert optical signals
into electrical ones. These devices are produced joinigether two doped semi-
conductors of the (with a majority of positive carriers) anmu(with a majority of
negative carriers) type, obtaining a so-calfed junction: a complete and more
detailed description of this topic can be foundlin! [33, 34]h&H the junction is
formed, the large carrier concentration gradient causesliffusion of the elec-
trons from then-side into thep-side and the diffusion of the holes from theside
into then-side. With the charge carriers flowing from one side to thentsome
of the ions fixed in the semiconductor lattice are left uncengated: due to this
effect, two spatial charges form near the junction zone andlactric field with
an opposite direction with respect to the carrier diffusstops the diffusion itself
(see FiglLZ11). If no external bias is applied to the semioctat, an equilibrium
condition is reached: near the junction all the majorityrieas of thep-side have
recombined with the majority carriers of theside generating the spatial charge;
the region is known adepleted regionAt the thermal equilibrium, the widti
of the depletion zone depends mainly on the doping condenraf thep andn

39
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side of the semiconductor according to the equation:

2¢€s NA-I-ND}
W=,/—|——— |V 2.1
\/ q { NAND bi ( )

whereNjy is the number of acceptop)ions, Np the number of donom)] ions,
€s the semiconductor dielectric permittivity akg the total electrostatic potential
across the junction defined as:

KT, NaN
Vi = ql AD

(2.2)
3

wherek is the Boltzman’s constang is the electric charge angl the intrinsic
concentration of free carriers.
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Figure 2.1: Ap-njunction.

If an external bias is applied to the junction, the systenoisomger at equi-
librium and the depletion zone is modified. Two cases can beatk

 forward bias: a positive voltage is applied on fheide of the junction and
a negative voltage on theside;

* reverse bias: a negative voltage is applied onpts&le of the junction and
a positive voltage on the side.

In the forward bias configuration the total electrostatiteptial across the junc-

tion decreases, reducing the depletion layer width; on timérary, in the reverse

bias configuration the total electrostatic potential iases, enlarging the deple-
tion layer width. It can be shown that the widft¥ of the depletion layer follows

the relation:

ZES(Vbi —V)

W =
aNs

(2.3)
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Figure 2.2: Thep-n junction with different bias configurations: (a) no bias) (b
forward bias and (c) reverse biasg, Ec andE, are the Fermi, conduction and
valence energy levels.

whereNg is the bulk doping concentration; Fig. 2.2 presents the \iehaf the
depletion region as a function of the bias configuration.

The typical I-V curve of gp-n junction can be divided in two regions cor-
responding to the forward and to the reverse bias configuratn example is
shown in Fig[2.B. When forward biased, there is no curremtifig through the
junction up to a voltage threshold. In common diodes thisghold is calledliiode
drop or voltage dropand is equal to~0.6 V (~0.2 V for Schottky diodes): this
drop corresponds to the bias needed to overcome the jurimtittAin potential.
When the bias becomes larger than the voltage drop, thentwstaats flowing in
the junction following an exponential law:

| = e™ (2.4)

wherel is the diode currenty is the applied voltageyt = '%T is the thermal
voltage (26 mV at 300 K) and is the quality factor which varies from 1 to 2
depending on the diode manufacturing process.

As far as the reverse bias configuration is concerned, idealtarrier should
cross the depleted region, and the current should be eqmatdo As can be seen
in Fig.[2.3, this assumption is not completely true becansile the depleted re-
gion electron-hole pairs are continuously generated byrthkeexcitations. The
presence of the external field makes the carriers drift tjinathe junction gen-
erating the so-callethverse saturatiorturrent. This effect can be introduced in

equation Z}:
\Y
| = Ig(e™ —1) (2.5)
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Breakdown:  Reverse Forward i

Vbr

Figure 2.3: 1-V characteristic curve forgan junction in the forward and reverse
bias configuration. The scale of the y axis is not the sameenfdhwvard and
reverse bias regions.

wherels is the inverse saturation current. Equafiod 2.5 is knowrmaShockley
diode equatioror theideal diode equation

The inverse saturation current remains almost constanittbhatreverse bias
is so large that the majority carriers have enough kinetergynto create an-
other electron-hole pair before their collection on theeteles. When this phe-
nomenon occurs, the inverse saturation current quicklgeases and, if the re-
verse bias is further increased or the maximum current isimdaed, it can lead
to the destruction of the device. The bias which correspandke start of the
uncontrolled multiplication process is known lagakdownvoltage, or \sp and,
as will be shown in section 2.1.3, is the principle at the $asiavalanche pho-
todetectors like the Silicon PhotoMultipliers.

Besides thermal excitation, other two mechanisms can ergattron-hole
pairs inside the depleted region: ionization effects iredlisy penetrating charged
particles and optical excitation induced by visible, UV ofrared light. Both
these phenomena make reverse bigsagunctions suitable to be used as particle
and light detectors.

2.1.1 lonization Processes

Charged patrticles crossing matter lose part of their enngyugh elastic colli-
sions with electrons. The theory of radiation-matter iatgions has been devel-
oped first by Bohr using classical arguments, and later inaaigum mechanical
way by Bethe and Bloch; a complete discussion of the subgtbe found in[35].
The basic calculation performed by Bohr considers the monmenransfer to a
free electron by the ionizing particle when passing at itsest distance (the
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impact parametér To obtain the transferred energy, which is proportionahe
square of the momentum transfer, an integration over thenkatic variables is
then performed. The resulting formula is called the BetheeB formula:

dE
—— = 2mNormec?p

77 { <2mey2v2Wmax
- |n I A et
dx

A2 ¥ )—2[32—6—2% (2.6)
The main parameters of the formula are the following:

+ 2mNor2mec? = 0.1535 MeV crd/g;

* 1o = electron classical radius = 2.87X70 3cm;

* Np = Avogadro’s number;

* | = mean excitation potential;

e Z = atomic number of the absorbing material;

« A = atomic weight of the absorbing material;

» p =density of the absorbing material;

« z=charge of the incident particle in units gf

v = patrticle relative velocity;

* B =v/cof the incident particle;

» y = Lorentz factor;

« 0 = density correction factor (high energy correction);
» C = shell correction factor (low energy correction);

* Whhax = maximum energy transfer in a single collision.

An example of the ionization rate of a charged pion passinguth silicon
computed with equatidn 2.6 is shown in Hig.12.4.

In semiconductors, only a part of the energy loss is usedh@rcteation of
electron-hole pairs. In particular for silicon the averagergy used for the cre-
ation of a pair is 3.6 eV, three times larger than the band gdpl@ eV. In fact
part of the deposited energy is dissipated through lattibeations (phonons).
Considering the example shown in Hig.12.4, a 200 MeV pionH@atinimum of
the ionization rate) deposits200 keV in a 50Qum thick silicon detector, which



44 Silicon PhotoMultipliers

100
o r
~
[@N
&

7
>
QO
=,
x
ie)
~.
Lo
°
109 10" 102 102 10% 10° 10°

energy [MeV]

Figure 2.4: Rate of energy loss due to ionization as a functfdhe kinetic energy
of a charged pion crossing silicon (effective ionizationgmiall = 173 eV) with
(continuous line) and without (dotted line) the density ahdll corrections.

corresponds to more than 60000 electron-hole pairs creasédke the depleted
region.

Electron-hole pairs produced by ionization processeslénsilicon photode-
tectors are usually referred to msclear counter effectshese effects create spu-
rious signals, therefore contributing to the noise of thetptetector. In order
to minimize these contributions, the geometry of the detethe doping profiles
and the width of the junction should be carefully analyzed.

2.1.2 Optical Excitations

Electron-hole pairs can be produced inside the depletadrrdyy light if the en-
ergy of the impinging photons is large enough to bring thetebm from the va-
lence band to the conduction band. In other words, in siliableast 1.12 eV
are needed and the wavelength of the incoming photons has sohbller than
1100 nm[36]. A sketch of the phenomenon is presented i . 2
For light to be detected, it first has to enter through theamearfof thep-n

junction and then to be absorbed in the depletion region. &ffects must be
taken into consideration:

* the Fresnel reflection of the light at the surface of thecke(ue to the large
refractive index of silicon) must be kept as low as possiioiepducing an
anti reflective coating;
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Figure 2.5: Detection of light inside a reverse biapeatjunction; if the energy of
the incident photons is larger than 1.12 eV, electron-haiespare created inside
the depleted region and are then collected by the electrodes

* the thickness of the depleted region must be larger tharabiserption
length otherwise the electron-hole pairs will be createtside the sensi-
tive region.

The second requirement is particularly challenging caerang) that the absorption
length of optical photons varies from a few nm for UV light up~+1 mm for
infrared light. The absorption length of optical photorsde silicon as a function
of the wavelength is shown in Fig, 2.6.
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Figure 2.6: Absorption length in silicon as a function of thkoton wave-
length [36].
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Due to the technological constraints in the production efgin junction, it
is not possible to build a detector with high sensitivityrfranfrared up to UV
wavelengths. The sensitivity of the device is callg@ntum efficiencgnd will be
described together with other characterizing paramenettsel next section.

2.1.3 Junction Breakdown

As can be seen in Fif. 2.3, when a reverse bias large enougblis@to thep-n
junction, the junction starts to draw a large amount of auirrthis phenomenon is
calledbreakdown If the current is not limited by an external circuit, the gtion
can be damaged by the excessive heat. Two main processesjpoasible of the
breakdown effect: theunneling effecand theavalanche multiplication

The tunneling effect consists of electrons of the valencellthat are extracted
into the conduction band by the large electric field. Thiscpss is usually pre-
vented by the presence of a potential barrier, whose hesgtrtaportional to the
energy gap, which in fact can be overcome by the quantum mesaigunnel
effect. The probability of this process has an exponengiavior proportional
to the electric field and to the inverse of the barrier widthr #hese reasons this
process occurs only when the electric field is very high aeditiping concentra-
tions of thep andn regions are larger than8L.0'” cm~23, in order to maximize
the number of carriers able to cross the barrier.

The second and most important process responsible of tladoen is the
avalanche multiplication. In this process the kinetic ggeacquired by the car-
riers drifting in the junction is large enough to trigger theneration of a second
electron-hole pair by impact ionization. If the electriddiés large enough, the
secondary generated carriers are also capable to trigger jpdirs and so on, re-
sulting in a self sustained avalanche of carriers. A repitas@n of the process is
sketched in Fid. 2]7.

The ionization rate can be expressed using the ionizatinstaats of electrons
and holesa, anday. These ionization constants are defined through the ratatio

dn=ayndx dp= appdx (2.7)

wheren and p are the number ofi-type andp-type free carriers andx identi-
fies the movement along the drift direction. The ionizatianges the generation
of additional electrons and holes. Assuming that the idiopnacoefficients of
electrons and holes are the same, the multiplication fAdtoan be calculated as:

1
M=—F—— 2.8
1- J2adx (2.8)
where the integral interval defines the region within theleliapn layer where the
electric field is large enough to cause impact ionizationts{@e this range, the
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n-type

Electric Field

Figure 2.7: Qualitative explanation of the avalanche mltation: the first free

carrier in (1) is accelerated by the external field and in (@hegates another
electron-hole pair by impact ionization. The free carrier$2) are accelerated
again by the external field and in (3) generate other pairssarwh, self sustain-
ing an avalanche process.

electric field is assumed to be too small to cause impactabioiz. Equation 2]8
holds if the electric field is assumed constant in xpe x, interval. As will be
shown in the next sections, one of the main parameters dbearmeg the different
types of silicon photodetectors is the multiplication taci.e. the gain of the
devices.

If the integral in equation 218 equals one, then the muttgilon factor reaches
infinity. This means that for each electron arriving in thghfield at thex; point,
one additional electron-hole pair is generated aixghy@oint. This hole then drifts
in the opposite direction and generates an additionalreledtole pair at the start-
ing X1 point. One initial electron therefore yields an infinite riuen of electrons
arriving atxp, hence an infinite multiplication factor. When this conalitis satis-
fied, the creation of a single electron-hole pair inside thgleted region is suffi-
cient to start a self sustained and virtuallylimited@ avalanche process which is
calledGeiger-Muller avalancheSilicon PhotoMultipliers operate in this regime.

2.2 Silicon Photodetectors

As explained in the previous section, silicon photodetesctve silicon devices
based om-n junctions specifically designed to detect light. Silicorofgdetec-
tors can be characterized by three main paramet@uantum EfficiencyQE),
PhotoDetection EfficiendPDE) andGain.

LAn unlimited multiplication process should lead to an uritéd current through the junction
and to a damage due to heat dissipation; to avoid this proatgire or passive quenching circuits
are usually implemented to limit the maximum current cnogshe device [36].
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The quantum efficiency is defined as the ratio of photonsigitihe sensitive
area of the photodetector which produce an electron-hateper the total num-
ber of impinging photons. Due to the small energy of the baaq the quantum
efficiency in silicon based photodetectors is usually vegy hof the order of 90%
in a wide range of wavelengths. To perform a comparison, tagmum QE of
recently introduced multialkali PMTs is of the order of 6034] (Fig.[2.8).
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Figure 2.8: Comparison of the typical QE of PMT9 (a) and Plddes (D) |[37].

QE depends on the structure of the junction: the undepletget Ishould be
thin enough to be crossed by the short-wavelength photahth@depleted layer
should be thick enough to allow the absorption of long-wergth photons. QE
describes the efficiency of conversion from optical photorairs, but this value
does not represent the detection efficiency of the wholecdevihis parameter is
represented by PDE, which is the probability that an impiggihoton is detected
by the photodetector.

The PDE definition varies according to the different typeploftodetectors:

« for single pixel non-amplifying photodetectors (like Pthbdes), PDE is
essentially equal to the QE of the device, multiplied by tineerse of the
recombination probability of the carriers during the dfithich can be re-
duced increasing the reverse bias);

« for single pixel amplifying photodetectors (like APDs, #lanche Photo
Diodes), the PDE is equal to the QE multiplied by the avalaniclyger
probability. When a pair is created, the carriers start ié drside the
junction. As shown in the previous sections, if the eledietd is intense
enough, the carriers can start an avalanche process whittipliea the
charge collected at the ends of the junction. Two avalanthger proba-
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bilities can be defined, one for the electrons and one for dheshbeing the
first usually larger/[38];

« for multipixel amplifying photodetectors (like SiPMs) ERlepends on one
more parameter with respect to single pixel amplifying pldetectors, called
the geometrical (fill) factor, that is the ratio of the sewnsito the total area
of the devicel[39]. More details on the SiPM PDE will be disses in

sectior 2.313.

The third parameter that characterizes the photodeteistoing gain. It rep-
resents the multiplication factor of the photodetectorskivay in avalanche or in
Geiger-Muller regime. This parameter is also used to sertdifferent devices
available on the market: in Table 2.1 the different photedetrs are listed ac-
cording to their gain factor.

Gain Device

1 PN and PIN photodiode

10 Vacuum PhotoTriode (VPT)
>100 Hybrid PhotoDetector (HPD)
~100 Avalanche PhotoDiode (APD)
~10° | Single Photon Avalanche Diode (SPAD)
~10° Silicon PhotoMultiplier (SiPM)

Table 2.1: Different photodetectors available on the mialikeed according to
their gain factor.

A more detailed description of these devices is given indilewing sections.

2.2.1 PIN Diodes

The PIN photodiode is one of the simplest types of photodietec It is an in-
trinsic piece of ohmic semiconductor sandwiched betweenh®avily doped+
andp+ regions. The layer of intrinsic silicon reduces the capaae of the diode
and thus the noise and makes it sensitive to red and infregbt(lvhich has a
rather long absorption length) [37]. A picture and a skettthe structure of a
PIN diode are shown in Fig, 2.9.

The development of PIN diodes was driven by the need to findt@amative to
the photomultiplier tubes in high energy physics (HEP) expents, where solid
state detectors are needed to fulfill the constraints of dgio&s and insensitivity
to magnetic fields. The breakthrough came with the evoluifdhe technological
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Figure 2.9: Picturg (&) and schematic representation (feo$tructure of a PIN
diode [38].

processes in semiconductor devices during the '80s, whiiclved the construc-
tion of new types of PIN diodes with very low leakage curreitsv noise and
enhanced sensitivity for blue light.

PIN diodes were used for the first time in HEP for the readouhefL3 and
CLEO crystal calorimeters at the end of the '80s. In receatyePIN diodes have
been used as the readout system of the scintillator caltemnef the Belle and
BaBar B-factories!|[38]. Considering the lack of charge mpilittation of these
devices, their use is limited to scintillators with a largght yield and to the pres-
ence of a low noise signal amplification. Just to give an examp the BaBar
experiment, two PIN diodes were used to read the light corfiomg each of the
6580 CslI(Tl) crystals composing the electromagnetic aaleter (Fig[2.10(a)).
The signals of the two diodes were then amplified and shapearately by a
dual range pre-amplifier mounted in the rear of the cryst&amtest results on
a module composed of 25 crystals showed that the averageeanwhbollected
photons per deposited MeV was of the order of 6600, while tieegy resolution

(Fig.[2.10(b)) was of the order of 1%E [4Q].

2.2.2 Hybrid PhotoDetectors

Hybrid PhotoDetectors (HPDs) are the link between PMTs dimbs photode-
tectors. Like any PMT, HPDs are composed of a photocathottehigh sensitiv-
ity for photons in the visible and near UV range. The eledrextracted by the
impinging photons via the photoelectric effect are therebated by an electro-
static potential of the order of 10 kV in a vacuum tube andemtéd by a silicon
detector, used as an anode. The accelerated electronsgbenetsilicon for a
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Figure 2.10: Sketch of a crystal[(a) [41] and energy resoiutis a function of
the electron beam momentum](b) of a prototype module of tligaBaalorime-
ter [40].

mean path of 3um, creating electron-hole pairs. Considering the kinetiergy
of the electrons (few keV), a gain factor of 1000 or more @irkg proportional
to the intensity of the field) is normally achieved|[42]. A &keof the working
principle of a HPD is presented in Flg. 2] 11.

HPDs have some of the limits characterizing PMTs: a low QBQ%), the
need of high voltages to work properly and a performance Wesdfected by in-
tense magnetic fields. These drawbacks are compensatesdrglssmdvantages:
small dimensions, low noise, stable gain, single photdelacapability and the
possibility to easily segment the anode into pads or pixd3$ [HPDs have been
chosen by the LHCDb collaboration for the readout of the RIGt¢1@nkov detec-
tor [44], which requires a large area coverage (2% with a large active area
fraction, high granularity, single photoelectron sengiiand high speed. The
HPDs used by the RICH are devices with a diameter of 83 mmedbias 20 kV
for a total gain of~5000 and with a QE of the order of 20% at 400 nm; the
anode is segmented in 1024 pixels of ¥®5 mnt, bump-bonded to a readout
chip housed directly inside the vacuum tube. A sketch of thkCh HPDs is
presented in Fig. 2.12(a), together with an example of tlzribest result of the

prototypes|[44] (Fig Z.12(p)).
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Figure 2.11: Sketch (g) and picture]|(b) of a HPD and its waylprinciple m]:
optical photons impinge on the surface of the photocathgeleerating electrons
which are then accelerated by the electrostatic potentdhktallected by a silicon
detector.
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Figure 2.12: Sketch of the final prototype of the HPD detd@pmand light cone
of a 120 GeV/c pion detected during a LHC-b RICH beanjte$t48).[

2.2.3 Avalanche PhotoDiodes

Avalanche PhotoDiodes (APDs) are particular types of PNlekaeverse biased
near the breakdown voltage working in the charge multifibicaregime. The
multiplication factor is moderate and varies between 50 ad@00. Accord-
ing to @], three types of APD structures are available ([#i@3): beveled edge,
reach-through and reverse or buried junction. The diffegsrbetween these struc-



2.2 Silicon Photodetectors 53

tures are mainly due to the electric field profile and to theéoregvhere the mul-
tiplication process occurs. In particular, in the bevelddeeand reach-through
configurations, the electrons have high multiplicatioesahroughout almost the
entire device structure while hole multiplication is kepta minimum. These
types of APDs are sensitive to a large part of the visible spet but suffer of
radiation damage and of large nuclear counter effects.
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Figure 2.13: Device structures, electric field profiles aletteon-hole multipli-
cation for (left) beveled-edge, (center) reach-througth @ght) buried junction
APDs [38].

A breakthrough in the development of APD sensors is repteddsy the third
type of geometry, the reverse or buried junction, speclfiadveloped by Hama-
matsu (with the S8141 model) for the readout of the leadgtatg (PbWQ) crys-
tals of the CMS electromagnetic calorimeter! [45]. In thipeyf geometry, the
p-n junction is very close to the front surface: the multiplioatregion is only
~5 um thick, and the rest of the junction acts only as a drift ragié sketch of
this geometry and two devices are shown in Eig. 2.14.

The advantages of the buried junction, mainly due to the tl&ry multipli-
cation layer, are a low nuclear counter effect, a very goaliateon hardness, a
fast response, small dark currents and a better temperstiaipdity. The main
disadvantage is the poor sensitivity to long wavelengthi@i® due to the fact
that their mean path in silicon is too long thus causing talkgorption beyond the
multiplication region. In the CMS experiment this is not alplem because the
peak emission of the lead-tungstate crystals is at 420 nratenthe APDs have a
QE of 72% [45].

Even if the buried junction improves the APD stability, teekevices are very
sensitive to gain variations due to bias or temperaturegdgmnFor example, the
S8141 APDs are operated at a low gain value of 50 in order totaiaithe bias
and temperature stability in the 3.3 (-2.3)%/V (°C) rangg]j4f operated at a
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Figure 2.14: Sketch of the buried junction CMS AHDS (a) andneegye of two
APDs in their plastic package ready to be glued on a criysjal (b

gain of 1000, the stability would worsen to an unacceptableesof 30 (-15)%/V
°C).

Considering the low multiplication factor of APDs, the aathe fluctuations
become important and contribute to the noise effects wighsthrcalledExcess
Noise FactoENF). ENF is a measurement of the fluctuations in the totallmer
of secondary charge carriers generated by each primangercantering in the
avalanche region and can be expresseﬂs [46]:

T
ENF=1+ M2 (2.9)

whereM is the avalanche gain araf, is the avalanche gain fluctuation, whose
primary sources are due 10 [46]:

» random fluctuations in the distance crossed by carriersdmt successive
ionizing collisions;

« fluctuations of the avalanche gain due to the differentldept which pri-
mary photons are absorbed;

« fluctuations of the electrons and holes contribution toat@anche at dif-
ferent absorption depths;

* electric field variations with the profile of the avalanckgion.

For the APDs used in the CMS experiment, ENF is equal to 2 foaia gf

~50 [45].
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2.3 Silicon PhotoMultipliers

Silicon PhotoMultipliers (SiPMs) are passively quenchedltipixel silicon de-
tectors, biased above the breakdown voltage, working ig&e¥uller avalanche
mode and readout in parallel via a common substrate. Whde piel operates
in digital mode, the analog information can be inferred ad&sng the number of
fired pixels.

Their development started at the beginning of 1960 whenlesiplgoton de-
tectors and the theoretical description of the avalancbegsses inside silicon
were under study at the RCA (Radio Corporation of America) &hockley lab-
oratories in the USA [47, 48]. Even if the performances offilet test devices
were poor (mainly due to the silicon technology limits attin@e), single photons
were observed. The main problem was that only very smallnaekiof silicon
could be kept depleted above the breakdown voltage for alomgeenough for
the diodes to be sensitive. In most cases, the large inteuiklcurrent in the
depleted volume triggered an instant breakdown when théedimas rose just
above the breakdown voltage. The development phase of deeszes led to the
production of the first Single Photon Avalanche Diode (SP{d3).

No important step forward took place until 1990, when the Ktstal-Resistor-
Semiconductor (MRS) APDs were invented in Russia [49]. kes#hdevices a
very thin metal layer and a layer of SiC (o0& with high resistivity) limits the
Geiger breakdown thanks to a local reduction of the elefigld. The result is
that high multiplication values (of the order of®@an be reached without an un-
controlled breakdown, simply raising the bias voltage [5je next step was to
divide the MRS structure into many cells and connect thermadarallel through
an individual quenching resistor, creating the first SiPMFig.[2.15 one of the
basic SiPM structures and a typical electric field profile@esented.

Nowadays different structures have been developed in dodeptimize the
SiPMs performance. State of the art devices consist of BOD-pixels/mm,
with a typical pixel dimension in the 20-1Q@n range |[52]. The discharge is
guenched with a polysilicon resistor embedded in the siliwafer thus limiting
the current flowing in each pixel. The most important advgesaof SiPMs can
be listed as follows:

« a high gain, of the order of f0comparable with the PMTs one: no or very
simple amplification of the output signal is thus requiredl]{3

* the insensitivity to magnetic fields;
« alow bias voltage, usually of the order©60 V;,

e a compact and easy to handéed.no vacuum) structure;
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Figure 2.15: Basic structure of a Geiger-mode avalanchéoplicae developed
by Sadygoy (a).[38] and electric field distribution inside fhnctior (b)) [51].

» a very small excess noise factor, due to the fact that noufticins in the
avalanche process are present;

* the single photoelectron sensitivity.

The drawbacks of these devices are mainly a large (temperdependent)
dark noise and a low radiation hardness; the most importapepties of SiPMs
will be discussed in detail in the following sections.

2.3.1 Gain and Linearity

SiPMs are characterized by a very high gain, of the order &fd@mparable with
the PMTs one. When a cell goes into breakdown, it producegrab{A;) which
is linearly proportional to the capacitance of the cell. \Wineany cells are fired
at the same time, the outpu)(is the sum of the single pulses [53]. Thus:

C
AvgV-W) A=Y A (2.10)
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whereV is the bias voltagéy, is the breakdown one ar@lthe cell capacitance.
The typical pulse height spectrum of a SiPM together withlithesar dependence
of the gain on the overvoltage are presented in[Fig.]2.16.
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Figure 2.16] (3) Pulse height spectrum of a SiPM with and auitta LED illu-
mination [53] and (B) linear dependence of the gain as a iomcif the overvolt-
age [54] for two types (labeled B and C) of SiPMs.

Considering the high density of cells, SiPMs are linear a/@nde range of
light intensities. The linearity limit is due to the finite mber of cells because
two or more photons that impinge on one cell produce exalsysame signal as
one single photon. It can be shown that the number of fired dejpends on the
incoming photon flux and on the PDE of the device [37]:

—Nphoton X PDE) :|
Neotal

whereNota) is the number of available pixels in the devibgnotonis the number
of impinging photonsNsiredcels IS the number of cells effectively fired by the
impinging photons anBDE is the PhotoDetection Efficiency of the SiPM (which
will be discussed in detail in sectidn 2.B.3). Due to the @éimtimber of available
cells (N¢otal), deviations from linearity occur when the number of phatfr. the
light intensity) is comparable to the number of availabbeets. A plot showing the
non-linear response to a 40 ps laser light signal for SiPMB different number
of cells is presented in Fif. 2.17 [38].

As can be seen in Fifg. 2117, the deviations from linearitst $teappear when
theNpthrDE ratio is larger than 0.6. It has to be noted that equation Balds
consideﬁﬁg an infinite recovery time of each cell, while tyy@cal recovery time
of a SiPM cell is of the order 010 ns. This means that photon signals longer

Nfiredcells = Ntotal {1— EXp( (2.11)
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Figure 2.17: SiPM non-linear response to a 40 ps laser ligmas [38]: the
number of cells of each SiPM is indicated.

than the cell recovery time result in an increase of the gffecdynamic range of
the SiPM, which can be linear or not according to the incigaton flux [55].

2.3.2 Dark Counts

SiPMs are affected by a large number of dark count eventgingafrom a few
kHz up to several MHz per mfn The large dark count rate is one of the most
important disadvantages of SiPMs and represents a linfietsénsitivity of these
devices to very low photon fluxes (down to the single photsegaBesides the
ones due to incident photons, avalanches inside the SiPisl et be triggered
by any generation of free carriers in the depleted layer. fivain processes are
responsible of the dark count rate [38]:

* the thermal generation @Fhpairs;
* the field-assisted generation of free electrons.

A sketch of the two processes is presented in[Fig.]2.18.

The first process is temperature driven and can be subshantiduced cool-
ing the device; the same effect can be obtained reducinglbere of the depleted
region,i.e. reducing the dimensions of the SiPM cells. The second phenom
is due to the large electric field inside the depleted regasexplained in sec-
tion 2.1.3, the free carriers have a probability propoiaio the electric field
to overcome the potential barrier through the quantum nmachhktunnel effect.
This process can be reduced decreasing the bias voltagea@mskquently, the
electric field inside the junction. In Fig. 2J19 the dark corate as a function of
bias and temperature is shown, confirming the expected mehav



2.3 Silicon PhotoMultipliers 59

Conductive band — 5

~ §
>l GR
cener

i T

Valence band

Figure 2.18: Thermal (left) and field-assisted generatiogh{) of free carri-
ers [53].

600

400

200

Dark Noise Rate (kHz)

0 0.5 1 1.5 2
Over-Voltage (V)

Figure 2.19: Dark count rate as a function of bias and tentper56].

Both the thermal and field-assisted processes are mediategplrities inside
thep-njunction which act as generation-recombination centedi¢ated as “GR”
in Fig.[2.18). This means that another way to reduce dark tsoignto use a
very pure and defect-free silicon technology|[53]. The dewkint rate can be
substantially reduced increasing the threshold of theaeiaelectronics to values
larger than the amplitude of the single photoelectron digh#hreshold scan can
be performed, increasing the threshold by the equivalenhefphotoelectron at
each step: the resulting plot is presented in [Fig.12.20.

The trend of Figl 2.20 is known a&saircase curveand is used to characterize
the dark counts of SiPMs. As can be seen, a substantial dtbp ohark count rate
is achieved at each threshold step: a threshold equivaléotit photoelectrons is
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Figure 2.20: Dark count rate as a function of the electrothiosshold|[38].

normally enough to reduce the dark counts to a rate of the ofdefew kHz. The
presence in the dark count events of signals with amplitadgel than the single
photoelectron is due to thaptical crosstalpphenomenon that will be discussed in
sectior 2.3 4.

2.3.3 PhotoDetection Efficiency

The PhotoDetection Efficiency or PDE has been introduce@dtian[2.2 and is
defined as the probability that a single impinging photon teasigger a SiPM
cell. PDE is defined as

PDE = QE x R x €¢ (2.12)

whereQE is the quantum efficienci? the avalanche trigger probability aegthe
geometrical fill factor. QE is normally very high and typiealues of 80-90% can
be achieved at different wavelengths depending on thetateiof the junction.
The avalanche trigger probability is the probability thditese carrier (electron or
hole) starts the avalanche process inside the cells: tggdriprobabilities must
be defined separately for electrons and holes, being thegérstrally larger.”,
increases almost linearly with the bias until a saturatioih@ 100% level occurs
for very high voltages [57]: this phenomenon is responsibliine PDE behavior
with respect to the bias voltage shown in Fig. 2.21.

The geometrical fill factor is defined as the sensitive tol ttaa ratio and has
to be optimized as a function of the applicati@i.depends on how much space
is needed between the cells to place the quenching resitersell bondings and
the trench regions (to reduce the optical crosstalk). Theest filling factor can
be achieved using a small number of big cells: in this way tofaaf the order of
70% or more can be obtained. However, a small number of tge leglls has the
disadvantage of a low dynamic range, larger dead-times igihddlark count rates
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Figure 2.21: PDE as a function of the wavelength (due to thevHations) and
the bias voltage (due to the trigger probability variat)oag].

due to the larger depleted volume|[38].

2.3.4 Optical Crosstalk

The optical crosstalk phenomenon is due to photons emitiedgithe avalanche
breakdown in one cell that travel to the neighboring celld amgger a second
avalanche exactly in the same way of an external photonnDam avalanche, an
average of 3 photons per3@arriers are emitted. The photons in the 850-1100 nm
range are particularly critical because shorter waveltepgbtons are absorbed in
the cell in which they are emitted, while longer wavelengtioons travel longer
distances and are not absorbed [38] (Eig.2.22).

Figure 2.22: Sketch of the optical crosstalk phenomenon.
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The optical crosstalk can be reduced in three ways:

» modifying the structural parameters of the SiPM, placimgcells at a larger
distance;

* introducing trenches and grooves between the cells whithas optical
isolation;

* reducing the bias in order to reduce the avalanche trigggvgbility and
consequently the crosstalk effects.
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Figure 2.23:[ () SiPM structure with optical grooves [598db) pulse height
distribution of the same SiPM with and without the opticada@ves[60].

With the first solution the optical crosstalk is reduced & é&xpense of the
geometrical fill factor, while the third solution reduces @ivalanche trigger prob-
ability: in both cases the resulting effect is a much loweEPDhe second solu-
tion is the most convenient one and is used by many SiPM metw&s. The
optical groove is usually covered with a metal layer in orieenhance the re-
flection probability of the photons inside the cell. To mimetheir impact, these
structures should overlap the existing dead border redidineopixel as much as
possible|[59]. An example of a SiPM structure with opticahicthes and the re-
sults of this layout in terms of optical crosstalk suppressire shown in Fid. 2.23.

The optical crosstalk events violate the pixel independeard the Poisson
statistics of fired pixels, thus acting as shower fluctuati@s in APDs) and in-
creasing the Excess Noise Factor|[60]. Neglecting the skooter effects, in
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SiPMs ENF can be approximated as:
ENF ~ 1+ P (2.13)

wherePq; is the probability of optical crosstalk events defined as#te of dark
count events with crosstalk (setting a threshold of 1.5 faeltk) divided by the
total dark count rate (setting a threshold of 0.5 fired c¢B§). With the use of
optical grooves, the optical crosstalk probability can eéuced from a~20%
value down to a few % [60].

2.3.5 Temperature Stability

As shown in the previous sections, all the SiPM parametepgmtd on the bias
voltage and in particular on the overvoltage with respetti¢doreakdown voltage.
In silicon detectors the breakdown voltage varies with terafure because of the
different interactions of the free carriers with the lagtghonons [38]. This means
that all the overvoltage-dependent SiPM parameters (daitk, counts, PDE and
optical crosstalk) are also temperature dependent. INZER the temperature
dependence of the breakdown voltage of a FBK-irst SiPM dawaryogenic
temperatures is presented.
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Figure 2.24: Breakdown voltage as a function of temperatfra FBK-irst
SiPM [61].

The dark count rate trend as a function of temperature hasdesady intro-
duced in sectioh 2.3.2. As far as the gain is concerned, fithegias voltage,
a higher gain corresponds to a lower temperature, as cowfibyiehe plot of
Fig.[2.25.

The typical temperature coefficierﬁ%’@) is of the order of a few tens of mV
per degree: this means that for a stable operation the tetuperneeds to be
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Figure 2.25: Gain as a function of the bias voltage for ddfgitemperatures [62].

controlled with a precision of a fraction of a degree. Anotpessibility is to
correct the bias voltage as a function of temperature to emsgte for the shift of
the breakdown voltage [38].

2.3.6 Timing Performances

Silicon PhotoMultipliers are very fast devices thanks te Wery thin (2-4um)
charge multiplication volume and to the intrinsic high sppeéthe avalanche pro-
cess|[53]. Timing measurements have been performed in [§8pwa very fast
red laser diodeX=670 nm) with a light pulse of 40 ps FWHM. The single photo-
electron timing resolution for a very low intensity pulsestsown in Fig[2.26.

The measured value is 123 ps FWHM and includes the laser piditle and
the electronics contribution. The intrinsic SiPM timingoéution after the sub-
traction of these contributions is of the order-0100 ps FWHM, that is~50 ps
RMS. The tail events in Fig. 2.26 can be explained as evegtgetred by carriers
created in the low electric field region that have to diffuge the high field region
to trigger the avalanche [563]. As shown in Hig. 2.27, thedaénts can take up to
a few tens of nanoseconds to reach the high field region.

At low gain, the lateral spread of the depleted volume canngemplete,
enhancing the diffusion tail: the contribution of theserggecan be reduced in-
creasing the SiPM overvoltage (Fig. 2.28).
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Figure 2.26: Single photoelectron timing resolution [63].

6

10 —— Mainpeak
«—— Main peak
4l 1% Diffusion
2 l \\-\ / tail |
§ : \M_,,, |
O "“"""v“"ﬁ-.‘.M‘-' A
102 b i
0 " 100
Time (ns)

Figure 2.27: Single photoelectron timing resolution wiifusion tail events|[53].

2.3.7 Radiation Damage

In order to use the SiPMs in HEP experiments, their resistdaaadiation is
a critical issue. The general effect of radiation (gammastgms, neutrons and
electrons) in silicon is the creation of defects in the bulkmothe Si/SIQ inter-
face [34] thus causing an increase of the leakage current@cduse of the ava-
lanche multiplication process, of the dark count rate. terg years many studies
have been performed in order to investigate the radiatilmnaonce of SiPMs: the
fundamental results are presented in the next paragraphs.
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Figure 2.28: Time resolution as a function of the overvatag400 nm (circles)
and at 800 nm (squares) of a FBK-irst SiPM prototype (trieaghdicate the
electronics noise contribution) [64].

2.3.7.1 Gamma lrradiation

Interesting tests have been performed._in [65] using deypcegduced by Hama-
matsu with 10Qum cell sizes, irradiated with a high intensfCo source. During
the irradiation, performed in six steps of 40 Gy each for altof 240 Gy, the
devices were biased with an overvoltage of 1.2 V. The maiarmpaters of the
devices have been measured after each irradiation stepftanadiae hour to de-
tect the possible presence of an annealing effect. The reairits are shown in
Fig.[2.29.

As can be seen, no evident changes in the gain and in the loptisstalk are
present. As anticipated, there is an increase in the danktcate of a factor 1.5
due to the increased number of defects induced by gammadicadiaAnyway, the
SiPMs performances are only slightly reduced byytireadiation and, with some
modifications to the silicon desiggshard SiPMs could be developed [38].

2.3.7.2 Neutron Irradiation

The performances of two types of Hamamatsu devices (witheaaf 1 mnf and
a cell size of 50 and 10Am) have been tested after neutron irradiation_in [66].
The SiPMs have been irradiated using a nuclear reactoityaeith a fluence of

10'2 neutrons/crA. The devices were unbiased during the irradiation and their

performances have been characterized before and afterddetion in a 20° C
thermostatic chamber in order to avoid temperature depertifferences. The
first detrimental effect of neutron irradiation is the iresed noise in the SiPM
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Figure 2.29: Gain (&), dark count réte|(b) and optical cedkEt) variation after
each step of the irradiation with®8Co gamma source.

signal output. Fid. 2.30 presents the response in ADC to a &i§bal before and
up to two months after the irradiation.

The single photoelectron resolution is lost due to the ia®ee noise effects.
The situation partially recovers after a few days thanksh#annealing, but at
higher irradiation levels (more than %neutrons/crf) the single photon resolu-
tion is completely lost. Other two parameters affected lgyrtautron irradiation
are the dark count rate (as in gamma irradiation) and thekdosen voltage: both
these variations are due to the increased number of defeitts silicon structure.
In particular, the small breakdown voltage chang®&@ mV) is a symptom of a
variation in the doping concentration induced by radiatidine results for the
dark count rate and the breakdown voltage are shown in 4. 2.

The single photoelectron dark count rate grows up to 10 MHorddver, it
has to be noted that no measurement has been performed deovg@° neutrons/cri
because the noise of the devices was too high to fit the pulgathdistributions
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Figure 2.30: Pulse height distribution of the 1j@h Hamamatsu devices before
and after the neutron irradiation with-210'° neutrons/cri
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Figure 2.31: Dark count rafe {a) and breakdown volfage (I3 famction of the
neutron fluence for both the 50 and 1@® Hamamatsu devices.

and to discriminate the single photoelectron peaks. Fort whiacerns the PDE
and the optical crosstalk probability, no variations hagerbmeasured. These re-
sults show that, with the present technology, the use of Sisiduld be avoided in
environments where the expected neutron fluence is mord8neutrons/cr
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2.3.7.3 Proton Irradiation

A complete analysis of the effects of proton irradiation e filevices produced
by different SiPM manufacturers (Hamamatsu, FBK, Zecote#t €&PTA) has

been performed in [67]. The devices have been irradiated &vi82 MeV pro-

ton beam, equivalent to a fluence off9@eutrons/crawith an energy of 1 MeV.

During the irradiation the devices have been biased with ¥ i€verse voltage.
The performances of the devices have been measured betb8® alays after the
irradiation using a thermostatic chamber. As in the gamndanauaitron irradiation

cases, an increase in the dark count rate has been obsenlethandevices up to
a few tens of MHz as shown in Fig. 2]32.
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Figure 2.32: Dark count rate before and after the protowliateon of four SiPM
devices produced by different manufacturers.

As far as the gain is concerned, the response of the SiPMsdws thsted
with a calibrated 50 photons LED pulse before and after tiagliation: the signal
waveforms have been recorded and then integrated in a 128t@s g

As can be seen in Fig._2.33, at low overvoltages the changb® imeasured
LED signals are small; however, significant deviations (@tbian 10%) appear at
high (>4 V) overvoltages. Similarly to the neutron irradiationukts, a variation
of ~50 mV in the breakdown voltage has been observed in all thede®vices.
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Figure 2.33: SiPM response to a calibrated LED signal befockafter the proton
irradiation of four devices produced by different manuiiaets.

No variations have been measured for the PDE even if an aecon@asurement
is difficult due to the high noise levels.
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2.4 The FBK-irst Silicon PhotoMultipliers

The SiPMs used for most of the tests described in this thesik are manufac-
tured by FBK-irst (Fondazione Bruno Kessler), former knaen TC-irst; at the
end of 2010 a joint venture between FBK-irst and two other ganes special-
ized in packaging and marketing led to the creation of Aditgnsvhich now sells
FBK-irst SiPMs on the market.

The research of FBK-irst in the field of SiPMs started in 2008w a col-
laboration with INFN: the aim of the project was to develoe 8iPM technology
for applications in high energy, space and medical phy$t&K-irst SiPMs are
made of arrays of micro-cells, ranging from 253252 to 100x100um? in size,
arranged in circular (1.2 and 2.8 mm diameter) or squareti @and 16 mrf) ge-
ometries; recently, linear and 4x4-matrix packages haee béso developed [68].
A sketch of the section of one micro-cell is presented in[Eig4.

resistor-to-metal contact

silicon-to-resistor contact
/

de
n+ implant
p implant

p epi layer

substrate contact

Figure 2.34: Sketch of the typical FBK-irst micro-cell cooging the SiPM. The
substrate is an epitaxipt-type silicon with an epirf) layer thickness of fim; the

secondp implantation is used to fix the breakdown voltage to the eesualue.
Then™ zone creating the junction is obtained using arsenic intpteons and is
located~100 nm from the top silicon surface [69].

Going from top to bottom, the structure of the cell isdp/T/p* sequence;
the doping profiles and the dielectric layers deposited enstlicon surface are
designed to enhance the PDE in the 420-450 nm region. Afdirit prototypes,
produced to evaluate the functionalities of the devices)ymaprovements have
been introduced in the technological process (especialthe geometrical fill
factor) to increase the PDE and reduce the dark count rate. tyfgical signal
shape and pulse height distribution of a 1 fnanea SiPM with 400 50x50m?
cells are presented in Fig. 2135.

2Advansid web-site: www.advansid.com
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Figure 2.35: Signal shape [@) and pulse height distribdffjrunder illumina-
tion with variable light pulses of a 1 mivarea, 400 50x5Qm? cells FBK-irst
SiPM [69].

The breakdown voltage of the basic cell is of the order of 30nd a very
high gain of the order 0£10° can be achieved with a moderate4 V) overvolt-
age (Fig[ 2.36())_[69]. In particular, Fig. 2.35(b) showattthe cell uniformity
response is extremely good, considering the fact that tbeoplectron peaks per-
fectly overlap between different measurements performéusiort light pulses.
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Figure 2.36: Gain as a function of temperature and biasge{ifa) and dark count

rate as a function of bias voltage and temperdtute (b) of a-F&idevice with an
area of 1 mri and 400 50x5Qm? cells [69].

Fig.[2.36(D) presents the measured dark count rate as adoieétemperature
and bias voltage: in standard conditions (25° C artlV overvoltage) the 400
cells devices are characterized by dark count rates of a félg.MDark noise
values of the order of 100 kHz can be achieved only biasingévece at very low
overvoltages or operating it at very low temperatures. # toabe noted that the
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dark count rate in Fig. 2.36(b) has been computed countmgtmber of pulses
with a threshold level set at a half of the signal amplitudeegponding to one
photoelectron, thus including also the optical crosstatkngs. Modifications in
the technological process are under study in order to reeee further the dark
noise [69].

As far as the PDE is concerned, many improvements have béaimet since
the first prototype batch run, doubling the geometrical &titbr. A comparison
between the old and new values of PDE is presented in Fig. 2.37
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Figure 2.37: Comparison between the PDE of the new devidésimproved fill
factor{(a) [68] and the first prototypes|(b) of the FBK-irsP$is [64].

The PDE values have been obtained using a photon countihgitee: the
SiPMs have been illuminated with a constant and low ratdcaied flux of pho-
tons, and the PDE is obtained dividing the detected pulsesg@ed by the dark
count rate) by the number of incident photons. The maximuri R&lue in the
new devices is>30% at 500 nm with a 4 V overvoltage, to be compared with a
value of~16% obtained with the first prototypes.

The timing resolution of the FBK-irst devices with diffeterell sizes at differ-
ent overvoltages has been analyzed. in [70] using a 470 nmiatdean emission
time window of 80 ps FWHM; both single-cell SPAD and SiPMsé&baeen tested.
The obtained results are shown in Hig. 2.38 after the suimraof the laser and
its electronics contributions from the time resolution.

As stated in section 2.3.6, the time resolution improves Wit overvoltage:
according to the number of fired cells and to the overvolttiges resolutions of
the order of 100 ps can be easily achieved with the FBK-ilBM&i.

The main characteristics of the FBK-irst SiPMs are sumnedrin Table 2.P.



74

Silicon PhotoMultipliers

350

FBK SPADs

300

250

200

Time (ps)

150

100

50

350

+40x40um? e0u
+50x50pm? 300
100x100pum? 250 + 3_,0\,\
g 200 § \
1 \
Sy —_——— ——e |
. 100 4 \t——t—_:
50 +
1] T
a 6 8 10 0 2 a 6 8 10
Overvoltage (V) # Of Fired Cells
(a) (b)

Figure 2.38: Timing resolution as a function of the overagé obtained for
SPADs with different cell sizds (a) and for 50xf®? cells SiPMs (B).[70].

Breakdown Time Gain [68] | PDE (500 nm, Temperature
voltage | resolution [64, 70] 4V overvoltage)| coefficientAVgp/A T
~30V 80-250 ps ~10P ~30% [68] 65 mV/°C [68]

Table 2.2: FBK-irst SiPM specifications: the breakdown agéd is an indicative

value.




Chapter 3

Performance of SIPMs with
scintillating bars

Silicon PhotoMultipliers are a new type of detector thatyordcently started to
gain importance in the field of high energy physics. Evenéirtlvorking princi-
ples and their characteristics (described in detail iniee.3) are well known,
only a few SiPM based acquisition systems are currently edaanced test phase.
Among them, the readout system developed for the electroaetegand hadron
calorimeters of the CALICE collaboration [12] (describedsectior{ 1.1.)2), the
near detector system of the T2K experiment [71] and theiflatimig fiber tracker
of the PEBS (Positron Electron Balloon Spectrometer) erpart [72] have to
be mentioned. This chapter is dedicated to the preliminagiss of the Silicon
PhotoMultipliers coupled to a well known detector (a sdliating bar tracker)
to compare their performance with a standard readout sysgés®d on multian-
ode photomultiplier tubes. The experience acquired wids¢htests has helped
in the definition of the SiPM readout system for the electrgnedic calorimeters
described in the following chapters. The scintillating tracker used for the pre-
liminary studies is the prototype of the Electron Muon Ran§MR) detector of
the MICE experiment [73]. Two different tests have been grenkd using this
detector: the first one, described in the first part of the traok place on the
CERN T9 beamline in summer 2008, using Hamamatsu and FRBIdexsces be-
fore and after the irradiation with neutrons and gammas. sewend part of the
chapter is devoted to the description of the second tedipnpeed using cosmic
rays in winter 2011 to evaluate the performances of an inin@/&iPM readout
system based on the MAROC3 ASIC.
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3.1 The 2008 CERN Test

The purpose of the 2008 CERN test was to compare the perfaenainSiPMs
and PMTs in a typical high energy physics application: atdlating bar tracker.
The main advantages of such a type of detector are a large@reeage, low costs
(compared to the ones of silicon detectors), spatial réisoisiof a few millimeters
and mechanical durability. These detectors are usuallyogawvith multianode
PMTs (MAPMTS), as in the Minera experiment at Fermilab [[74] or in the EMR
detector|[73]. The impossibility of using scintillatingtaackers inside intense
magnetic fields and other problems such as the crosstatk efféwveen the neigh-
boring pads of MAPMTSs can be overcome with the use of SiPMs.

The 2008 test had a twofold purpose: the first was to evalhatpearformance
of the whole detector in terms of efficiency, compared to the obtained with
a standard readout based on MAPMTS; the second was to oe@zadive dif-
ferent SiPMs, manufactured by Hamamatsu and FBK-irst, imseof signal to
noise ratio and time resolution, before and after the igtoln with gammas and
neutrons. The results of this analysis have been publishigdj.

3.1.1 The T9 Beamline

The SiPM test with the EMR prototype has been performed o theeamline,
located in the East Hall of the PS complex. The beam deliverdte T9 beamline
is obtained from the interaction of the primary 24 GeV pratohthe PS acceler-
ator with a fixed target; different targets can be chosen @eioto maximize the
production of secondary electrons or hadrons. The momenpfuime extracted
beam is selected through primary collimators and dipolematgynear the target
zone in a momentum range between 0.5 and 15 GeV/c. Additfonaking and
tuning of the beam can be performed both in the horizontalentical directions
by means of the collimators, the dipole and quadrupole magnstalled along
the beamline. According to [76], the momentum resolutidritan be set in steps
of 1% varying the aperture of the horizontal collimators.k&teh of the East Hall
complex is presented in Fig. 3.1.

The typical beam structure is characterized by the sodtaldls, bunches
of particles with intensities of the order of 4@nd with a typical duration of
400 ms. The spill repetition period can vary from a few sesond to 45 s.
The T9 beamline is also equipped with two Cherenkov couriterthe particle
identification and two beam monitors. The beam dimensionbeatuned using
the secondary collimators and the quadrupole magnetsinoiavalues of the
order of a few centimeters RMS. The typical beam profile anerdence for a
2 GeV electron beam is presented in Fig] 3.2.
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Figure 3.1: The East Hall of the PS complex: the T9 and T10 lieamare
highlighted.

3.1.2 Experimental Setup

The experimental setup on the T9 beamline is presented ii8Bglt consists of:
« a 10x10 cm plastic scintillator for the trigger generation;

two silicon beam chambers for the track reconstruction;

the EMR prototype;

a scintillator-lead sampling calorimeter (called DEVA);

four 1 m long scintillating bars.

More details on the different parts of the experimental getil be presented
in the following sections. The DEVA electromagnetic catoeter and the four
1 m long bars were under study during the beamtest but areanbbpthe SiPM
test.

3.1.2.1 The Silicon Beam Chambers

The silicon beam chambers used for the particle trackingbased on the sili-
con detectors developed for the AGILE satellite [77]. Ealchrober is composed
of two single side silicon microstrip detectors manufaetuby Hamamatsu, ar-
ranged in a x-y geometry and glued on an epoxy fiberglass su¢iig.[3.4(a)).
Each silicon tile is 41Qum thick and has an active area of 9.5x9.5%dr a to-
tal of 768 strips. The strip physical pitch is 1pin, while the readout one is
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Figure 3.2: Beam profile in the[x (a) and y|(b) directions ananbelivergence in
the X[(c) and y (d) directions on the T9 beamline.

242 um (floating strip readout) allowing to obtain a spatial resioin of the order
of ~40 um.

Each silicon layer is readout by three 128 channel sel@&iong TAL ASICs
manufactured by Gamma Medica - IDEAS. The analog readoumsileiplexed
one with a maximum clock frequency of 10 MHz. The detectossiastalled
inside an aluminum box (Fig. 3.4(b)) with part of the fromideelectronics: a
PCB housing the ASICs and a repeater board which generadsah voltages
for the ASICs, transforms the digital input signals from R340 single ended
and amplifies the multiplexed analog signals. The readaniesgce is generated
by a VME Sequencer (INFN Ts) while the analog digitizatiorprsvided by a
custom ADC Board or by the CAEN V550 ADC modules.
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Figure 3.4: Pictures of the single side silicon microstrgiettor used for the
tracking system (&) and aluminum box housing the microstetector and the
readout electronids (p).

3.1.2.2 The EMR Prototype

The EMR prototype has been assembled by the mechanical maplaf INFN-
Trieste as a proof of concept for the final detector that is nowhe assembly
phase at RAL (Rutherford Appleton Laboratory). The EMR ptgpe consists of

8 planes divided irx andy layers. The layers are arranged to form two blocks
with 4 layers each, separated by a 3 cm air gap. Each layeist®n$ten 19 cm
long extruded scintillator bars with a cross section of 1.8xcn?, manufactured
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by the Fermilab scintillator workshoﬂ78]; a drawing of threechanical layout
and a picture of the EMR prototype are presented i Fig 3.5.

S[TTTTTTTT

(a) (b)
Figure 3.5: Sketch of the EMR prototype]|(a) and photo of thteater inside its
aluminum box ().

The scintillation light of the bar is collected using four weéength shifter
(WLYS) fibers with a diameter of 0.8 mm (Kuraray Y11) inserted glued in the
bar hole. In one plane the fibers come out from both sides cfdimsillating bars:
one side is connected to a PMT array, while SiPMs are conti¢ézthe other side,
to perform correlated measurements on the same bar. On theskel, the fibers
are readout by two 64 channels multianode PMTs (R7600-M64dyamatsu),
positioned inside the aluminum box which contains the whietector. To align
the PMTs and the fibers a plastic mask divided in two parts kas lused: the
first part holds the fibers, while the second one is positiandbnt of the PMT
to direct the fibers to the photocathodes. On the other digeStPMs are also
connected to the fibers using a plastic mask divided in twéspdhe first part
(Fig.[3.6(a)) holds the SiPMs in position, while the fibers &xed with optical
glue to the second part of the mask (Hig. 3.6(b)). The SiPMieutest were
connected to two bars (number 5 and number 6) of theyipdane of the EMR
prototype.

The MAPMTSs front-end electronics is based on two ASICs: tAGATAP3
and the LS64£ (Gamma Medica-IDEAS). The VA64TAP3 is a 64 channel low
noise ASIC built in 0.35um N-well CMOS technology. Each channel is com-
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(b)

Figure 3.6: The two parts of the plastic mask used to contecSiPMs to the
WLS fibers.

posed by a low gain pre-amplifier, a fast shaper and a tunai#stold discrim-
inator. The analog signals are fed to a sample-and-holditiand the readout
is multiplexed with a maximum readout clock of 10 MHz; moren\w4 parallel
digital outputs are available. The LS@4ASIC is used to shift to a low voltage
TTL standard the open drain parallel trigger outputs whighthen processed by
an ALTERA Cyclone Il FPGA. The front-end board houses two ptate elec-
tronics chains [78].

As far as the SiPMs are concerned, their output signal is ifisgp(with a
fixed gain factor of 10x) with an AMPG04] Photonique amplifier, delayed of
150 ns and then integrated by a CAEN V792 12 bit QDC. The SiRid Woltage is
provided by an Agilent 3412 power supply. For the time reBolumeasurements,
the SiPM signal is discriminated and then sampled by a CAENRSVI/DC unit.

3.1.2.3 The DAQ System

The DAQ system is a standard VME system controlled by a SB$ Baddel 620
bridg@, optically linked to a Linux PC-system. A schematic view bé&tDAQ
chain is presented in Fif. 3.7(a): the blue lines represeniriput signals while
the pink ones the output signals from each detector.

The trigger signal is generated by the coincidence of thetifaior counter
and the spill signal provided by the PS accelerator. Theitionthg of the trigger
signal is performed by a custom VME board (the trigger boart) the signals are
then sent to a VME Control Board (INFN Ts) to generate the DAgyer and the
readout sequence; the board is also responsible of the ASI@guration before

Photonique AMP0604 specification internet pageattp://www.photonique.ch/PradMP_0600.html
2SBS Technologies Inc., UBitp://www.ge-ip.com
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Figure 3.7: Sketch of the DAQ chdin|(a) and example of the DAgpUical user
interface based on Tcl/Tk (b). [n {a) the blue arrows repretiee configuration
and control signals, while the pink and red arrows representietector outputs.

the start of the run. The signals of the silicon beam chandredof the MAPMTSs
are digitized by two dedicated boards (the ADC board and théSIVAP one,
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respectively) and sent to the Control Board that is alsoaesiple of the zero
suppressianof the silicon beam chamber data. The analog data of the S&P&/s
digitized by the CAEN V792 and V775 modules to obtain the puisight and
the timing information.

The DAQ software is written in C with Telitkfor the graphical user inter-
face (Fig[3.7(8)); the output data are stored in binary filR&N ntuples) and
processed off-line to obtain ASCII DST (Data Summary Tapépuot files with
all the relevant information. The data analysis is perfatmwéh the ROO soft-
ware tool.

3.1.3 SiPM Characterization

Five SiPMs have been used for this analysis: four manufedtby Hamamatsu
and one by FBK-irst. The Hamamatsu devices are a off-th#-sioelel (S10362-
050U metallic). Their features are the following [79]:

« 400 pixels with a cell area of 50x50n?;

a breakdown voltage o£70 V,

a gain of 7.5x16;

a PDE of 50% at 400 nm;

a 220 ps FWHM for the time resolution.

The FBK-irst SiPM used in this test is a pre-production dewdelonging to the
batch with enhanced fill factor and reduced dark count rate.composed of 688
pixels with 40x40um? cells arranged in a circular geometry. The main features of
this device are listed in sectibn 2.4. In order to evaluagtirformances of SiPMs
after the irradiation, two Hamamatsu devices have beediatad with gammas
(up to 3 kGy) and neutrons (4.5x4%0cm2 of total fluence). The pictures of the
Hamamatsu and FBK-irst devices are shown in [Eig. 3.8.

As can be seen in Fig._3.8, the Hamamatsu devices are enatgasuhder a
quartz window, while in the FBK-irst device no protectionpiesent. Tablg 3.1
presents the working voltages, the criterion for the evelgction and the irradi-
ation type (if present) of the SiPMs used in the analysis.

3In the zero suppression mode only the strips with a signal@baiven threshold are stored,
thus increasing the readout speed; the threshold is seidevimg the noise RMS.

4Tcl (Tool Command Language) is a dynamic programming lagguand Tk is its graphical
user interface toolkithttp://ww.tcl.tk

SROOT analysis softwareoot.cern.ch
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(@)

(b)
Figure 3.8: The Hamamatsu S10362-0500 (a) and FBK-irstébices.

Model Irradiation Voltage (V) | Voltage (V) | ADC Signal | ADC Eff.
(breakdown) (bias) Threshold | Threshold
Hama. 199 I} 68.3 70.2 >450 >450
Hama. 200 %] 68.1 70.2 >450 >450
Hama. 209 Photons 68.3 70.2 >400 >400
3 kGy
Hama. 212 Neutrons 68.2 69.4 >50 >200
4.5x10%m?
FBK-irst %) 30.5 34.0 >400 >400

Table 3.1: SiPMs used in the test, their breakdown and bigagges and the ADC
cuts used to select the signal events and to compute thesaffici

The ADC signal and efficiency thresholds are the cuts useldermanalysis to
discriminate between the signal and noise events or to daftheeshold for the
bar efficiency calculation. The cuts are usually the samaftahe runs and for
all the SiPMs, with the exception of the neutron irradiated heavily damaged
SiPMs, where two different cuts have been chosen in ordeort@ctly evaluate
the signal to noise ratio and the bar efficiency. The detdilthe analysis are
presented in the next sections.

3.1.3.1 FBK-irst SiPM Results

The behavior of the FBK-irst device has been studied withgh Isitatistics run
with a 2 GeV beam. The first event selection is performed ugiagnformation

provided by the silicon chambers, selecting only the sitrglek events. After this
selection, the events have been divideignal and noiseevents using the hit
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projections of the silicon chambers on the EMR plane and tR&Signal am-
plitudes. An event is considered a signal if the particleohijection corresponds
to the coordinates of the bar connected to the SiPM and if D€ Aalue of the
SiPM overcomes a given threshold (tABC Signal Thresholgharameter of Ta-
ble[3.1). The multiple scattering contribution has beetuided in this selection
introducing a spread in the bar dimension. All the other &vame considered
noise events: these events represent either those in wiagiatticle has hit a bar
without the SiPM or those in which the signal amplitude isolaethe threshold.

Fig[3.9(a) presents the typical SiPM pulse height spectiitimessignal events.
In this plot up to 19 peaks are clearly visible correspondthe different num-
bers of fired pixels. The peaks have been fitted with a Gaussiention and the
linearity of the response is fitted in the plot presented q[Bi9(b).
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Figure 3.9: Multi-peak distribution of the signal evehty é&ad linearity plot of
the ADC signal peaKs ().

The multi-peak distribution can be observed also in thesneignts, presented
in Fig.[3.10(d): in this case up to 4 peaks can be identifiedlefme the signal to
noise ratio value, the signal distribution is fitted usingsamdefined function to
evaluate the ADC value of the peak of the histogram, as showigi[3.10(b) (the
multi-peak behavior is no more visible due to a larger binttid The function
used for the fit is obtained convolving a LanBaith a Gaussian function. The
signal to noise ratio is then computed dividing the ADC vadfighe peak by the
RMS value of the noise distribution.

The signal events distribution superimposed on the toehesvdistribution is
shown in Fig[ 3.11(a); Fid. 3.11(b) presents the same plotzal in the region
near the ADC cut. The non-signal events above the ADC cuhareries in which
the reconstructed track does not hit the bar readout by k&I SThe fraction of

6CERN-Root package reference internet paige://root.cern.ch/root/html/TMath.htmI#TMath: Laaa



86 Performance of SiPMs with scintillating bars

Width 57.03+0.96

Entries 216537 10000/

Entries

MP 1171+ 2.1
Area 1.142e+07 +3.158e+04
GSigma 391.5+2.0
1277.082

Entries
=
Q
T

Mean 113.9

RMS 8000?

67.41

Signal Peak

107 6000{—
4000

2000—

10°

vl b b P bov e Lo L Lo Bl v L b v Lo by
50 100 150 200 250 300 350 400 0 500 1000 1500 2000 2500 3000 3500
ADC ADC

(a) (b)

Figure 3.10: Multi-peak distribution of noise events indoighmic scalé (&) and
signal events distribution fitted with a Landau convolvedhva Gaussian func-
tion[(b): widthis the scale parameter of the LandMP the most probable value
of the LandauAreathe normalization constanGSigmathe sigma value of the
convolved gaussian function.

these events with respect to the signal events representpuhity” parameter,
described at the end of this section.
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Figure 3.11: Total (red) and signal (blue) events supetiposfa) and zoom near
the ADC cuf (b).

The efficiency of the whole detector (bar, WLS fibers and SiPig3 been
evaluated using the information provided by the two silichlambers, selecting
the tracks crossing the bar connected to the SiPM. A profdsgram has been
filled with 1 if the SiPM pulse exceeds a given ADC thresholie(@DC Effi-
ciency Thresholgharameter of Table 3.1), with 0 otherwise. The same proeedur
has been applied to the MAPMT pulse height. Fig. 3.12(a) sttbe resulting ef-
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ficiencies; the multiple scattering contribution has nambecluded in the mean
efficiency calculation.
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Figure 3.12: Total bar efficiency for the PMT and SiPM readoanfiguration
(the dotted line represents the bar cerjter) (a) and timelaigbn of the FBK-irst
SiPM fitted with a Gaussian function (b).

The time resolution value has been computed plotting the wifference
between the incoming signal from the trigger plastic sttator and the over-
threshold signal of the SiPM after a discriminator. The tagtribution, presented
in Fig.[3.12(D), is then fitted with a Gaussian function whetssdard deviation is
the time resolution: the Gaussian fit has been performeckipt8.50, 20] range.
This resolution value is an upper limit because it sums th@&nsic time resolu-
tion of the SiIPM, the timewalk of the discriminators usedha trigger and in the
sampling, the different impact point of the particle in thgger counter and in the
bar and the possible spread at the point where the scimgléight is collected
by the WLS fiber. The obtained time resolution~£.6 ns, so the 100-200 ps
contribution due to the SiPM can be considered negligible.

In conclusion, the following parameters summarize the RBKSIPM perfor-
mances:

* signal to noise ratio: 18.947;

mean (Max) efficiency: 88.63% (97.97%);

time resolution: 2.637 ns;

purity: 97.44%;

plateau region width: 0.35-1.51 cm.
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The purity parameter is computed as the ratio between tinalsayents (selected
using the pulse height and the tracker information) anddte bnes which over-
come the efficiency threshold. In other words, the purityapaater represents
the efficiency in selecting the signal events using only ti\VSpulse height in-
formation. Concerning the plateau region, it is defined asbir region where
the detection efficiency remains stable, with a deviatiomfthe maximum value
smaller than 5%.

3.1.3.2 Hamamatsu SiPMs Results

The same event selection and analysis procedure used feB#érst device has
been applied to the SiPMs manufactured by Hamamatsu. Feigedehave been
tested with a 2 GeV beam: two non irradiated devices (lab&88dand 200), a
gamma irradiated (3 kGy) device (labeled 209) and a neutradiated one (with
a fluence of 4.5x1cm2, labeled 212).
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Figure 3.13: Signal to noise ratio for the Hamamatsu[192@Q}(b), 209 (d) and
212[(d) devices.
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The signal to noise ratio value obtained with the four Hamsmadevices is
presented in Fid. 3.13. The one of the non-irradiated SiPMeeiy good (21.2
and 22.2 for the 199 and 200 models, respectively), everehitpan the value ob-
tained with the FBK-irst device. As far as the irradiatedides are concerned, the
situation is quite different: the gamma irradiation worsstightly the S/N ratio
to 17.1, while the neutron irradiation has a larger impaadurcing the S/N ratio
to an even smaller value of 2.5. In particular, looking atghe in Fig.[3.13(d), it
can be seen that the noise and the signal events are prigctigaérimposed: this
means that without the information provided by the silicbambers, the discrim-
ination between signal and noise events is very difficultcdiwectly fit the signal
events distribution of the neutron irradiated SiPM, the A used to select the
signal events has been set to the very low value of 50 ADCsTaklkel3.1): the
noise events rejection efficiency (tparity parameter) of this cut is onk60%.
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Figure 3.14: Bar overall efficiency for the PMT and SiPM reatdmnfigurations
for the Hamamatsu 199 {a), 200](b), 209 (c) and[21R (d) deviCtles dotted line
represents the bar center.
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The parameter most affected by the worsening of the signabige ratio is
the mean detection efficiency, presented in [Eig.13.14. Usiegeutron-irradiated
device, the mean detection efficiency is reduced to 60% gthd results obtained
with the gamma-irradiated device are quite good, with a noedection efficiency
still of the order of 90% and comparable with the efficiencyaaied with the non-
irradiated devices. The rugged profile on the left of and 3.14(b) is
due to the poor statistics on that side of the bar. The efigievith the neutron-
irradiated SiPM has been obtained increasing the ADC cud@ADCs to better
reject the noise events.
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Figure 3.15: Time resolution for the Hamamatsu L[99 (a),[2)0Z09[(c) and
212[(d) devices.

The neutron irradiation also affects the SiPM time resohlufisee Figl_3.15)
which varies from~1.7 ns for the non-irradiated or gamma-irradiated devices
to 3.6 ns. The performances of the four Hamamatsu devicesuanenarized in
Table[3.2.

As in the FBK-irst device case, the plateau region is defirseithe bar region
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Model S/N Ratio| Time Mean (Max) | Purity (%) | 5% Plateau
Res. (ns)| Efficiency (%) Region (cm)
Hama. 199 21.195 1.751 | 87.73(98.18)| 96.26 0.39-1.59
Hama. 200, 22.207 1.711 | 88.44(99.16)| 96.01 0.6-1.47
Hama. 209, 17.120 1.756 | 87.77(98.75)| 98.28 0.43-1.59
Hama. 212] 2.488 3.775 57.2 (66.89) 84.52 0.29-1.74*

Table 3.2: Performances obtained with the Hamamatsu SiRMsins of signal
to noise ratio, time resolution, efficiency and purity ofesgéd events. The plateau
regions marked with * are defined for a 20% deviation from tlaximum value.

where the detection efficiency remains stable, with a dendtom the maximum
value smaller than 5% (or 20% for the neutron irradiated@®eyi The maximum
efficiency values are extracted from the plots of Fig. B.aking the maximum
efficiency points.
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3.2 The 2011 Cosmic Ray Test

In winter 2011 the EMR prototype has been used to test a nedoutaystem
based on the MAROC3 (Multi Anode ReadOut Chip) ASIC (Appiica Specific
Integrated Circuit)@O]. Originally designed for the read of MAPMTS, this
ASIC can be used also for the readout of SiPMs, as provéﬂ]m[ﬂmg a matrix
of SiPMs coupled to LYSO crystals. Two differences chandmtethe 2011 test
with respect to the 2008 one: the first one is that in the netveight SiPMs
have been used to read almost an entire EMR plane, allowiognplete spatial
resolution, efficiency and timing study of the EMR detectsedias a tracker. The
second difference is that both the MAPMTSs and the SiPMs aéaet using the
same readout system, based on a MAROC3 board, allowingex loethparison.

3.2.1 Experimental Setup and DAQ

The experimental setup (Fig._3116) for the cosmic rays isrgsaly the same used
in the 2008 CERN test, rotated of 90°. It is composed of:

* two plastic scintillators to generate a trigger;
» two silicon beam chambers for the track reconstruction;

* the EMR prototype.

Figure 3.16: Picture of the experimental setup of the 20EIntoray test.
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The details of the silicon beam chambers and of the EMR prp&have been
discussed in sectiohs 3.1.2.1 and 3.1.2.2. During thisdest one MAPMT has
been used for the readout of the EMR prototype, thus only Agalg2x and
2 y) were active. Eight SiPMs manufactured by FBK-irst havenbesed for
the readout of the SiPM plane of the EMR prototype. The SiPMstlae same
model of the one tested in 2008, composed of 688 4Qx4Dpixels arranged in
a circular geometry with a diameter 8fL mm. The main difference with respect
to the device tested in 2008 is that in the new test the SiPBls@rered with an
epoxy resin to protect the sensors themselves.
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Figure 3.17: Sketch of the DAQ scheme of the 2011 cosmic rsty fEhe blue
arrows represent the configuration and control signals|ewthie pink and red
arrows represent the detector outputs.

The DAQ system is sketched in F[g. 3l17: it is similar to the aised in the
2008 CERN test, with the difference that the trigger sigaadrovided by the co-
incidence of the two scintillator counters. The signals carirom the MAPMT
and the SiPMs are digitized by two boards based on the MAROIC AS:e sec-
tion[3.2.1.1), controlled by a VME control board, respotssitf the initial con-
figuration and of the storage of the data coming from the MARDI@& data are
then sent to the PC through an optical link. As will be showe, MAROC ASIC
can operate both in the analog and digital mode: in partictiie digital outputs
have been sampled by the V775 TDC module for the timing measaints.
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3.2.1.1 The MAROCS3 Board

The MAROC3 board is based on the third revision of the MAROG ch 64
channel ASIC designed in AMS SiGe 0.@8 technology; the chip has an effec-
tive area of 4x4 mrhand is powered with a 3.5 V bias for a power consumption
of 350 mW [80]. The 64 channels work in parallel and each ofritltensists of
(Fig.[3.18):

» a5 pF input capacitor;

* a pre-amplifier with a variable gain up to 4x, adjustablewat8 bit resolu-
tion (the unitary gain corresponds to 64);

» atunable slow shaper and a sample & hold circuit for theanedadout;

 atunable fast shaper and a discriminator for the digitdoait.

MAPMT output MAROC channel MAROC output

Analog
pre-amp slow shaper sample & hold e

\/- — \/ -} /\- B /T\- —> Multiplex 01A00111 _>VME

Digital
fast shaper discriminator

n - N — [ —DBB

Figure 3.18: Scheme of one of the MAROC3 channels.

Each MAPMT anode or SiPM output signal is sent to the inpuacépr of the
MAROC channel and amplified in the pre-amplifier stage. Aentrmirror feeds
then the analog and the digital circuit with a copy of the afigal signal. In the
analog mode the slow shapers outputs are addressed to theesgaimold circuit
and then multiplexed with a maximum clock frequency of 10 Miyzan external
12 bit ADC (AD9220, Analog Devic@B. In the digital mode the fast shaper
outputs are discriminated to generate 64 digital outputssehwidth is a function
of the input amplitude, thanks to a Time over Threshold (TaChitecture! [73].
All the ASIC settings, like the pre-amplifier gain and the f@hg time (varying
the feedback capacitors and resistors) can be selecteshgenstring of 829 bits
to the ASIC during the configuration phase.

The MAROC ASIC is hosted on a custom board (Fig. B.19) whose perts
are:

» the MAROC ASIC;

’Analog Devices Inc.www.analog.com
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Analog connectors

Figure 3.19: Picture of the MAROCS3 board.

* the PMT socket, used to directly connect the MAPMT to therbdéhus
reducing the electronics noise) and to provide the highagaltbias for the
MAPMT;

* two Altera Cyclone [ FPGAs (Field Programmable Gate Array), responsi-
ble of the ASIC configuration and of the generation of the ceddequence;

* the 12 bit AD9220 ADC,;
 two analog connectors, used for the configuration and thégmeadout;

* two digital connectors, where the digital signals comirantf the ASIC are
addressed to.

3.2.2 Results

The performances of the SiPMs have been compared to the MAGRES in terms
of signal to noise ratio, detection efficiency, spatial anarg resolution. As in
the 2008 CERN test, the information provided by the siliceardn chambers has
been used to select only the single track events. The findysisas based on
a run of ~310000 cosmic rays. The cosmic rays distribution obtaingH thie
silicon beam chambers projected on the EMR detector is showiy.[3.20.
During the run, the SiPMs have been biased at 38 V, while thk Woltage
of the MAPMT was set to 850 V. The gain of the MAROC3 pre-ametifnas

8Altera Corporationywww.altera.com
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Figure 3.20: Silicon beam chambers cosmic ray distributioze projected on the
EMR tracker for the X (&) and|y (b) directions.

been set to 64, corresponding to the unitary gain, for bathMAPMT and the
SiPM readout. The MAPMT has been connected directly to th& Bdtket of the
MAROCS3 board, while the connection of the eight SiPMs wagquared using
eight 8 ns long cables soldered to a custom board which wascthpled to the
standard PMT socket.

3.2.2.1 Signal to Noise Ratio

The signal to noise ratio has been evaluated fitting the PNWMSoulse height
distribution with a Landau function convolved with a Gaassbne. The sig-
nal events distribution has been obtained for each bar usengformation pro-
vided by the silicon beam chambers, selecting only the svemtresponding to
the crossing of a bar by a particle. The S/N ratio value has been computed
dividing the signal peak position by the RMS value of the mtaledistribution.
An example of one SiPM and one PMT channel pulse height bigtan with the
corresponding S/N ratio value is presented in Eig.13.21:stheal to noise ratio
value of this bar is 8.8 for the SiPM readout and 109.6 for thE Peadout.

Considering all the bars, the mean S/N ratio for the SiPMoagats 8.13 and
108.33 for the PMT readout. The huge difference betweerethgs values is
due to the noise RMS, which in the SiPM case is larger than 1IDC Acompared
to the~2 ADC of the PMT. The large RMS is due to the electromagnetisao
induced by the cables connecting the SiPMs outputs to the ®Bkputs. This
is the reason why for the calorimeter test described in thecteapters, a custom
board to plug the SiPM output directly to the PMT socket of M&@ROC3 board
has been designed.
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Figure 3.21: Pulse height and signal to noise ratio for a §{&Mnd one channel
of the PMT[ (D).

3.2.2.2 Detection Efficiency

The detection efficiency for the SiPM and MAPMT readout haanbevaluated as
the ratio between the beam profile reconstructed by the SIMMMBMT and the
one reconstructed by the silicon beam chambers, projectéteareference layer.
The EMR layer beam profile has been reconstructed with tih@dolg procedure:

« definition of the signal cluster: a cluster is a group of badesecting the
same particle. Their pulse height has to overcome a threskloich has
been set to & for the SiPM and 56 for the MAPMT;

« selection of the single cluster events;

« definition of the impact point coordinate of the particlengsa center of
gravity algorithm based on the pulse height of the bars ircihster.

In order to be sure that the particle has crossed the refetayer, the good events
are defined as those which have a single cluster hit also opléme below the
reference layer. The ratio between the EMR and silicon cleaurinbam profiles is
presented in Fid. 3.22.

The mean detection efficiency has been obtained slicingltis im Fig.[3.22
along the x direction and fitting them with a constant funttian example of a
slice is shown in Fig._3.23.

As can be seen in Figs. 3]22 dnd 3.23, the mean detectioreafficis above
90%, with a mean value 6£94%, for both the SiPM and MAPMT. Better results
with the SiPMs can be in principle obtained removing the tnygap between
the SiPM and the WLS fibers inside the SiPM mask, for exampiegusptical
grease.
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Figure 3.22: 2D detector efficiency obtained with the Si{P)iajad MAPMT[(b)

readout. Eight bars have been used to define the 2D profiletarthe SiPM and
the MAPMT: the larger plane shadow in the MAPMT plot is duele pptical

crosstalk effect.
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Figure 3.23: Fitted efficiency slices obtained with the SiEfland MAPMT[ (b))
readout.

3.2.2.3 Optical Crosstalk

The optical crosstalk phenomenon is due to a misalignmemtdsn the WLS
fibers and the pads of the MAPMT. In presence of a misalignmiet light

coming from a bar can hit two (or more) neighboring pads, tlassilting in a
misidentification of the bar itself. This effect is obvioyslbsent in the SiPM
readout because the SiPM and its corresponding WLS fiberpdieably isolated
from the neighboring ones. The effect of the optical crdkstan be highlighted
defining an efficiency plot using only the signal coming frorsiragle pad of the
MAPMT or from a single SiPM: the plots obtained selectingplad and the SiPM
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corresponding to the same bar are shown in[Fig.]3.24.
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Figure 3.24: Contour plot of a single bar efficiency obtaiméth the SiPM| (a))
and MAPMT](b) readout to highlight the crosstalk effect.

The selected pad of the MAPMT is partially iluminated by as®d bar, while
no crosstalk effect can be seen in the SiPM readout. Theabtiosstalk is very
difficult to avoid: even with a perfect alignment between fibers and the pads,
a small amount of light can still hit a wrong pad due to theaetion processes
in the glass that covers the MAPMT. As will be shown in theduling, the op-
tical crosstalk effect can affect also the position recarcsion of the incoming
particles, thus worsening the spatial resolution.

3.2.2.4 Spatial Resolution

The spatial resolution has been computed using the residbat is the difference
between the particle position reconstructed with the belaambers and with the
EMR layer. The position of the particle in the EMR layer hag@btained
using the procedure described for the efficiency, selethiagingle cluster events
and calculating the impact coordinate inside the clustén tine center of gravity
method. The residual histograms for the SiPM and MAPMT re&dee presented
in Fig.[3.25. They are fitted with a Gaussian function: thetigbaesolution is
defined as the parameter of the fit. A value of 0.7 cm has been obtained fdr bot
the SiPM and MAPMT readout. However, the MAPMT residualsaffected by
the presence of a second peak, due to the optical crosstalk.

3.2.2.5 Timing Resolution

The timing resolution value has been computed plotting ithe difference be-
tween the incoming signal from the trigger plastic sciatitrs and the digital
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Figure 3.25: Spatial resolution obtained with the SiPNM (& MIAPMT|(b) read-
out. The second peak in the MAPMT plot is due to the mis-retcanged hit
positions deriving from the optical crosstalk effect.

output of the MAROC3 board. The histogram is fitted with a Gaas function
in the [—0,20] range, and the timing resolution parameter is defined as thfe
the fit. An example of the TDC spectrum obtained for the SiPM BAPMT

readout is presented in F[g.-3126.
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Figure 3.26: Example of TDC spectrum for the SiPM (a) and MAH{) read-
out.

The timing resolution of the selected channel is equal t@ 83for the SiPM
readout and to 2.53 ns for the MAPMT one. The mean valuesroddaionsider-
ing the eight channels are 2.62 ns and 2.75 ns for the SiPM &®INIT systems
respectively. As in the 2008 CERN test, these results carmohsidered as an
upper limit because they are the sum of different effedts, the timewalk of the
electronics chain, the characteristic timing of the stiatbr light emission and



3.2 The 2011 Cosmic Ray Test 101

the intrinsic timing response of the SiPM.

Figure 3.27: Sketch of the event selection at the two endsedbars. The selected
regions are 1 cm large.

Using the information provided by the silicon beam chamlzerd the fact
that the cosmic rays span the whole bar length, it is possibgelect only the
events hitting a bar on the opposite ends, thus computinditieeent timewalk of
the scintillator light. The light speed inside polystyrenensidering a refraction
indexn = 1.59, is~19 cm/ns; this means that, given the bars are 19 cm long, the
signals coming from the not connected end of the bar shoutttlzyed of~1 ns
with respect to the ones coming from the connected end. Th& 3jectrum
obtained with the SiPM selecting only the events in the lasbtthe two ends of
the bar (Fig[-3.27) is presented in Aig.3.28.
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Figure 3.28: Comparison between the SiPM TDC spectrum iodxdigfior the two
ends of the bar. The histograms are fitted with a Gaussiarifumc

As can be seen from the Gaussian fit, the two peaks are sepasatel ns,
thus confirming the expected behavior. This analysis isiples®ecause, as
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explained in sectioh 3.1.3, the intrinsic timing resoluatiof the SiPM is much
smaller than 1 ns, being of the order of 200 ps. On the contitagyintrinsic res-
olution of the MAPMT is not good enough and the same analygsaach gives
two broad distributions in which no time separation is pnese



Chapter 4

Shashlik Calorimeters and SIPMs -
Prototype O

This chapter is devoted to the description of the perforraasfca SiPM based
readout system for an electromagnetic shashlik calorimgdéined as “Prototype
0” or with its nickname “Willie”. More details on the electraagnetic calorime-
ters and in particular on the shashlik structure can be fonrgppendiX_A. The
calorimeter under test, originally built for the developrhef the STIC calorime-
ter [82], has been reconditioned by the mechanical worksifdplFN-Trieste
and equipped with a versatile readout system which can bpleduo either a
MAPMT or an array of SiPMs. All the tests described in this miea are per-
formed within the framework of the FACTOR (Fiber Apparatos €alorimetry
and Tracking with Optoelectronic Read-out) collaboratiarthree years INFN
R&D project in collaboration with FBK-irst. The main goal$ the FACTOR
collaboration are the following:

* the development and optimization of the SiPM technology;

* the tests of the performance of these devices as a readstensyor fiber
calorimeters or scintillators, with particular attentitm the high energy
physics and space fields.

The prototype O calorimeter has been tested in two sepaeatetest cam-
paigns. The first one, described in the first part of the chiapés been performed
at CERN in summer 2009, using electrons up to 6 GeV and taghgetbps up
to 120 GeV. The aim of this test was to evaluate and comparpghermance
of the calorimeter using both a SiPM and a MAPMT based reaslgstem. The
second test, performed at CERN at the end of 2010, reprefentgst attempt
to use a MAROC3 ASIC readout system, originally developedtie readout of
MAPMTSs, for an array of SiPMs.

103
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4.1 The 2009 CERN Beamtests

In summer 2009 the calorimeter prototype has been testemisdparate beamtests
at CERN in order to evaluate its performance in terms of liganergy and spa-
tial resolution, using both a standard (MAPMT) and a SiPMelblagadout system.
The tests have been performed on the T10 and H4 beamlinagelsttrons up to

6 GeV and tagged photons up to 120 GeV. In order to simplify asimas possible
the readout chain, the signals coming from the MAPMT or tHe\N& have not
been amplified before being sampled by a charge integratid@.Al he results
described in the following are a refined version of the analgablished in@S].

4.1.1 The Prototype 0 Shashlik Calorimeter

The shashlik calorimeter prototype under test has been bgithe mechanical
workshop of INFN-Trieste and is composed of 41 3.27 mm thilels tof plastic

scintillator and 40 3.1 mm thick tiles of lead, for a total-o22.4 radiation lengths
and a Moliere radius of4.5 cm; each tile has an area of 8 cn?. The readout
is performed using 64 0.8 mm WLS fibers (Kuraray vl [84]) almel sensitive
part of the calorimeter is contained in a 1 cm thick aluminwessel. Aluminized
reflective sheets have been used as an interface betweetiritibasor and lead

tiles in order to improve the light output. A sketch of thearaheter is shown in

Fig.[41.

(a) (b)

Figure 4.1: Laterdl (&) and frontal skefch|(b) of the calatien with the scintillator
tiles, the lead tiles and the WLS fibers. The numbers of theaeiachannels are
also indicated. The dotted lines[in](b) have no physical nmggand are depicted
only to define the fibers that are bundled together.

The WLS fibers cross the whole calorimeter, so each fiberasltée light of
all the scintillator tiles. As sketched in Figs. 4.1(a) ant{#}, the fibers are placed
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in a 8x8 matrix of 1 cm spaced holes in the scintillator and k#as; the fibers are
then grouped and glued in bundles of four using 16 plastiddrsl (Fig[ 4.2(1))
and plugged into a plastic support (Fig. 4.2(c)) designetididl both an array
of 16 SiPMs (Fig[ 4.3(Bb)) or a multichannel PMT (Fig. 4.8(ajyanufactured by
Hamamatsu (model H8711), which has been used for the prelimtests. A few
pictures of the calorimeter during the assembly are shoviaigrid.2.

Figure 4.2: The calorimeter during the assembly phase: beesfiduring the in-
sertion inside the calorimeter tiles|(a), grouped in busdifour{ (b) and plugged
into the SiPM plastic holdér ().

The SiPMs for the calorimeter readout have been manufattwyd-BK-irst
and have a sensitive area-of. mn?. These devices are the same ones used for
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the scintillating bar tracker tests and consist of 688 4Qx#0 pixels arranged in
a circular geometry and covered with an epoxy resin: theinrharacteristics

are reported in Table 2.2.

e

Lokt

(b)
Figure 4.3: Multianode PMT (R) and SiPMs arfay] (b) used ferlipht readout.

The readout of the SiPMs has been performed using four cusbands (Fig. 414)
(INEN Ts) each one managing four channels in parallel. Thardalso provides
a single bias line for the four SiPMs. The power consumptioeach SiPM has
been estimated measuring its voltage drop on a IDodsistor.

Figure 4.4: Custom SiPM board used for the bias and the réadawp to four
SiPMs.
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4.1.2 Experimental setups and DAQ

The shashlik calorimeter prototype 0 has been tested at CiBRMo different
experimental setups at high and low energies. In both thgsehe output signal
of the SiPMs is delayed by 140 ns and then sampled with a CAEN V792 12 bit
QDC. The delay was necessary because some tens of ns ard bgdte trigger
board to generate the experiment trigger and send the ggialdb the V792
module (see Fid._4l5). In both the tests the SiPMs have begdediinto four
groups according to their operating voltages and then diasang four different
power supplies in order to equalize their gain as much aslgess

Trigger

ADC gate

Signal

-~
140 ns

Figure 4.5: ADC timing: a signal delay of 140 ns is needed toliane with the
ADC gate.

4.1.2.1 Low Energy Setup

The low energy tests have been performed at the CERN PS Thilibean Au-
gust 2009 with negative particles in a momentum range betdidand 5.5 GeV/c.
The T10 beamline shares part of the line and the primary taayes with the T9
beamline (described in sectidbn 3]1.1); thus the beam hatasifeatures, but a
lower maximum energy (7 GeV) and a lower intensity becauskelfarger bend-
ing of the beamline itself. The low energy setup consists of:

« a 10x10 cn¥ plastic scintillator for the trigger generation;
» a Cherenkov detector for the electron tagging;

« two silicon strip detectors for the track reconstructiaegcribed in sec-
tion[3.1.2.1);
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» a remotely controlled movable platform, used to align tal®gmeter with
the particle beam.

A picture of the experimental setup and its DAQ scheme aresshio Fig.[4.6.
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Figure 4.6: The experimental setup|(a) and the DAQ sctemat(th)e PS T10
beamline. The red arrows represent the configuration anttat@ignals, while
the blue and green arrows represent the detector outputs.

4.1.2.2 High Energy Setup - The H4 Beamline

The high energy tests have been performed at the CERN SPS ailibe in
September 2009. The H4 beamline is located in the North Axparemental
zone, that is the extraction point of the secondary beamloighe SPS accel-
erator. The SPS primary beam (400 GeV protons) collides witixed target,
producing secondary and tertiary beams which are thenetetlivto four extrac-
tion lines (H2-4-6-8). The typical beam structure feataesngle extraction spill
with a duration of~6 s for each cycle: choosing the electron/positron operatio
mode an intensity of a few f@articles per spill can be easily achieved; the max-
imum energy is 300 GeV while the momentum resolutfigip is of the order
of 1.4% Eﬂi]. A picture and a sketch of the North Area ext@ttbeamlines are
presented in Fig. 4.7.

The shashlik calorimeter prototype has been tested usiraggetl photon
beam obtained from the radiation emitted by 120 GeV positrdmanneled in
bent silicon crystals in the framework of the INSURAD expe&ent: more infor-
mation on photon production by channeled positrons can edon @]. The
experimental setup (Fig._4.8) consists of:

» one plastic scintillator for the trigger (S1);
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Figure 4.7: Picturg (&) and skefch|(b) of the North Area binmal@S].

* three “high” resolution (um) silicon strip detectors (SDl-ﬂSS] to iden-
tify the channeling effect by reconstructing the incomiagtizles deflection
angle induced by the crystal;

* a 3.59 Tm magnet (BM) to separate the photon emitted in thetadrand
the primary positron;

* a helium bag to reduce the multiple scattering (HB);

« two large area silicon strip detectors (BC1-2) to measueedeflection an-
gle of the positron inside the magnet;

« two calorimeters: the first one is used to detect the phafibrescalorime-
ter under test, indicated as WILLIE in the figure) and the secone (a
scintillator-lead sampling calorimeter, indicated as B&\h the trigger to
discriminate between positrons and minimum ionizing phes.

The photon is emitted in the silicon crystal and travelsinelrly to the positron
until the latter is deflected by the magnetic field; the positenergy is obtained
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Figure 4.8: The experimental setup at the SPS H4 beamlines tB#& scintillator
used for the trigger, SD1-3 the three high resolution silistiip detectorsypthe
vacuum pipes, BM the bending magnet, HB the helium bag, B&ie 2o silicon
beam chambers and WILLIE and DEVA the two calorimeters.

with a spectrometer method by measuring its deflection afigie energy of the
photon is then computed by subtracting the deflected pos#nergy from its ini-
tial value (120 GeV). The DAQ system is a standard VME systentrolled by

a SBS Bit3 optically linked to a Linux PC-system: a sketchhaf DAQ system is
presented in Fid. 4.9.
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Figure 4.9: The DAQ chain for the high energy tests.

The trigger signals are generated by a combination of theikator and the
primary beam calorimeter (DEVA) signals; they are discnated by NIM dis-
criminators and sent to the VME trigger board which is collecbby the DAQ
program. This board allows to choose the trigger mode duhegdata taking.
The resulting output trigger is sent to the sequencer (dENITS) that starts the
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DAQ sequence generating the ASIC control signals. Sincesélggiencer has a
single output, a multiplexer (mux, INFN Ts) is used to cop#&wail the modules,
that are readout in parallel. The interface between theidrah(the detector and
the hybrid with the ASICs) and the readout (the VME boardya/med by the re-
peater boards that have to transform the RS422 differesigiahls to single ended
ones as requested by the ASICs, to provide the bias, the paethe digital
signals to the ASICs through 50 pin ERNI cables, to amplifydinalog output of
the hybrid. The multiplexed analog output of the repeatedsgitized by the flash
ADC boards (CAEN V550), which work in zero suppression modee trigger
board is also used to start the gate of the V792 module forgheaut of both the
calorimeters.

4.1.3 Calorimeter Performance Simulation with GEANT4

The high and low energy experimental setups have been didulesing the
GEANT4 [89] simulation package in order to characterizecdlerimeter in terms
of linearity, energy resolution and energy leakage. Thauktion takes into ac-
count the aluminum vessel which contains the scintillatat l@ad tiles, the holes
drilled in the layers to insert the WLS fibers and the preseridhe WLS fibers
themselved (4.10). However, the simulation does not takeaocount the light
production in the scintillator tiles and the WLS collectiefficiency, so the results
should be considered as a best estimate of the real calerpetformance.

The physics list used to perform the simulation is the Q@HRT model, a
composite model which uses the Quark Gluon String theonttam&recompound
model for high energy hadron interactions (above 10 Ge\§,Bhrtini cascade
model for low energy (below 10 GeV) hadron interactions dredstandard
G4EmStandardPhysics list for the electromagnetic preses3he electromag-
netic cuts on the secondary particles have been setfimiéhe GEANT4 kernel
transforms the length cuts into different energy cuts atiogrto the density of the
different materials defined in the simulation. In order térethe energy linearity
and resolution for the electrons, the histograms of theggneéeposit at different
energies in the scintillator tiles have been fitted with a €8&an function in the
[-1.50,30] range, as shown in Fig. 4.111: the resolution parameter finett as
the ratio of the sigma to mean value. Two types of beam have dgpeeerated: the
firstis a “point-like” beam impinging on the center of thes| while the second is
“Gaussian-shaped” witb=1.5 cm in both the horizontal and vertical directions.

As far as the low energy simulation is concerned, a monochticrbeam of
10000 electrons has been generated with an energy betweeW hitl 6 GeV.

LGEANT4 physics list$ttp:/geant4.cern.ch/support/pranod.catalog/
physicslists/referencePL.shtml
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Figure 4.10: GEANT4 geometrical simulation of the protayf shashlik
calorimeter after an interaction with a 500 MeV electrone #iectrons are de-
picted in red and the gammas in green.
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Figure 4.11: Gaussian fit in the [-T180o] range of the total energy deposit his-
togram for a 6 GeV simulated electron beam.

The resolution energy scan has been fitted using the fungieaPy @ %, where

the @ indicates that the terms are added in quadrature. In thigtibmPy rep-
resents the constant term, which parametrizes the detestouniformities and
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imperfections and dominates at high energies, Bndepresents the stochastic
term which depends on the fluctuations related to the phiydesalopment of the
shower. The results for electrons are presented in the ipl&tg).[4.12.
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Figure 4.12: The linearity and the energy resolution plothe low energy range

using the “point-like”[(d) and (b)) and “Gaussian-shap@d) and (d))) simulated
beam.

Here and in the following, the uncertainty bars on the liftgglots are the fit-
ted mean parameter errors of the Gaussian distribution.igwifisant deviations
from linearity can be observed in the two beam-type confignma. As far as
the energy resolution is concerned, in the “point-like” figuaration a stochastic
term of 11.36% with a very small (compatible with zero) camsterm have been
obtained, while in the “Gaussian-shaped” configurationightlly larger stochas-
tic term (11.8%) and a constant term of 1.9% have been measbrgarticular,
the increase of the constant term should be related to theased leakage of the
calorimeter in the “Gaussian-shaped” beam. The energwatgakf the calorime-
ter at low energies has been evaluated considering theyedempsit inside the
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lead and scintillator tiles and subtracting it from the pamincident beam. In
the low energy scan the leakage is practically independent the energy and
is equal to 8.0% and 9.0% of the incident particle energy m ‘thoint-like”
and “Gaussian-shaped” configuration respectively. Thakgeg seem consistent
with the Moliere radius of the calorimeter and explain tiféeedences in the fitted
stochastic and constant terms obtained in the two beam cwoafigns.

The high energy setup has been simulated using a monochcoleam of
10000 photons with an energy between 10 GeV and 120 GeV; raldos case
two beam-types have been generated. The results of thisadioruare shown in
Figs.[4.18 and 4.14.
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Figure 4.13: The linearity (p) and the energy resolutiofp{ajs in the high en-
ergy range using the “point-like” simulated beam. The pidd) is a “reduced”
linearity plot to highlight the linearity deviations.

The linearity is good up to 120 GeV, however, due to the lamgrgy range,
these plots are weakly sensitive to the deviations indugetthd increase of the
energy leakage (as shown in Tablel4.1). These deviationseaaen in the plots



4.1 The 2009 CERN Beamtests 115

[ | w2/ ndf 138.4/5 < 45 X2/ ndf 14.19/5
10000~ w e
[ | Offset  3.202 +0.5407 o 4 Constant  1.379 +0.02658
sooo—| Slope  87.99 + 0.01844 35E Stochastic  12.46 0.1245

@
=}
S
=}

Photon Peak Position (MeV)
]
3
T

2000(—

T T N T S NI B o e b b e b e e Ly
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Energy (GeV) Energy (GeV)
(a) (b)
0.091
& f X2/ ndf 20.17/5
2 0.09— off
i set  0.08831+2.215e-05
E |-
20.089} Slope -4.023e-06 + 3.25e-07
2 [
a 5
(xﬁo.ossj‘_.ﬂ_‘k\'_
I [
o r
§ 0087~
5 L
T [
0.086—
SR RSO R HAVSRTRNI ER SN RS B
0.085 20 20 60 80 00 120

Energy (GeV)

(©

Figure 4.14: The linearity (R) and the energy resolJtioipl@ds in the high energy
range using the “Gaussian-shaped” simulated beam. Thafflotis a “reduced”
linearity plot to highlight the linearity deviations.

of Figs.[4.13(d) an@ 4.14(c), presenting the ratio betwéendeposited energy
and the beam one; the large reduggdvalues of these plots can be due to an
underestimation of the uncertainties, which are defineti@shcertainties of the
linearity plots of Figs| 4.13(h) and 4.14(a) divided by tleaim energy. However,
it has to be noted that the slopes of the linear fits are of tHeraof 10°°: this
means that the deviations are of the ordex@DO0 keV in an energy range which
extends up to 100 GeV.

As far as the energy resolution is concerned, the stochasticof the “point-
like” beam (11.24%) is comparable within the uncertainteethe one obtained in
the low energy scan. The constant term is indeed larger cadpathe one of the
low energy case (0.6% and 1% respectively), due to the energy leakage from
the rear of the calorimeter which becomes important at éeei@oove 30 GeV
(Fig.[4.15).
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Figure 4.15: Energy deposit profile as a function of the nunobéhe scintillator
tile at 6 GeV[(d) and 60 Ge) (b). At high energy the energy dieposhe last
tiles becomes relevant, thus resulting in an increase dcfitieegy leakage.

In the “Gaussian-type” configuration (Fig. 4.14(b)), thectastic term is
equal to 12.5% with a constant term of 1.4%, slightly différealues with re-
spect to the ones obtained in the low energy case (11.8% a#Aarespectively).
It is possible to improve the energy resolution fitting prcwe merging the low
and high energy datasets: the results for the “point-liked &Gaussian-shaped”
beam-types are shown in Fig. 4.16.
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Figure 4.16: Energy resolution with the complete datasehén“point-like”[(a)
and “Gaussian-shaped” [b) configurations.

Using the complete dataset no big differences with respethd previous
fits can be seen in the “point-like” configuration, while irettGaussian-shaped”
one the constant and stochastic terms level-off to the gadfid2.1% and 1.4%,
which will be considered as the reference value for the caleter performance.
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The energy leakage at high energies has been evaluatecheifame procedure
used for the low energy case, subtracting the scintillatolrlaad energy deposit
from the incident beam energy; the results are shown in Talle

Beam energy (GeV) Point-like | Gaussian-shaped
10 8.18% 9.20%
20 8.31% 9.21%
30 8.39% 9.27%
40 8.51% 9.33%
50 8.54% 9.38%
60 8.63% 9.48%
120 8.86% 9.81%

Table 4.1: Energy leakage of the calorimeter at high enesgy function of the
incident particle energy with the two beam configurations.

The fraction of energy leaking from the calorimeter can bestered sub-
stantially constant as a function of the incident partiaciergy, with an increase
of 0.5% between 10 and 120 GeV.

4.1.4 Low Energy Results
4.1.4.1 Linearity and energy resolution

The calorimeter has been characterized in terms of lineant energy resolu-
tion with low energy electrons. The first event selectionasf@rmed using the
information provided by the silicon strip detectors, setegonly the single track
events. The Cherenkov detector has been used to discrerbeaween the elec-
trons and the other particles (typically muons and pionsjhé first phase the 16
channels MAPMT has been used for the readout of the calcgimét both the

MAPMT and SiPM readout, the total energy deposit informatgobtained sum-
ming together the 16 channels of the calorimeter after apglan equalization
procedure to the different channels. The pads of the MAPMZ lieeen equal-
ized using a dedicated minimum ionizing particle beam irgpig on the front

of the calorimeter. The signal of each pad has been fitted avitandau func-

tion and the signal peak positions have been normalized@iogpto a reference
channel. As far as the SiPMs are concerned, two differerdlezgions have been
performed:

» hardware equalization: it consists in the equalizationthef SiPMs dark
current biasing the devices at different voltages, using fbifferent power
supplies as reported in Talile ¥.2;
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* software equalization: it has been performed using a dgéeticminimum
ionizing particle beam as in the MAPMT case.

Group| 1pA 1.5pA 2 PA

1 34.88V | 3530V | 35.90V
2 35.32V| 35.83V| 36.80V
3 35.10V| 35.64V | 36.60 V
4 350V | 3540V | 36.00V

Table 4.2: Bias values for the four SiPMs groups in the thrgeenit configura-
tions.

An example of the software equalization performed on thegutkight of a
pad of the MAPMT and of a SiPM is presented in Fig. 4.17.
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Figure 4.17: MIP pulse height of a MAPMT pad](a) and of a SiPMw«ith the
Landau fit superimposed.

Fig.[4.18(d) presents the total energy deposit inside tlogiceeter for a 2 GeV
beam. Three main regions can be observed: the first peakwaC values)
corresponds to the minimum ionizing particle energy ddpwodiile the last peak
(at large ADC values) is due to the electron interactionse ifitermediate en-
ergy deposit region between the two peaks is due to the hiasbowers (started
by pions). The number of electron events, calculated asntiegyrial of the elec-
tron peak (FigL 4.18(b)), decreases with the beam energyirieg longer runs to
acquire enough statistics at energies above 4 GeV. All tlegioeeter data have
been collected using the T6 target, composed of a high Z rabterenhance the
electron percentage.
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Figure 4.18: Total energy deposit inside the calorimet@r@eV[(a) and electrons
abundanck (b) as a function of the beam energy with the Téttarg

Considering the dimensions of the calorimeter comparel itgtMoliere ra-
dius, a second selection is performed on the electron eireatder to select only
the events impinging on a “fiducial area” of 3x3 &im the central part of the
calorimeter. This selection is fundamental to reject threnévwith a high energy
leakage which can artificially worsen the energy resolutiwasurement. The
scatter plots showing the fiducial area selection as a fomcti the beam position
and energy deposit are presented in Eig.14.19.
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Figure 4.19: Scatter plot of the fiducial area selection exffa) and y (B) beam
directions.

After the selections, the electron peak has been fitted wBhussian function
in the [-0,30] range (Fig[4.20) and the resolution value has been olstaiived-
ing the sigma by the mean parameter. In order to estimateystersatic error
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due to the beam momentum spread, given that a\p#p for each 5 mm collima-
tors opening is expected [90] and that the beamline was tgabvath at least a
10 mm slit opening, a 2% uncertainty on the fitted mean valgeblean added in
guadrature to the parameter fit error in the linearity plot.
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Figure 4.20: Total (red) and selected electron events \bltee selected electron
peak is fitted with a Gaussian function in the [3o] range.

The preliminary low energy runs were performed using thetichdnnel PMT
in order to setup the beamline and to have a comparison f@iB runs. The en-
ergy resolution scan has been fitted with the same functied tasfit the GEANT4
simulated data: the linearity and energy resolution resark shown in Fig. 4.21.
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Figure 4.21: Prototype 0 linearity {a) and energy resohlffj with the MAPMT
readout.
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The linearity is good and the fit to the energy resolution gastochastic term
of 11.2% and a very small constant term. The stochastic tex@ry similar to the
one obtained in the “point-like” simulation: this is prolaloue to the fact that
only a very limited number of energy points (and all below &&V) have been
used for the PMT scan.

As far as the SiPM runs are concerned, three different erszrgys have been
performed using three different bias currents (2, 1.5 apé\)L The bias values
used for the hardware equalization of the four groups arevshio Table[4.2.
The power consumption is monitored at the end of each runowueg to [69],
these bias values should correspond to gains of the orderdf ZP. During
the assembly phase, one of the SiPMs was damaged, thus oohahbels were
available: the missing SiPM corresponds to channel 1 inkbeeh in Fig[ 4.1(a).

The SiPMs have been operated at ambient temperature anthéyusere sen-
sitive to temperature variations during the run, which rfiedithe gain of the de-
vices. Considering the temperature coefficient of the FEBXSiPMs (65 mV/°C),
the runs more affected by the gain variations are the ondsanltw overvoltage.
An example of the gain drifting as a function of the number érg in the run

(i.e. the time) is presented in Fig. 4.22(a).
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Figure 4.22: Drifting of the electron and MIP peaks due to $iifeM gain vari-
ations during the rup (g) and plot of the MIP peak position &snation of the
event numbdr (b) which has been used to correct the energgidep

In order to correct the gain drifting, the signal of the MIRgpinging on the
fiducial area of the calorimeter has been used as a refereacele”, taking ad-
vantage from the fact that their signal is practically inelegent from the beam
energy. The MIP peak position has been sampled as a fundtitve event num-
ber in steps of 5000 events, as shown in Fig. 4.22(b). Theggnmposit has then
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been corrected event by event using the following formula:

A
Bline = E X PeakeyNumbey *1)
whereEine is the linearized energy depodi,is the total deposited energlyis a
normalization constant (the MIP peak position in a refeeann) andPeakeynumbey
is the position of the MIP peak as a function of the event numdénear interpo-
lation between the points of the MIP drift plot has been usedHe intermediate
event numbers. Fig. 4.P3 presents the result of the ling@wiz procedure on the

same data of Fig. 4.22(a).
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Figure 4.23: Linearization using the MIP correction pragoed

The results in terms of linearity and energy resolution whitr three different
SiPM bias currents are presented in Figs. ¥.24[and 4.25.
The energy resolution scan has been fitted with the funcifoa Py ® % @

%, where theP, term takes into account the electronic noise contributs®e (
sectionA.5) and dominates the energy resolution at lowggnetrhe value of
the P, parameter has been fixed in the fit as the sigma value of thesageak
(Fig.[4.26) divided by the ADC value of the 1 GeV electron peak

In all the configurations the P2 parameter has been found ¢gbal to~1.25%.
Thanks to the energy linearization procedure, good rekaits been obtained
with the 2 and 1.5A runs, with a slightly worse linearity (in terms gf/nd f)
in the 1pA configuration. This effect is consistent with the fact thia temper-
ature drift becomes more relevant in the low bias currenfigaration, thus the
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Figure 4.24: SiPMs energy linearity in thé¢ 2|(a), .3 (b) and\i(c) bias current
configurations.

MIPs correction algorithm can be less effective. As far asdhergy resolution
is concerned, stochastic terms between 13.3 and 14.2% kavedbtained, with
constant terms comparable with zero in all the configuratiohhis means that
the SiPMs readout behaves slightly worse than expecteddmyimgy the results of
the GEANT4 simulation and the MAPMT tests. Several factans loe taken into
account to explain this discrepancy:

* residual non-uniformities in the SiPMs gains even after tlardware and
software equalization;

* non-optimal correction of the gain drifting due to tempara variations
(this problem can be overcome using a LED system insteadeoMitirs
peak position, as performed in the prototype 1 calorimetsistdescribed
in sectiori 5.8);

« fluctuations in the light collection due to the fact that é#nea covered by the



124 Shashlik Calorimeters and SiPMs - Prototype 0O

I F [ C
S 20 X2/ ndf 414816 = F X2/ ndf 13.45/7
w A w 18
t\:m 18- Constant  1.828e-06 +0.6912 u al Constant  1.626€-08 +0.7353
= o L . 0.
F\e i 16
16 Stochastic  14.19:20.1317 F Stochastic 13.57 40.1669
£ Noise 125+ 0 14 .
E Noise 125+ 0
12
10
8
6
4
E o | Ll | I R
1 2 3 4 5
Energy (GeV)
= . F
S 18- X2/ ndf 15.05/5
Em 15: Constant  3.904e-05+1.91
C Stochastic 13.3240.1618
14—
C Noise 125+ 0

Enersgy (GeV)
(©)

Figure 4.25: SiPM energy resolution in thg 2 (a),[1.5 (b) apé [c) bias current
configurations.

four WLS fibers is larger than the sensitive area of the SiRMs;problem
can be overcome using larger area SiPMs.

4.1.5 Spatial resolution

Exploiting the fact that the calorimeter has a segmentedowain the x-y di-
rection, an analysis has been performed in order to uncherstee calorimeter
capability to reconstruct the hit position. The analysisased on the logarithmic
barycenter algorithm described [n [91], which takes intocamt the exponential
radial falloff of the shower. The output channels have beeided into x and y
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Figure 4.26: Pedestal distribution of the prototype O caleter fitted with a
Gaussian function. The value is used to fix the noise parameter in the energy
resolution fit. The tail on the right is due to low signal evemtis-tagged as noise
events.

planes according to the following relations:

Layerix = ([1] +[5]+ (9] +[13)  Layeny = ([1] +[2 + (3 + [4))
Layerx = ([2] +[6]+ [10+[14)  Layery = ([5]+[6]+[7]+[8])
Layer = ([3]+[7)+ [11+[15)  Layersy = (9] +[10]+[11 + [12)
Layen = ([4]+ 8] +[12+[16)  Layew — (13 +[14 + [15 + [16)

The channel number is indicated in Hig. 4.27 together wighty directions.
The missing SiPM chann€lll{) pulse height has been assigned using the mean of
the three adjacent channelg|(/5],(6]).

To estimate the coordinate of the incident particle, thaereof gravity has
been computed using the following equation:

i WiXi
=& — 4.3
Xealc W, ( )
where thex; are the x or y coordinates of the center of the planes anditlaee
weight factors calculated using the relation:

W = Max{o, [Wo-Hn E} } (4.4)
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Figure 4.27: Calorimeter channel division.

whereE; is the energy deposited in each plakg; is the total energy measured
by the calorimeter andy is a free and dimensionless parameter with a twofold
function: to define a threshold for the inclusion of a plan¢hi@ coordinate cal-
culation and to set the relative importance of the tails efghower. The spatial
resolution of the calorimeter has been computed using thiduals, that is the
difference between the hit position obtained by the silicbambers and the one
reconstructed by the calorimeter itself. The results oleiusing 1.5 GeV elec-
trons are presented in Figs. 4.28 and 4.29 for the MAPMT amiMSieadout
respectively. Thavp parameter was chosen after a scan over the residual values,
selecting the minimum residual and it has been set to 1. 7#h&PMT run and to
1.9 for the SiPM run.

The resolution obtained for the PMT readout is very good,hef @arder of
0.45 cm both in the x and y directions; as far as the SiPM re@d@oncerned, the
results are even better, probably due to the complete absdraptical crosstalk
between the channels, with a resolution of the order of 0.4nchoth the x and
y directions. Figl.4.30 summarizes the spatial resolutiwrifferent energies for
both the MAPMT and SiPM readout. The spatial resolution iowps with the
beam energy, reaching an asymptote-atmm (visible only in the SiPM run) due
to the finite readout pitch of the calorimeter.

4.1.6 High Energy Results

Also in the high energy tests the calorimeter has been cteaized in terms of
linearity and energy resolution. Unfortunately, due todischedule problems, the
tests have been performed using only the SiPM readout coafign with a bias
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Figure 4.28: Fit to the X (&) and[y (b) spatial resolution mbtained with the
residuals method usingvey value of 1.75 and the MAPMT readout.
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Figure 4.29: Fit to the kX (&) and[y (b) spatial resolution mbtained with the
residuals method usingvay value of 1.9 and the SiPM readout.

current of the order of 1.pA. As in the low energy tests, the first event selection
considers only the single track events using the informgirovided by the silicon
strip detectors. The energy of the photon emitted insidetystal is obtained by
measuring the deflection angle of the positron after the BrB%nagnet, knowing
the energy of the incident beam. The energy spectrum of thrpos is shown

in Fig.[4.31: the 120 GeV peak is fitted with a Gaussian fumctm obtain the
energy resolution of the spectrometer, which-390 MeV at this energy.

The output channels of the calorimeter are calibrated armdrsed together to
obtain the total energy deposit; a scatter plot is then fildth the total energy
deposit value and the tagged photon energy value. The p8licesd along the
calorimeter energy direction with a step of 1 GeV and eadteds fitted with
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Figure 4.30: Energy dependence of the calorimeter spasdlution for the
MAPMT [@) and SiPM (B) readout.
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Figure 4.31: Energy spectrum measured with the magnetictrgpmeeter and
Gaussian fit of the 120 GeV peak.

a Gaussian function in order to obtain the mean and resaolgi@@ameters. An
example of the scatter plot and a slice (the 20 GeV one) fitiéd tive Gaussian
function are shown in Fid. 4.82.

On the contrary of the low energy tests, the particular sesga for the high
energy ones did not allow to correct the gain drifting of thENbs using MIPs.
MIPs in fact were deflected by the magnetic spectrometeremtiddle of the
beamline and did not impinge on the calorimeter.

The results obtained in terms of linearity and energy résmilare shown in
Fig.[4.33. The 120 GeV point has been measured in a dedicatedith the
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Figure 4.32: Scatter plot of the photon energy measuredthéticalorimeter (ver-
tical axis) and with the magnetic spectrometer (horizoatds)[(a) and 20 GeV
slice of the photon energy scatter plot fitted with a Gauskiaation[(b).

magnet switched off and the positron beam impinging diyemtl the calorimeter.

= 30
9 gL
g g 25}
~ W .
20000 o “F
8 F
3 20—
& 15000 [
w k-
St X2/ ndf 0.4611/7 15
500 Offset  218.3+205.1 e
E F Slope  483.9 + 31.56 Fe
%
o i3 ~..\"5«-»-_.~.,,,.
o I I S O:HmH‘\H‘\H‘\H‘\H‘TH
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Energy (GeV) Energy (GeV)
(a) (b)

Figure 4.33: Energy linearity (a) and resolutfon| (b) obealrin the high energy
test. In the (3) plot the linear fit in the 1-10 GeV range is diegi.

As can be seen looking at the dashed line in[Fig 4.83(a), teatity is good
up to 10 GeV, but at higher energies a clear saturation eféeptesent. The
saturation effect is due to the relatively small number ofefs in the 1 mri
SiPMs compared to the large photon flux at this energy. Be#tsults can in
principle be obtained using a larger area SiPM. No fit has Ipeeformed to the
energy resolution scan in the saturated configuration. Alserow energy runs,
the beam momentum uncertainty was taken into account by@gdidiquadrature
to the parameter fit error the expected momentum resolutitimeaH4 beamline
(1% of the fitted mean value). To correct for the non lineaotyhe SiPMs, a
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calibration has been performed inverting the plot in Fi§34a) and fitting it with
a 4" degree polynomial, as shown in Fig. 4.3%#(a). The paramefete fit have
then been used to convert the ADC counts into a linearizedygrseale expressed
in GeV, as shown in Fig. 4.34(b).
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Figure 4.34: Inverted energy linearity fitted with & dlegree polynomial func-
tion[(a) and linear fit () to the calibrated high energy linigeplot.

In order to compare the results obtained in the low energpnagith electrons
and photons, the same slicing procedure (with a 100 MeV s$iapheen applied
to select only photons with an energy up to 10 GeV: the regutesms of linearity
and energy resolution are presented in[Fig.14.35. On theargrif the low energy
tests, the noise ternP{) has not been fixed in the fit in order to evaluate the
contribution of the magnetic spectrometer to the caloranehergy resolution.
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Figure 4.35: Energy linearity (a) and resolution| (b) usimyyaagged photons
with an energy up to 10 GeV.
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As anticipated, the linearity is verified up to 10 GeV, andfihef the energy
resolution converges to a stochastic term of 13.6% and artersn of 22.0%
which corresponds to a spectrometer resolution of 220 MelV@eV. These re-
sults are compatible with the stochastic terms obtainetienidw energy scans
and with the spectrometer energy resolution measured aG&20(~390 MeV).

4.2 The 2010 CERN Beamtest

In winter 2010 the prototype O calorimeter has been testadhiew beamtest per-
formed at CERN on the T9 beamline (section 3.1.1). The ainheftést was to
evaluate the performance of the calorimeter with a firstivaref the MAROC3
readout system. The main advantages of this type of readetha signal condi-
tioning of the SiPM output (shaping and amplification) anel fidact that no more
delay lines are needed for the SiPM readout. The beamtedidssperformed
on the T9 beamline with electrons up to 6 GeV, using the sa®Siof the 2009
tests.

4.2.1 Experimental Setup

The setup is very similar to the one used on the T10 line in Z86&tiori 4.1.2]1)
and consists of:

» two Cherenkov detectors for the electron tagging;
« two silicon strip chambers for the track reconstruction;
« a 10x10 cn¥ plastic scintillator for the trigger.

The readout and the bias of the SiPMs have been performedivatbustom
boards used for the 2009 tests (Fig.4.4). The output sigmate then sampled
by the MAROC board (sectidn_3.2.1.1) instead of using the2/@®DC. While
for the V792 readout a gate signal is needed to integrateotiaé ¢harge, with
the MAROC readout only the peak of the signal is sampled.irfethe analog
shaper to have the slowest possible peaking time (120 ms§ thtime enough for
the trigger board to generate the trigger signal. The saguf the signal peak
can then be tuned using different values of the hold parametaech has been
set to 20 ns during the prototype O test. The output signateefSiPM board
are then connected to the inputs of the MAROC one using cukiiO cables
(Fig.[4.36): the advantage of this approach is the easy imgheation, while
the drawback is the use of long cables which increase thér@teagnetic noise
which in turn increases the RMS value of the pedestal digioh (Fig.[4.37).
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Figure 4.36: The custom LEMO cables used to connect the Silplubsignal to
the MAROC input pins.

The overall result is an increased noise term in the enegplugon with respect
to the 2009 test: the typical sigma value of the noise distitim was~15 ADC
with the QDC readout (Fig._4.26), while it is115 ADC with the MAROC one
(Fig.[4.37). As will be shown in the following, the enlargedise component is
only partially due to the use of the LEMO cables, and dirediéypends on the
MAROC readout itself.
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Figure 4.37: Pedestal distribution fitted with a Gaussiarcfion. Theo value is
used as a fixed parameter in the energy resolution fit.
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4.2.2 Results

The performance of the prototype O calorimeter with the MAR@adout has
been tested in terms of linearity, energy and spatial réisolu Three configu-
rations of the MAROC pre-amplifier gain (15,10 and 5) and tvatues of the
SiPMs bias currents (1.2 and QuB) have been used, for a total of four different
energy scans. As in the 2009 beamtest, two types of equalizaave been per-
formed: the hardware one, using four different power s@spio bias the SiPMs
(Table[4.8) and a software one, using a MIP beam impingindhercalorimeter
to equalize the gain of the different devices. The devicagweonitored in terms
of current and voltage during the run using a digital multen¢Keithley K2700),
readout via a GPIB interface.

Group| 1.2pA | 0.5pA

1 350V | 34.2V
2 35.52V| 345V
3 36.0V | 33.7V
4 340V | 32.7V

Table 4.3: Bias values for the four SiPMs groups in the twoanirconfigurations.

The gain variations due to the temperature drift during threlrave been cor-
rected using the same approach of the 2009 beamtest, basled biiPs signal.
Since the MAROC unitary gain corresponds to a setting of édt{sn 3.2.1.11), the
values of 5, 10 and 15 used for the tests correspond to aruatten of the SiPM
signal which is necessary to avoid the saturation of theitionthg stages (shaper
and pre-buffer). As in the 2009 test, the event selectiorerfopmed choosing
only the single track events impinging on a 3x3%diducial area (Fig.4.38).

After the selection, the electron peak has been fitted witlaas&an function
in the [-0,30] range and the resolution value has been obtained divitimgigma
by the mean parameter. The beam momentum spread contnilisiiieciuded in
the linearity plot adding in quadrature the 2% of the meaedittalue to the mean
parameter error. The results obtained in terms of lineaniy energy resolution
are shown in Figs$. 4.39 and 4]40.

As far as the linearity is concerned, a small saturatiorcefiepresent in the
maximum gain scan as shown in Hig. 4.3P(c). The saturatioluésto a single
SiPM channel (Fig_4.41), positioned in the center of themaleter, character-
ized by a large gain which saturates the MAROC ASIC at 5 Ge\d @so at
4 GeV).

Given that a potential ADC saturation should be located 2300 ADC (con-
sidering the 12 bits dynamic range and the pedestal positier750 ADC), the
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position of the saturation peak below 3000 ADC suggeststhigasaturation may
occur in the shaper or in the pre-buffer stages, locateddmivthe amplifier and

the ADC.

As far as the energy resolution is concerned, very simillregof the stochas-
tic (12.8%) and constart{0%) terms have been obtained in all the three runs with

a bias current of 1.RA. Slightly worse results characterize the % configura-
tion, with a stochastic term of 13.3% and a constant term ¥, but still com-
patible with zero considering the errors. In all the confagioms the noise term
has been fixed in the fit to the RMS value of the pedestal didgtab divided by
the peak position of 1 GeV electrons: this term is of the ocd&% in the 1.24A
configuration and of 4.5% in the O\ configuration. This is consistent with the
assumption that the primary source of electronic noisesistiupling between the
SiPM readout board and the MAROC board inputs. In fact if thithe case, the
amount of noise should be constant during the runs, whilelggive importance



136 Shashlik Calorimeters and SiPMs - Prototype 0O

Entries

=
o
o
\\\\‘\\\‘\

80

60

40

20

4\\\‘\\\TY_':"

PR o 1 P f
500 1000

ol b b by
1500 2000 2500 3000 3500 4000
ADC

OO

Figure 4.41: Saturation of a SiPM channel with the MAROC edd

(the noise term in the energy resolution) should depend @gdim of the devices
(which depends on the bias of the SiPMs and on the pre-anmgdia), thus re-

sulting in a larger noise term at small gain values. In gdn#ra results obtained
with the MAROC readout are slightly better than the onesiabthin the 2009

tests with the same calorimeter readout by SiPMs, excephiédarger noise term.
These preliminary tests have also highlighted the problethedeMAROC satu-

ration, which will become more important in the tests perfed with the second
prototype of the shashlik calorimeter, described in the nka&pter.



Chapter 5

Shashlik Calorimeters and SIPMs -
Prototype 1

This chapter is dedicated to the description of the test®peed on a second
prototype of a shashlik calorimeter, defined as “Prototyperlwith its nick-
name “Jack”. This new calorimeter has been built by the meicehworkshop
of INFN-Trieste to improve the performance of the previousttype. It is char-
acterized by a larger active volume of plastic scintillaiod it is readout using a
larger area SiPM with 3600 pixels.

The results obtained during the tests of 2009 and 2010 ldtetdévelopment
of more accurate simulations, including a complete desoripf the optical pho-
ton propagation, that have been used to explain the distceggmbetween the
standard GEANT4 simulation and the real data. The resulthisfsimulation
have been used as a hint to modify the calorimeter structotie in terms of
number of readout channels and inter-tile material. Theifieadversion of the
calorimeter has been tested at CERN in summer 2011, with aypswof SiPM
with 6400 pixels and a readout based on the MAROC3 ASIC, tlyreoupled to
the array of SiPMs using a custom interface board in ordemfmrove the com-
pactness and the integration of the readout system. Thehdescribes both the
results and the problems met during the tests, focusingrincpkar on the large
electronic noise that has yet to be addressed.

5.1 The 2009-2010 Beamtests

The prototype 1 calorimeter has been tested at CERN in twerdift beamtests
at the end of 2009 and in summer 2010. The tests have beemmped®n the T9
and H4 beamlines using electrons up to 6 GeV and tagged phopoto 120 GeV.
The main goal of these tests was the evaluation of the peaioc of this new
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calorimeter in terms of linearity, energy and spatial regoh, using a larger area
and dynamic range SiPM. In order to compare the prototypeldamalorimeters,
the readout electronics was the same (the V792 QDC). Thétsedescribed in
the following are a refined version of the analysis publisilme[@].

5.1.1 The Prototype 1 Shashlik Calorimeter

This shashlik calorimeter consists of 70 4 mm thick tileslasgic scintillator and
69 1.5 mm thick tiles of zinc-coated lead, for a totakaf9 radiation lengths and
a Moliere radius of~6 cm. Each tile has an area of 1.51.5 cn?; the readout
is performed using 144 1.2 mm WLS fibers (Saint-Gobain BCF[@). The
calorimeter design is very similar to a prototype of an et@olgnetic shashlik
calorimeter developed in Russia at the beginning of the [@}: The sensitive
part of the calorimeter is contained in a 1 cm thick aluminwessel which covers
the top and bottom part of the tiles; in the first version of taérimeter tested
in 2009-2010 no reflective material was used at the intetti@teeen the scintil-
lator and lead tiles to improve the light collection. A sketif the calorimeter is
presented in Fig. 5.1.

@) (b)

Figure 5.1: Laterdl (&) and frontal skef{ch|(b) of the calatien with the lead and
the scintillator tiles and the WLS fibers. The number of thedaut channels is
also indicated.

The WLS fibers cross the whole calorimeter, so that each fibkeats the
light of all the scintillator tiles. According to Fig. 3.1he fibers are placed in a
12x12 matrix of 1 cm spaced holes in the scintillator and kdad; they are then
grouped and glued in bundles of nine fibers each using 16iplasiders, and
plugged into a support designed to hold an array of SiPMs.wAdietures of the
calorimeter during the assembly phases are presented.iB.Big

The calorimeter is readout using 16 SiPMs manufactured y-iF& with a
sensitive area of 9 mhwith 3600 50x5Qum? pixels. The SiPMs have a squared
geometry and are glued to a FR-4 PCB that has a twofold purposaectric one,
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@) (b)

Figure 5.2: The calorimeter during the assembly phasé:h@filbers insertion;
the fibers plugged into the SiPM plastic holder] (c) theNss placed into the
holder.

providing the bias and the readout connectors, and a mezdianie, providing
the coupling to the calorimeter fiber holder; a picture ofdeeice is presented in
Fig.[5.3, while its main features are reported in Tablé 2.2.

The readout is performed with the same readout boards uséuefprototype
0 calorimeter (Fig._414).

5.1.2 Experimental Setups

As in the prototype O case, the prototype 1 calorimeter has bested at CERN
in two different experimental setups at high and low enefde goal of the tests
was twofold:

* to evaluate the linearity and the energy resolution of tee alorimeter
with respect to the old one;

* to see if the use of large area SiPMs can reduce the satueffects seen
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Figure 5.3: Picture of the 9 mhSiPM bonded on the FR-4 PCB.

at high energies with the prototype 0 calorimeter (Fig. 33

For both these reasons it has been decided not to amplifyutipeitossignal of the
SiPMs and to keep the setup as similar as possible to the 2609 o

T calorimeter |

A K

Figure 5.4: Picture of the low energy setup on the T9 beamline

The low energy tests have been performed at the PS T9 bea(Rimé5.4)
with negative particles in an energy range between 1 and 7 G&/setup, which
is very similar to the ones described in sections 4.1.2.14aRd consists of:

» two Cherenkov detectors for the electron tagging;

* two silicon strip chambers for the track reconstruction;
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« a 10x10 cn¥ plastic scintillator for the trigger.

The high energy tests have been performed in the framewdHed®HOTAG
experiment on the H4 beamline, using the same setup deddnilsection 4.1.2]2.
The high energy photons have been obtained using channestgms with an
energy up to 120 GeV inside bent silicon crystals. The orffigince with respect
to the prototype 0 high energy setup is the use of two samditidetectors for the
trigger generation. The new scintillator (S2 in the sketthig[5.5) has a hole of
~0.3x2 cnf to be used as an anti-coincidence; once combined with Siuthber
of acquired events corresponding to particles impingintghercrystal increases.

s1.2 SD1 SD2 sp3_BM HB

J h
U - BC1-2

Figure 5.5: Sketch of the high energy setup on the H4 beamline

As in the prototype O tests, the output signal of the SiPMselaykd by
~140 ns and then sampled with a CAEN V792 12 bit QDC. In both &stst
the SiPMs have been divided into two groups according ta thy@erating volt-
ages and then biased using two different power suppliesualiezg their gain as
much as possible.

5.1.3 Calorimeter Performance Simulation with GEANT4

Following the same procedure described in sedtion 4.1e3GEANT4 package
has been used to evaluate the performance of the prototygerinceter in terms
of linearity, energy resolution and leakage. Considerirggrhuch larger volume
of active scintillator material, the expected stochastintof the energy resolution
should be better than the one obtained with prototype 0. ©®ndhtrary, consider-
ing the smaller number of radiation lengthsl9 with respect te-22.4), a worse
constant term is expected at high energy due to leakagesffébe simulation
takes into account the mechanical frame, the holes in tinéiltaior and lead tiles
and the plastic material of the WLS fibers (Hig.]5.6). The agitprocesses have
not been implemented, so the results obtained with thislaiion can be consid-
ered as a best estimate of the calorimeter behavior (a coengbéical simulation
of the calorimeter, performed after the beamtest resulisrdeed in this section,
will be presented in sectidn 5.2).
As in the prototype O simulation, the physics list is the QERT model

with the electromagnetic cuts on the secondary particlestd€0um. Two types



142 Shashlik Calorimeters and SiPMs - Prototype 1

Figure 5.6: GEANT4 geometrical simulation of the prototyshashlik calorime-
ter after an interaction with a 500 MeV electron: the eleasrare depicted in red
and the gammas in green.

of beam have been simulated: a “point-like” one and a “Gasshaped” one
with 0=1.5 cm in both the horizontal and vertical directions. Asda the low

energy simulation is concerned, a monochromatic beam dd@@@ectrons has
been generated with an energy between 1 GeV and 6 GeV. Thgyeresolu-

tion scan has been fitted using the funct%n: Po® %. The results for the
“Gaussian-shaped” configuration are presented in the pldtg).[5.7.

The simulation shows no deviation from the linearity in tber lenergy range
(Fig.[5.7(@)), while minor deviations that can only be seethie “reduced” lin-
earity plot are present in the high energy scan (Fig. §.7¢&s3)far as the energy
resolution is concerned, a stochastic term of the orderf8f and a constant term
of roughly ~0.5% have been obtained in the low energy range (Fig. 5.748)
previously stated, these results were expected consgddranlarger fraction of
active material and the smaller number of radiation lengtmpared to the pro-
totype O calorimeter. Moreover, the beamtest results i @t a very similar
shashlik calorimeter confirm the simulation expected \&lu#es in the prototype
0 simulation, it is possible to merge the low and high energiasets together
(Fig.[5.7(d)) obtaining a stochastic term of 7.0% and a @mtsterm of 1.1%.
Tablel5.1 summarizes the energy resolution results oldtaiith the “point-like”
and “Gaussian-shaped” beam configurations.

The energy leakage has been computed summing the energgitdiepthe
scintillator and lead tiles and subtracting this value fribra beam energy. The
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Figure 5.7: Linearity (&) and energy resolutjon| (b) in the lenergy case; “re-
duced” linearity (d) in the high energy range; energy resofuwith the complete
datasef (d). All the plots refer to the “Gaussian-shapeutated beam configu-
ration.

Energy | Pointlike | Point like | Gaussian shapedGaussian shaped
range Constant| Stochastic Constant Stochastic
Low energy| 0.22% 7.08% 0.86% 7.17%
High energy| 0.94% 6.57% 1.18% 6.76%
Complete | 0.87% 6.86% 1.13% 7.00%
dataset

Table 5.1: Prototype 1 energy resolution results with low high energy simu-
lated data.

results are summarized in Tablel5.2.
The leakage can be considered substantially constant lowhenergy range,
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Beam Point | Gaussian Beam Point | Gaussian
energy (GeV)| like shaped | energy (GeV)| like shaped
1 8.86%| 9.68% 20 9.99% | 10.79%
2 8.93%| 9.72% 30 10.28%| 11.19%
3 9.08%| 9.80% 40 10.46%| 11.27%
4 9.12%| 9.85% 50 10.76%| 11.55%
5 9.18%| 9.92% 60 10.88%| 11.68%
6 9.21%| 9.95% 80 11.21%| 12.00%
7 9.28%| 10.00% 100 11.48%| 12.35%
10 9.58% | 10.27% 120 11.75%| 12.54%

Table 5.2: Energy leakage of the calorimeter with two beanfigarations as a
function of the incident particle energy.

with an increase 0f2% in the high energy range which is responsible for the
increase in the fitted constant terms and for the deviatiams finearity observed
in the high energy reduced linearity plot (Fig. 5.7(c)).

5.1.4 Low Energy Results
5.1.4.1 Linearity and energy resolution

The calorimeter has been characterized in terms of lineanidl energy resolution
with low energy electrons using the same event selectioreguodlization proce-
dure described in section 4.14.1. The bias values for théweae equalization
are presented in Tatle’5.3.

Group| 40pA | 30pA | 20pA | 10pA
1 375V |36.0V| 344V | 325V
2 382V |369V|351V|33.0V

Table 5.3: Bias values for the two SiPM groups in the fourentrconfigurations.

The SiPMs have been operated at ambient temperature, gggith drifting
of the device had to be corrected in the off-line analysise $hme algorithm
developed for the prototype 0 analysis, based on the signdi®s impinging
on the calorimeter, has been used. It has to be noted thatidesimg the large
overvoltage values used for the SiPMs bias and the smalleambemperature
changes during the beamtest, the gain variations are smatle respect to the
prototype O tests (as can be seen in the linearity plots affE8). As in the



5.1 The 2009-2010 Beamtests 145

previous analysis, a fiducial area of 4x4%has been chosen to reject the events
with a large lateral leakage. An example of the electron mistkibution obtained
with the prototype 1 calorimeter is presented in 5.8.
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Figure 5.8: Fit of the 4 GeV electron events distribution loé tprototype 1
calorimeter. The Gaussian fit is drawn in blue, while the exgmdial fit is drawn
in dashed black. The red histogram is obtained tagging #ereh events with
the Cherenkov detectors.

On the contrary of the prototype 0 results, the electron wveistribution is
characterized by a long exponential tail on the large vatigs. As will be ex-
plained in section 512 using the full GEANT4 optical simidat this tail may
depend on the attenuation of the photons in the scintillalies, due to the ab-
sence of reflective material between the lead and scimtillayers. To avoid the
exponential tail, the energy resolution has been obtaitt@thfthe electron events
distribution with a Gaussian function in the 30, o] interval, dividing the sigma
by the mean parameter. The momentum spread of the beambnleclea taken
into account adding in quadrature to the mean parametarteg@% of the mean
parameter itself. For the energy scan, four different ruitb four different bias
currents (40, 30, 20 and 3A) have been performed: the linearity and energy
resolution results (for two values of the bias current) aesented in Figs. 5.9
and’5.10.

The linearity is very good in each current configurationhwitaximum devi-
ations of the order of 1%. Larger deviations from linearitytfi a maximum of
~6% at 4 GeV) are only present in the 18 plot due to the fact that the tempera-
ture deviations are proportionally more relevant in the las configuration. On
the other hand the energy resolution results are much madipg. As in the
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Figure 5.9: Linearity using the SiPMs biased withK) 30 A, 20 pA and 10pA.

prototype O tests, the noise parameter of the energy résoloas been fixed in
the fit considering the sigma of the noise (pedestal) digtiobh (Fig.[5.11).

However, the fitted stochastic terms are deeply differeshfthe values ex-
pected from the GEANT4 simulation. In particular, the expdcenergy resolu-
tion is of the order of 7%, while the experimental results@rthe order of 16%.
Moreover, the largg? values and the mismatch between the fitted function and
the experimental points at low energy (1-2 GeV), are a cledication that the
noise term is underestimated. This hypothesis can be cadiparforming the
energy resolution fit considering the noise term as a frearpeater. In this case
the x?/nd f value is approximately equal to 1, and the energy resolyiaam-
eters converge t6-4-5%,~11-12% andv12-14% for the constant, stochastic
and noise terms respectively. Moreover, the energy rasalaioes not seem to
be correlated with the bias curremie( the gain) of the devices. Talle 5.4 sum-
marizes the results obtained in the different bias configuma with a fixed or
floating noise parameter.

Considering the much better results expected from the GEASIMulation,
itis clear that some kind of noise contribution worsens thergy resolution. Two
possibilities have to be taken into account:

» problems introduced by the SiPM readout; given that thetedaics chain
used for the prototype 1 tests is the same of the prototype Quiich gave
good results, the problems must be due to the SiPMs thensselve

* mechanical or construction problems in the calorimeter.

The full GEANT4 optical simulation presented in section @il show that
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Figure 5.10: Energy resolution using the SiPMs biased w4 and (c))
and 10pA and (d)) with a fixed and floating noise term.

Bias | Constant| Stochastic| Noise

40 pA ~0% 16.12% | 2.30% FIXED)
3.99% 11.43% 14.19%

30 pA 1.14% 16.24% | 2.45% EIXED)
5.00% 10.46% 13.50%

20pA | ~0% | 16.43% | 2.56% FIXED)
4.99% 9.69% 14.92%

10 pA 1.76% 16.57% | 2.8% FIXED)
4.66% 11.90% 12.21%

Table 5.4: Prototype 1 low energy resolution results.

the energy resolution together with the exponential tathm electron peak may
be ascribed to the absence of a reflective interface betweeastintillator and lead
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Figure 5.11: Pedestal distribution of the prototype 1 caleter fitted with a
Gaussian function. The value is used to fix the noise parameter in the energy

resolution fit.
tiles which introduces large fluctuations in the collectgtical photon statistics.

5.1.4.2 Spatial resolution

The spatial resolution of the calorimeter has been evaluatth the algorithm
developed by [91] and described in section 4.1.5 using thigluals. As in the
prototype O tests (Fig. 4.27), the output channels have tsgted into x and y
planes according to the following relations:

Layenx = ([1] +[5] +[9] + [13)) Layeny = ([1] + [2] + [3] +[4])
Layenx = ([2] +[6] + [10] + [14]) Layery = ([5] +[6] +[7] +(8])
Layerx = ([3] +[7] +[11] +[15]) Layery = ([9] +[10 +[11] +[12])
Layeux = ([4] +[8] +[12] + [16]) Layeny = ([13]+[14] + [15] + [16])

Two examples of residuals obtained with the SiPMs biaseld avi4OpA cur-
rent, using an electron beam of 4 GeV, are shown in[Eig.]5.h2wp parameter
has been chosen minimizing the residual value, and it isldqua9 for the x
direction and to 2.2 for the y one.

Table[5.5 summarizes the spatial resolution values foriffereint energies in
the 40pA configuration.

As previously found in the prototype O tests, the spatiabliggn improves
with the energy, reaching an asymptoted.2 cm at 7 GeV.
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Figure 5.12: The calorimeter[x {aN§=2.9) and Y (B) Wo=2.2) resolution with a
4 GeV beam.

Energy| Resolution X| Resolution Y
1 GeV 0.66 cm 0.70 cm
2 GeV 0.40 cm 0.48 cm
3 GeV 0.32cm 0.37cm
4 GeV 0.28 cm 0.33cm
5 GeV 0.25cm 0.30cm
6 GeV 0.23cm 0.29cm
7 GeV 0.21cm 0.28 cm

Table 5.5: Spatial resolution for different beam energigagithe SiPMs biased
at 40pA.

5.1.5 High Energy Results

Differently from the low energy tests, the high energy onagshbeen performed
using a single bias current (B\). This small value (compared to the bias used
in the low energy tests) has been chosen in order to reducgifthé gain and to
avoid the QDC saturation. To equalize the gain of the deyitesSiPMs have
been divided into four groups according to their power comstion (Tablé 5.6).
The energy of the photon emitted inside the crystal is obthis the differ-
ence between the beam energy and the outgoing positronyenaegsured with
a spectrometer. The energy resolution of the spectromatebéen computed fit-
ting the 120 GeV peak (as in Fig. 4]31) and is equat 520 Me\A at this energy.

1The value 0540 MeV is slightly different from the one 6390 MeV found in 2009 during
the high energy tests of the prototype 0 calorimeter. THfemtince is due to the different position
of the silicon chambers on the beamline.
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Bias Bias Bias Bias
Group 1| Group 2| Group 3| Group 4
320V | 31.7V | 313V | 31.2V

Table 5.6: Bias values for the four SiPMs groups correspanth a 3pA current
consumption.

The analysis procedure is the same described in sdctidh férithe prototype 0
test.
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Figure 5.13: Energy scatter plot](a), lineaiity|(b) and gmeesolutiord (d) ob-
tained in the high energy tests. The dashed life i (b) reptsghe linear fit up
to 20 GeV; the solid line is a fit with adegree polynomial.

Fig.[5.13(d) presents the scatter plot which is sliced ipti@on energy direc-
tion to obtain the linearity and energy resolution plotsigiH5.13(b) and 5.13(c).
The 60, 80 and 100 GeV points of Fig. 5.13(b) have been medgutbree dedi-
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cated runs with the magnet switched off and the positron begimging directly
on the calorimeter to check the tagging accuracy of the sp@eter. As it can be
seen looking at the dashed line in Fig 5.18(b), the lineasigood up to~20 GeV,
but at higher energies a clear saturation effect is presesnin the prototype 0
calorimeter tests. In the new test, the larger dynamic rafigee 9 mn? SiPMs
is overwhelmed by the huge amount of photons generated iarer volume of
active material (3703 cincompared to 858 cfnin the prototype O calorimeter).
No fit has been performed on the energy resolution scan inF=ig(c) in the
saturated configuration.
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Figure 5.14: Linearized plot (a) and corrected energy tegmi scarj (B) in the
high energy tests.

After the linearization procedure (using & degree polynomial fit) the lin-
earity is restored and the resolution has a stochastic té2.66% (Fig[5.14),
comparable with the results obtained in the low energy rifis12%). The noise
term cannot be directly compared with the low energy reddtsause it includes
also the energy resolution of the magnetic spectrometeweder the value of
57%, corresponding to 570 MeV at 1 GeV, is compatible withrésolution of
~540 MeV computed from the fit to the positron energy spectréror. a better
comparison between the high energy results (in the lingaomg and the low en-
ergy ones, the same slicing procedure (with a 100 MeV step)oean applied
to select only photons with an energy up to 10 GeV. As in the émargy tests,
the fitting range i§—30, 0] to avoid the exponential tail: the results in terms of
linearity and energy resolution are shown in FEig. 5.15.

As in the low energy tests, the linearity is good, and the fith&f energy
resolution converges to a stochastic term of 11.6% and tostaot term 0f-4%
(considering the error). These values are in good agreem#émthe stochastic
term of 10-12% and with the constant term of 4-5% obtainetiendw energy
runs. As far as the noise term is concerned, a value of 47.G%bé&@n obtained
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Figure 5.15: Linearity (&) and energy resolutjon (b) obtdim the high energy

tests selecting only the low energy photons.

which corresponds to a spectrometer resolution of 470 MeMGV, very similar
to the previously computed values (540 and 570 MeV).

5.2 The Optical GEANT4 Simulation

As shown in the previous section, the experimental resibitsioed in the 2009—
2010 low and high energy tests were very different from thpeeted perfor-
mances of the prototype 1 calorimeter inferred using thérpmeary GEANT4
simulation. In fact, the preliminary simulation can be ddesed only as a best
estimate of the calorimeter capabilities: inefficiencias tb the optical propaga-
tion of light inside the calorimeter or to the noise introdddy the readout chain
can worsen the energy resolution. For these reasons a neWNGESimulation
has been developed with the goal to study the inefficienbi@sdan be induced
by the optical processes. Tl@pticalPhysicgphysics list which handles a great
number of optical processes has been activated; amongdbegses one can list:

the generation processes through scintillation for bba# glow and fast

components;

the Cherenkov light emission;

the exponential light attenuation processes;

the wavelength-shifting processes;

the reflection and refraction processes between matevididifferent re-

fractive indices.
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The drawback of this type of simulation is that each optidaitpn is tracked as
a single particle: considering the large number of photawslved in the scintil-
lation processes, the simulation requires a lot of CPU tiwi@ hinutes for each
event with a 1 GeV electron beam): for this reason only thedaergy setup has
been simulated with this procedure.

The first step is the assignment of the optical propertiels@ataterials which
compose the calorimeter as the refractive index or theisatman yield factor.
The values have been extracted from the datasheets of tHB@tastic scintil-
lator and of the BCF-92 WLS fibers (Fig. 5]16) as shown in T&ble

Figure 5.16: Sketch of the WLS fiber simulated in the comp&EANT4 optical
simulation. The core of the fiber is depicted in red, whilefils and the second
cladding are blue and green colored.

Material Refractive| Emission| Lightyield | Attenuation
index peak (per keV) length
BC-400 Polyvinyltoluene 1.58 423 nm | ~10 photons| 160 cm
BCF-92 (core) Polystyrene 1.60 492 nm N/A >3.5m
BCF-92 (clad 1) Acrylic 1.49 N/A N/A N/A
BCF-92 (clad 2)| Fluor-acrylic 1.42 N/A N/A N/A

Table 5.7: Optical properties of the scintillator tiles @ahd WLS fibers.

While the propagation of the light from the plastic scititr to the WLS
fibers is handled by the GEANT4 program using the rules of gangtrical op-
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tics (reflection and refraction, see Hig. 53.17), particakéention must be paid for
the definition of the scintillator-lead interface.

@ (b)

Figure 5.17: Reflectidn () and refracton|(b) processes ofwical photon (cyan)
simulated by GEANT4 inside the scintillator tile.

As stated in sectidn 5.1.1, no reflective material has besaried between the
scintillator and lead tiles. However, the reflectivity oétimterface cannot be set
to zero for the following reasons:

* the presence of a tiny air gap between the tiles (due to nmézddamperfec-
tions) which makes total internal reflection phenomenaiptessat certain
angles;

* the presence of a partially reflective zinc-coating on tnéese of the lead
tiles.

For these reasons the internal borders of the scintilldésrtiave been defined
as a “LogicalSkinSurface”, whose reflection coefficientedined as a photon re-
flection probability between 0 and 1. To reproduce the SiPNaki®r, the number
of photons collected by each fiber is counted by a couple ddises detectors,
placed at both the ends of the fiber. The sensitive deteateigemmetrical entities
able to increase an internal counter each time an opticabpttots them. In the
off-line analysis the fibers are grouped in bundles of ningndke experimental
case. No gap is present between the fibers and the sensitactats, so the de-
tected number of photons does not take into account geaakffects due to the
numerical aperture and to the distance of the surface ofifPld$Sfrom the fibers.
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Figure 5.18: Back (&) and fropt (b) sensitive detectorsifdeg in green) used to
count the number of photons collected by each WLS fiber.

The first set of sensitive detectors (designed with a cutapshFig[ 5.18(%))
is used to simulate the light collected by the SiPMs. The segpoup (designed
with a cylindrical shape and placed inside the front alummraover, Fig[ 5.18(b))
is used to test the benefits of the fiber mirroring to enhanedigft collection.
Four energy scans with reflection coefficients of 0.2, 0.8,a&hd 0.9 have been
simulated. Considering the long CPU time needed to compietesimulation,
only the “Gaussian-shaped” beam configuration has been (gsetered in the
central part of the calorimeter), with a total of 2400 elentevents for each en-
ergy. An example of a complete simulation event with onelsidgGeV electron
impinging on the calorimeter is depicted in Hig. 8.19.

A histogram is filled with the total number of photons colkgtin each event
by all the fibers and fitted with a Gaussian function to extthetresolution pa-
rameter and the linearity (Fig. 5.20(a)). The mean numbphofons collected by
each SiPMice. by a bundle of nine fibers) is obtained by means of a 2D profile
histogram (Fig[. 5.20(b)).

As can be seen in Fif. 5.20(a), the distribution of the totahber of photons
is not completely Gaussian and it is characterized by a lanigMhich can be
described with an exponential function, as found in the 2@88. The origin of
the tail can be understood looking at Hig. 5.20(c) which @nés the simulated
beam profile considering only the tail events. The patteowstthat these events
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Figure 5.19: Optical simulation event of one single 1 Ge\¢&ta impinging on
the calorimeter. The optical photons are created into theikator tiles and are
transported by the WLS fibers to the sensitive detectors.

correspond to the events that impinge on the calorimeter theaWLS fibers.
This is due to the fact that, considering the small refleativefficient used for the
scintillator-lead interface, the number of collected mimstis maximum for the
particles that emit scintillation light near the fibers. Hoese reasons, to extract
the resolution parameter, the histogram has been fittedavi@aussian function
in the [—30, 0] interval, as in the prototype 1 data analysis.

5.2.1 Energy Resolution and Linearity

The first result of the optical simulation is the evidencd tha energy resolution
of the calorimeter depends strongly on the reflection caefftaused for the Logi-
calSkinSurface. An example of the energy resolution okthimith several values
of the reflection coefficient (0.2, 0.4, 0.6 and 0.9) is showhig.[5.21.

The energy resolution improves with the reflection coeffiti@ge. the light
collection efficiency): this behavior is somehow expectaad it is the reason
why the scintillator tiles of the sampling calorimeters asially wrapped by a
reflective coating material. The energy resolution is deejifferent from the
values obtained in the preliminary simulation, with stastiaterms of 18.4, 14.5
and 10.7% for reflection coefficients of 0.2, 0.4 and 0.6 respaly. Also the
constant term depends on the reflection coefficient, varyorg 6.2% with a 0.2
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Figure 5.20: Total number of photdns|(a) fitted with a Gausarad an exponential
function; mean number of photops|(b) for each of the 16 SiRdsjtion of the
exponential tail events, corresponding to the WLS fibersepat(c). The plots
refer to a 7 GeV beam with the reflective coefficient of the lcatfskinSurface set
to 0.4.

value to 4.1% in the 0.6 case. Only in the 0.9 case, charaeteby an almost
perfect reflection coefficient, the results expected froengreliminary simulation
(~7% stochastic and-1% constant) can be reached. In particular, considering
the results obtained in the 2009 tests, the reflection coaifiof 0.6 seems to
be the most adequate to describe the real data. To take intmmicalso the
noise contribution, a noise term is introduced in the ofelanalysis adding for
each readout channel a constant number of photons muttipyie& random value
uniformly distributed between -1 and 1. The results in teofsnergy resolution
for different values of noise using a reflection coefficiehO® are presented in
Fig.[5.22.
The introduction of the noise term modifies the energy rdgmiubehavior
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Figure 5.21: Energy resolution obtained with a reflectioeffident of 0.2 (d),

0.4[(b), 0.6 (d) and 09 ().

at low energies, with a fitted noise term which depends on theuat of pho-
tons added in the analysis. The best agreement betweenragpéal data and
simulation has been obtained using a noise value betweemid@@50, which
corresponds to the signal produced+$-2 MIPs in the central channels of the
calorimeter. As far as the linearity is concerned, the tesuk good in all the con-
figurations, with or without noise: an example of a lineastan with a reflection
coefficient of 0.6, with and without noise, is presented ig.[B.23.

Considering the fact that the comparison between the re¢alahal the optical
simulation suggests that the equivalent reflection coeffiocof the calorimeter is
equal to 0.6, a value of 0.9 could be reasonably achieved agieflective material
between the tiles. Moreover, the light collection can beeased mirroring one
side of the WLS fibers (the effect of mirroring can be includethe simulation
using the second set of sensitive detectors). 5.2%eptethe performance
that can be achieved by the calorimeter considering a rigftecoefficient of 0.9
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Figure 5.22: Energy resolution obtained with a reflectiorftoient of 0.6 and

noise values of 40 (g), 80 (b), 120](c) and 150 (d).
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Figure 5.23: Linearity using a reflection coefficient of 0.8h{{a) and withouf (B)
noise.
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and a mirroring efficiency of 0.8.
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Figure 5.24: Energy resolution [a), photon peak fit withdwet moise tail (B) and
mean number of photons per SiFM](c) using a reflection coefficf 0.9 and a
mirroring efficiency of 0.8.

In this way, the final calorimeter performances are quitelamto the ones
predicted by the preliminary GEANT4 simulation, with a gtastic term ok7%
and a constant term slightly larger than 2%. Moreover, thedgeflective in-
terface reduces the inhomogeneities in the light collectamimost erasing the
exponential contribution to the photons distribution (F5g24(b) compared to
Fig.[5.20(d)). However, the improved light collection hadrawback: as can
be seen in Fid. 5.24(c), the expected number of photons B & very large,
much larger than the number of cells available in the SIPMB®@2009 tests. Two
methods can be used to avoid the saturation of the devices:

* the use of new SiPMs with a larger dynamic ranige. (nore cells);

* the increase of the number of readout channels, thus negitice number
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of fibers bundled together and the light provided to each SiPM

After the results of the optical simulation, it has been dedito modify the
prototype 1 calorimeter, inserting white Tyvek sheets a&sither-tile material
and increasing the number of readout channels from 16 to 369 uarger area
(4x4 mnt) SiPMs. The results of the tests with the modified calorimaié be
described in sectidn 5.3.

5.2.2 Spatial Resolution

One of the advantages of the optical simulation with resgethe preliminary

one is the fact that, knowing the number of photons collebtedach fiber, it is

possible to reconstruct the hit position evaluating thermaleter spatial resolu-
tion. The residuals method approach described in sedfidnd.3 and 4.1]5 has
been used. The output channels have been divided in x anshgpéand the coor-
dinate of the incident particle has been computed usinglgwithm developed

in [91]. The results obtained for two values of the reflecttoefficient (0.6 and

0.9) without the inclusion of the noise contribution aregameted in Fig. 5.25.
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Figure 5.25: Spatial resolution with the optical simulatigsing a reflection co-
efficient of 0.6 (red dots) and 0.9 (blue dots) without thesedierm in the 16
channels configuration.

Comparing the two reflection coefficients, slightly bettesults have been
obtained in the 0.9 configuration, with a resolution of 3.2 mtri GeV and of
1.6 mm at 7 GeV. As in the energy resolution scan, real andlatedidata can
be directly compared introducing a noise term: Tablé 5.8qumés the comparison
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between the 2009 data with a bias current-df pA and the simulated ones with
a reflection coefficient of 0.6 and a noise term of 150 photons.

Energy| Resolution X| Resolution Y| Resolution X| Resolution Y
(data) (data) (simulation) | (simulation)

1GeV 0.66 cm 0.70 cm 0.59 cm 0.60 cm

2 GeV 0.40 cm 0.48 cm 0.34cm 0.35cm

3GeV 0.32cm 0.37cm 0.28 cm 0.27 cm

4 GeV 0.28 cm 0.33cm 0.24 cm 0.23cm

5 GeV 0.25cm 0.30cm 0.22cm 0.22cm

6 GeV 0.23cm 0.29cm 0.21cm 0.21cm

7 GeV 0.21cm 0.28 cm 0.20cm 0.20 cm

Table 5.8: Spatial resolution for different beam energigagithe SiPMs biased
at 40pA, compared with the optical simulation results with a reflat coefficient
of 0.6 and a noise term of 150.

The optical simulation gives overall results which are ¢stesit with the ex-
perimental data. However, in the low energy range (1-3 Gle&fktis not a perfect
agreement, in particular for the y direction. The differembetween data and sim-
ulation may originate from small non-uniformities in the®$s gain and in the
WLS readout efficiency, which are not included in the optiG&EANT4 simula-
tion. The optical simulation can be also used to check if thetial resolution
depends on the number of readout channels, which modifiggddeut pitch. In
particular, the simulation has been used to test the spasialution capability of
the 36 readout channels configuration described in thevolig part of the chap-
ter (sectiori 5.3). The comparison between the 0.6 and Oéctiefh coefficient
configurations with 36 readout channels is presented ingzAf.

As expected, due to the smaller pitch of the 36 channels amatign, the
spatial resolution performances are better than the ortaseld in the 16 chan-
nels case, with a resolution of 2.5 and 2.0 mm at 1 GeV and cdrid51.3 mm at
7 GeV using the reflection coefficients of 0.6 and 0.9.

5.3 The 2011 Beamtests

During 2011 the modified version of the prototype 1 calorenéis been tested at
CERN in three different beamtests on the T9 and H2 beamlinigsamergies up
to 8 GeV and 150 GeV respectively. The calorimeter has beehfiad according
to the results of the GEANT4 optical simulation, increagimgnumber of readout
channels, inserting white Tyvek sheets as inter-tile neltéy enhance the light
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Figure 5.26: Spatial resolution with the optical simulatigsing a reflection co-
efficient of 0.6 (red dots) and 0.9 (blue dots) without thesedierm in the 36
channels configuration.

output and using a wide area and large dynamic range SiPMédight readout.
Moreover, a readout system based on the MAROC3 ASIC has lesehoghed for
the SiPMs readout. A custom board, directly plugged on tiMSi has been
used as an interface between the SiPMs array and the MARQLS joins; the
board provides also nine independent lines for the SiPM bias

5.3.1 Calorimeter Modifications

The prototype 1 calorimeter has been disassembled and etbdtifthe University
of Insubria. The edges of each scintillator tile have beespwed with thin strips
of Tyvek, held in place near the corners with small piecesapét Tyvek sheets
have been positioned between the lead and scintillater tlensidering the num-
ber of layers and the thickness of the Tyvek sheets (8)) some tiles have been
removed in order to fit the dimensions of the aluminum vesd®t. new version of
the calorimeter is composed of 65 tiles of scintillator addies of lead (70 and
69 in the previous configuration), for a total ©fL8 radiation lengths~<{19 in the
previous version). Some pictures of the calorimeter dutireggTyvek wrapping
are shown in Fid. 5.27.

The number of readout channels has been increased from 86 tsi8g bun-
dles of four fibers for each channel (Fjg. 5.28(a)). The badk sf the fibers
(Fig.[5.28(b)) has been polished and mirrored using disksygék, glued with
optical glue on the fiber surface.
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Figure 5.27: Lead and scintillator tiles](a): the small pof tape on the scintil-
lator tiles are clearly visible; wrapping of a scintillatie [(b); assembly phase of
the calorimeter with the Tyvek sheets used as the interddeerial (c).

The bundles of fibers have been fixed to a fiber/SiPMs holder égns of
three plastic “combs”. Two types of holder have been used:

« a plastic holder (Fid. 5.29(a)) for the May 2011 tests, abtarized by 36
fibers holes and 36 SiPMs seats (one SiPM for each fiber hole);

« an aluminum holder (Fig. 5.29(b)) for the August and Sefen2011 tests,
characterized by 36 fibers holes and 40 SiPMs seats. ThexXtar&PMs

were used for the common mode evaluation and subtractiorwanel not
interfaced to any fiber. This holder has been used to perfoatnunary
tests on the use of a Peltier system to cool and stabilizesthpdrature of

the SiPMs during the run.

The modified prototype 1 calorimeter has been equipped Wi monitor
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Figure 5.28: New plastic holders with four fibérs| (a) and bsidke of the fiberg ()
before the mirroring procedure.

system, which was used during the run to correct the gaiatianis of the SiPMs,
due essentially to the temperature variations. In the Maistthe LED system
consisted in a single LED placed in the middle of the fibersdtes In the August
and September tests the system has been improved and iategna the fibers
holder: three custom PCBs have been developed, each on dlalst six LEDs.
The PCBs have then been plugged directly on the “combs” wskdlt the fibers
in position (Fig[5.3D) to illuminate all the fibers.

In the August and September tests the calorimeter has atsodogliipped with
a preliminary temperature control system, based on fourePéhermal devices.
The Peltier cells have been placed beneath the aluminunehpierder to cool
it, while the hot side was positioned on a large aluminum klased also as a
base for the holder (Fig. 5.31(a)). In this way the heat gatedrby the thermal
devices was absorbed by the large aluminum block and dissighrough the
metallic base of the calorimeter box. Thermal conductirepge has been used
as an interface between the Peltier cells and all the alumicamponents to en-
hance the thermal propagation, while the fibers/SiPMs hdids been covered
with neoprene rubber to thermally insulate it (Hig. 5.3]L(B)he temperature of
the fiber/SiPMs holder has been monitored using two tempergiauges placed
inside two holes drilled on the side of the holder itself.

The calorimeter was readout by 36 SiPMs manufactured by F8twith a
sensitive area of 16 mhrand 6400 50x5@m? pixels. The larger dynamic range
with respect to the previous 9 nfnSiPMs and the increased number of readout
channelsi(e. less fibers per channel) should reduce the saturation g#¢ttigh
energy of the 2010 tests, even considering the light catlecnhancement due
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Figure 5.29: Plastic (p) and aluminym](b) fibers holders. dleninum holder
has 4 extra SiPMs seats](c) used for the common mode evaluatio

to the Tyvek sheets. The features of the SiPMs are the sanie & imn? ones
and are reported in Table 2.2. A custom interface board B=B2(a)) has been
developed to couple the SiPMs to the MAROC3 board. The baaudirectly
plugged on the SiPMs pins in order to avoid the use of LEMOe=khs in the
prototype O tests described in section 4.2). The customdbmawides also nine
independent lines for the bias of the SiPMs.

The final assembly of the MAROCS3 and custom board is quite @mtngnd
light, thus no extra supports are needed to hold the boargssition more than
the SiPM pins themselves. In Fig. 5133 the assembly useckiividy 2011 tests
is presented, with the plastic fibers/SiPMs holder and nodPelystem.
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Figure 5.30: Complete LED system used in the August and 8dqgetest. The
LEDs are soldered on three custom PCBs (six LEDs per PCB)aeded on the
plastic “comb” used to hold the fibers in position.

(b)

Figure 5.31: Peltier cells positioned on the large alumifimek used to dissipate
the produced heft {a) and aluminum fiber/SiPMs hdldér (bpsition.

5.3.2 Experimental Setups

The experimental setups of the 2011 tests are quite sinoilduet ones previously

described in sectioris 4.1.2[1, 4]2.1 and 5.1.2. [Fig. S)@#esents the setup on
the H2 beamline. During these tests, a remotely controllattichannel power

supply (Fig[5.34(B)) manufactured by CAEN has been usetth&8iPM biasing;
it consists of:

» arack system (SY2527) which provides the bias and the meharterface
for the remote controlling;
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(b)

Figure 5.32: Custom board used to bias the SiPMs and to cdhbete to the
MAROCS3 board. If (8) the bias connectors (top left) and theneation pins to
the MAROCS3 board can be seen, whil¢ in| (b) the 40 SiPM conngete visible.

Figure 5.33: Frontal (&) and latefal|(b) view of the final askly of the MAROC3
board and the custom SiPMs readout board, directly pluggedeSiPMs pins.

» a multichannel board (A1520P) with 12 output lines with aximaum of
500 V=15 mA each. The voltages can be set in steps of 1 mV, linde
resolution of the current monitoring is 25 nA.

Considering the number of SiPMs and the number of bias lirmsged by the
MAROC/SIPM interface board, only nine of the available tveethannels have
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(b)

Figure 5.34: Experimental setup on the H2 beanfling (a) aad>hEN power
supply front pan€l ().

been used, dividing the 36 SiPMs into nine groups of four Skelskch. During the
data taking, the bias voltages and the power consumptiaheaiine groups have
been logged by the DAQ. Talble 5.9 summarizes the differeast balues used in
the 2011 tests for the nine SiPMs groups.

The LED system was driven by a Agilent 33220A pulse generasirto pro-
vide fast pulses with a width of 200 ns and a rise time of 30 rre fulses were
triggered by the DAQ trigger board after each extractiofl syid tagged in the
data to be used for the gain correction in the off-line analys
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Group| 15pA | 10pA | SpPA 2 pA
36.1V| 349V | 335V | 323V
358V |34.7V|333V|322V
355V | 344V |326V|31.7V
36.2V | 350V |336V|325V
364V 352V |338V|326V
353V | 342V | 328V | 317V
347V | 333V |322V| 312V
345V | 333V |320V|31.0V
36.2V| 348V |336V|325V

=

OO N[OOI WN

Table 5.9: Bias values for the nine SiPMs groups in the fouretu configura-
tions.

5.3.3 Low energy Results - May 2011

The first tests of the improved version of the calorimeterehbgen performed
in May 2011 on the T9 beamline with an energy up to 8 GeV, ushggsame
analysis procedure described in the previous sectionseel@nergy scans have
been performed with bias values of 5, 10 andu®5and a MAROC gain of 10, 8
and 5.

The information provided by the LED has been used to corfexghin drift
of the SiPMs with the temperature using the same algorithmeldped for the
MIPs correction. The LED ADC information has been sampled &sction of
the event number with a granularity of 5000 events (Fig. &p&nd the energy
deposit has been corrected using the following formula:

A
Eine = Ex —— (5.1)
e PeakeyNumbey

whereEine is the linearized energy depodi,is the total deposited energly,is a

normalization constant (the LED peak position in a refeesn) andPeakeynumbey
is the position of the LED peak as a function of the event numdénear interpo-

lation between the points of the LED drift plot has been usedHe intermediate
event numbers. Figs. 5.35(a) and 5.3b(b) present the drifteoelectrons and
MIPs peaks before and after the linearization procedure.LHD correction sys-
tem is much more reliable with respect to the MIP one and is etbtorrect pretty
large deviations. This is due to the fact that the accuraaph@fcorrection with
the MIP system depends on the number of particles availabllee MIP peak,
which is a function of the beam energy. This problem is overedy the use of
the LED system, in which a fixed number of LED events is coldcfter each
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Figure 5.35: Drift of the electron and MIP peaks befpre (a) after[(b) the
linearization procedure performed with the LED sysfemn (c).

spill independently from the energy.

In the modified prototype 1, the exponential tail in the gl@ctpeak is absent
(Fig.[5.36), confirming the results of the optical GEANT4 alation. The elec-
tron peaks have thus been fitted with a Gaussian functioreiftth3c] range to
define the energy resolution value.

The results in terms of linearity and energy resolution aesg@nted in Fid. 5.37.
The linearity is quite good, thanks to the improvements elihearity correction
performed with the LED system. Only a small saturation ¢ffepresent at 8 GeV
in the 10pA bias and gain 8 configuration.

As far as the energy resolution is concerned, the best rsstiie one of the
15 pA configuration, with a stochastic term of 8.6%, very simtlathe reference
performance of the calorimeter (in both the standard andt@lpEEANT4 sim-
ulations). However, the energy resolution scans are cteiaed by large noise
terms, much larger than the ones obtained in the 2010 praiyitest using the
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Figure 5.36: 2 GeV electron peak fitted with a Gaussian fondin the [©,30]

interval. The improved light collection efficiency has rerad the exponential tail
on the right found in the 2009 and 2010 tests.

prototype O calorimeter and the MAROC readout. The noisa isreven larger

than the one expected by the fit of the pedestal distributient a second effect
in addition to the electronics noise enters the game. Feréaison the noise term
has been left as a free parameter in the fit. In fact, the eggeutise terms from

the pedestal fit are 5.85, 8.15 and 14.11% compared to thewvvaful1.78, 12.07

and 16.96% extracted from the fit. The energy resolutionlt®aue summarized

in Table[5.11 (see next section).

In agreement with the optical simulation, the larger nundfeeadout chan-
nels has improved also the spatial resolution capabilitghef calorimeter, as
shown in Fig[5.38 for a 8 GeV beam (current|d4, gain 5). Tablé 5.70 presents
the results between 1 and 6 GeV, compared to the ones obiaitiexl2009 tests;
even better results can in principle be achieved reduciaglictronic noise.

To conclude, the results of the May tests can be summarizidiass:

* the use of the Tyvek sheets has removed the exponentmlnatie energy
distribution confirming the predictions of the optical GEAMsimulation;

* the stochastic terms of the energy resolution are of therat©—-10%, with
a major improvement with respect to the 2009 and 2010 tests;

 considering the small saturation effect in thepfOscan at 8 GeV, a careful
selection of the SiPMs bias and MAROC gain should be perfdrioavoid
the saturation with the MAROC readout system. Given the gagh of the
SiPMs even at small bias values, the use of the MAROC minimossiple
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Figure 5.37: Linearity (2) and energy resolution in theu®5(gain 5)[(b), 10uA
(gain 8)[(c) and BA (gain 10) (d) configurations.

0 r
Q I Entries 25247
=] C
5 5000 X2/ ndf 533.3/43
L Constant 5533 447.0
4000— Mean  -0.000866+0.001133
F Sigma 0.1781+ 0.0010
30001~
2000
1000~
ol T T I |
15 -1 -05 05 1 15 2 25 3

"X Position (cm)

(@)

Entries

5000} Entries 25247

L X2/ ndf 479.1/40
4000— Constant 5095 +41.4

F Mean  -0.07683 +0.00129
30001~ Sigma 0.1938 £ 0.0010
2000~
1000~

o —— Ll R I S N
15 -1 05 0 05 1 15 2 25

Y Position (cm)

(b)

Figure 5.38: Spatial resolution at 8 GeV in the X (a) afd ¥ {Bdalion using the
15 pA and gain 5 configuration.
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Energy| Resolution X| Resolution Y| Resolution X| Resolution Y
(2009 data) | (2009 data) | (2011 data) | (2011 data)

1GeV 0.66 cm 0.70cm 0.55cm 0.64 cm

2 GeV 0.40 cm 0.48 cm 0.39cm 0.46 cm

3 GeV 0.32cm 0.37cm 0.33cm 0.35cm

4 GeV 0.28 cm 0.33cm 0.28 cm 0.28 cm

5 GeV 0.25cm 0.30cm 0.25cm 0.25cm

6 GeV 0.23cm 0.29cm 0.22cm 0.22 cm

Table 5.10: Comparison between the spatial resolutiondifftarent beam ener-
gies obtained with the 2009 4\ and the 2011 1pA data.

gain (.e. 1, which actually corresponds to an attenuation of a factoof6
the signal) seems mandatory for energies above 10 GeV.

The main problem is still represented by the large eleatonoise introduced
by the MAROC/SiPM interface, even if a custom board direptlygged between
the MAROC inputs and the SiPM output pins has been used. Otine gfossible
explanations is the presence of a common rﬁcoxd:enponent, induced by a non-
optimal impedance matching between the input stages of thROL ASIC and
the circuitry of the interface board. For this reason in theyést tests four more
SiPMs, not connected to any WLS fiber, have been used to égahmcommon
mode contribution.

5.3.4 Low energy Results - August 2011

The goal of the August test was to re-check the performanteeatalorimeter at
low energies using the minimum MAROC gain value. Moreoveme modifica-
tions had been introduced with respect to the May setup:

» an improved LED system, with 18 LEDs positioned near the Wib8rs
and the SiPMs using custom PCBs (fig.5.30);

 four more SiPMs (CM-SiPMs), not connected to any WLS fibeevaluate
and correct event by event the common mode of the MAROC ASIC,;

* apreliminary temperature control system, based on foltiePeells, placed
beneath the fiber/SiPMs holder.

2The common mode can be considered as a fluctuation commoh tteea\SIC channels,
usually induced by noise on the bias lines.
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Figure 5.39: LED peak drift witholit () and with [b) the Pettsystem. Using the
Peltier system the gain variations are still present, bdiiced with respect to the
run without the control system.

The Peltier system worked as follows: the temperature offitrex/SiPMs
holder was monitored by two temperature gauges insertdeeinpper and lower
part of the holder itself. The temperature values were netolpa Keithley K2700
multimeter, while the Peltier cells were biased with a TTIS2820P power sup-
ply. Both the multimeter and the power supply were remotelgtiolled via a
GPIB interface. A Tcl/Tk routine modified the Peltier biasarder to keep the
temperature as stable as possible. However, due to the matipermal insu-
lation of the fiber/SiPMs holder (despite the neoprene rubbeering) and to the
limited sampling frequency of the temperature feedbackr@pmately 1 s was
needed for the readout of the temperature value and the eltditige bias value),
the Peltier system has not been able to completely corredethperature varia-
tions during the runs. The limited effect of the Peltier systcan be observed in
the LED peaks drift of Fid. 5.39, a drift which is only reducaatl not eliminated.

As far as the common mode is concerned, its value is evaltatedch event
calculating the mean value of the CM-SiPMs. The common madigevis then
subtracted from each channel event by event. The common distrlidution and
the effect of its subtraction on the total energy depositpaesented in Fid, 5.40
for a MAROC gain of 10.

The common mode subtraction does not introduce particelaefits, improv-
ing only slightly the energy resolution, becoming almosffiactive in the energy
scan results. Similar results have been obtained with th&MWA gain set to 1.

As far as the linearity is concerned, the new low energy nreasents with
the minimum value of the gain are quite good, with no sataragffect at all
(Figs[5.41(d) and 5.41(b)). Moreover, the improved LECtesyshelps to correct
the SiPMs gain variations even better. On the other handetfi@acy of the
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Figure 5.40: Common mode distribution|(a) and total energtyidution at 1 GeV
with [(b) and withouf (d) the common mode subtraction with a R&C gain of
10.

Peltier system is very small. As far as the the energy resolus concerned,
a stochastic term of the order of 10% and a constant term cilolgpavith zero
have been obtained in all the configurations, while the npgsameter has been
fixed to the sigma value of the pedestal distribution (Figd1&) and 5.41(d)).
However, the resulting fit underestimates the low energytsdias in the May
tests), as can be seen looking at the Ig{§ealues of the fit. In conclusion, the
common mode subtraction does not improve the energy résolmeasurements,
with results very similar to the ones obtained in May. TdbEISsummarizes
the energy resolution results of the May and August beasitésmore detailed
analysis of the noise problem introduced by the MAROC re&dad a possible
solution is presented in appendik B.
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Figure 5.41: Linearity in the 1pA and 15pA configurations with (@) and with-
out[(b) the Peltier system; energy resolution in theu®5configuration with ()
and withouf (d) the Peltier system.

5.3.5 High Energy Results - September 2011

The main goal of the high energy tests was to check if the nefignaration with
the larger number of channels and the use of the large ar@dsSiRs able to
avoid the saturation effects above 20 GeV as seen in all #naqurs tests with
the two calorimeter prototypes. Differently from the teststhe H4 beamline,
where tagged photons have been used, on the H2 beamlinglitzaab was more
similar to the T9 tests. In particular, four energy scanshasen performed with
energies between 15 and 150 GeV with different values of tRMS bias and
MAROC gain configurations. Considering the small impact loa ¢alorimeter
performance of the Peltier system, it has been decided nagedat in this test.
The linearity results in the different configurations aregented in Fig. 5.42.

A clear saturation effect due to the MAROC ASIC has been fatrehergies
above 30 GeV using the €A bias value. The saturation effect has been avoided
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Configuration | Beamtesti Constant| Stochastici Noise
period | term (%) | term (%) | term (%)
Bias 15pA May ~0 8.64 11.78
Gain 5 +0.34 +0.09 +0.24
Bias 10pA May ~0 9.16 12.07
Gain 8 +0.41 +0.11 +0.24
Bias 5pA May ~0 10.90 16.96
Gain 10 +0.43 +0.10 +0.28
Bias 15pA August ~0 9.82 10.0
Gain 1 Peltier OFR +0.18 +0.04 FIXED
Bias 15pA August ~0 9.90 10.6
Gain 1 Peltier ON +0.17 +0.04 FIXED
Bias 10pA August ~0 10.21 11.2
Gain 1 Peltier OFR +0.31 +0.06 FIXED
Bias 10pA August ~0 10.36 10.7
Gain 1 Peltier ON +0.37 +0.06 FIXED

Table 5.11: Energy resolution comparison between the Maly Aumgust 2011
beamtests.

decreasing the gain of the SiPMs( the bias). Starting from the |2A configu-
ration an acceptable linearity was achieved, with the beEsilts obtained in the
two 2 pA configurations. As far as the energy resolution is conagraelarge
deviation from the standardlE behavior has been observed at energies above
30 GeV, as shown in Fi 3. This deviation can be undedsimoking at the
common mode distributions obtained with the four CM-SiPMbjch are char-
acterized by the presence of a second peak [Figl 5.44). €hlsip probably due
to particles leaking from the back of the calorimeter th&riact with the SiPMs,
firing some pixels. This hypothesis is confirmed by the faet the position of
the second peak increases with the beam energy, where nmticdgzdeak from
the back. The signals and the fluctuations induced by thesielpa deteriorate
the energy resolution measurements, resulting in the vbdeteviation from the
1/+/E behavior.

The only way to improve this situation is to increase the nemif radia-
tion lengths of the calorimeter{24 Xo), thus reducing the particles leaking from
the back, with positive effects also on the constant ternmefenergy resolution.
Another solution could be to move the fiber/SiPMs away from Ilack of the
calorimeter (for example on a side), using longer WLS fibeBB®th these ap-
proaches are now under study for the next beamtest campeR{fiiP.
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Chapter 6

From Sampling to Homogeneous
Calorimeters: the Lead Tungstate
Crystals

Lead tungstate is an inorganic scintillating crystal weatures which make it a
perfect candidate for high energy physics applicationsdi®t since 1940, lead
tungstate crystals have recently been used by the CMS exgetiat the LHC

to build a very compact electromagnetic calorimeter whgloperated inside a
strong magnetic field, thus being readout by silicon baseectas (APDs and
VPTSs). This chapter is devoted to a brief description of #std of lead tungstate
crystals coupled to a new type of SiPM manufactured by FBK-iThese tests
are very preliminary and can be considered as a first evaluafithe new SiPMs

performance in a real high energy physics context.

6.1 The PbWGQ, Crystals

Lead tungstate, or PbW@ccording to its chemical formula, is a non-hygroscopic
scintillating crystal developed for high energy physicpeniments, and in partic-
ular for the CMS electromagnetic calorimeter![95] at the LHW®re details on
the lead tungstate crystals can be found.in [96]. PhWwi@stals are characterized
by an exceptional high density (8.28 g)yra small radiation length (0.89 crh)
and a very fast scintillation constant§ ns). These qualities have been exploited
by the CMS experiment to build a very compact calorimeterXg@sing 23 cm
long crystals), able to work in the harsh LHC environmenterehbunches spaced
of 25 ns are used, thus needing a fast scintillation comganeorder to avoid
dramatic pile-up effects. The main drawbacks of PoM&De a relatively small
light yield (200y/MeV, of the order of one hundred times less than Csl), and a
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temperature dependent light emission (-2.1%*@t 18° C [97]) which forces
the use of these crystals in a temperature controlled emviemt. As can be seen
in Fig.[6.1, the emission peak of PbW@s located around 420 nm, while the
optical transparency is good over the whole visible spettru
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Figure 6.1: Optical transmission (percentage, left Y a&is)l emission spectra
(arbitrary units, right Y axis) of PbWgcrystals [95].

The scintillation mechanism of lead tungstate is not modibg irradiation.
However, the exposure to large doses of ionizing radiatimayces absorption
bands due to oxygen vacancies and impurities in the laffibe.practical conse-
guence is a wavelength-dependent loss of light transmmsgithout changes to
the scintillation mechanism [97]. The radiation damageaf can be corrected
monitoring the optical transparency of the crystals: in @S experiment this
task is performed through the injection and detection ofsafdight inside the
crystal. As previously stated, the scintillation light bEtcrystals is readout using
silicon photodetectors, in particular APDs in the barred &#Ts in the endcaps.
More details on the APDs can be found in secfion 2.2.3.

6.2 Experimental Setup

The lead tungstate crystals have been tested at CERN on theaF8line, during
a beamtest dedicated to the study of a scintillating baké&acThe setup is the
typical one described in sections 4.112.1 Bnd 5.1.2 andtdngposed of:

» two Cherenkov detectors for the electron tagging;

» two silicon strip chambers for the track reconstruction;
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« two 10x3 cn? plastic scintillators for the trigger.

The PbWQ crystal (provided by INFN-Trieste) used for the test is arlyea
prototype version of the crystals developed for the elecagnetic calorimeter of
the CMS experiment. It consists of a 23 cm long trapezoid tar¢sponding to
~26 Xg) with a front face of 20.5x20.5 mfrand a back face of 24.4x24.4 Mm
forming a quasi-projective geometry. The crystal is wrappéth a Tyvek sheet
to enhance the light output (Fig.6.2).

Figure 6.2: Picture of the PbWrystal wrapped in the Tyvek sheet.

The scintillation light has been readout using a new typeiBfSmanufac-
tured by FBK-irst, calledjuad which consists in a monolithic array of four SiPMs
with an area of 4x4 miand 5625 pixels each (Fig.6.3). Even if the four SiPMs
are all grown on the same silicon substrate, their bias atyplbis independent.
For this reason a custom board (Fig.]4.4), consisting of glesihias line and
four outputs, has been used for each quad SiPM. The signa¢afuad has been
delayed of 120 ns and then sampled using the V792 QDC, thugnal amplifi-
cation is present.

The quad SiPMs have been coupled to the PW@stal using a plastic C-
clamp, held in place on a side of the crystal with a nylon scigve clamp is used
as a base for one or two quads on the crystal face, which amentkid in position
using a plastic plate. Optical grease has been used betivedsce of the crystal
and the quad to enhance the light collection. A picture ofdtystal assembled
with the quad SiPMs positioned on the plastic clamp is prieskim Fig [6.4.

The quad SiPMs have been preliminary tested in the labgramoorder to
study the I-V curves of each element. During these testgstdeen found that
the I-V characteristics of each SiPM can be very differemrewnside the same
quad (Fig[ 6.5(a)). For this reason, only the SiPMs with treersimilar I-V
curves have been selected for the beamtest[(Fig. 6.5(b)).
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Figure 6.4: Pictures of the plastic clamp used to hold thel@&iBMs in position
on the crystal. The clamp is fixed on the crystal using a nylmevs, and the
SiPMs are positioned over the clamp, held in place by a jolasdite.

During the beamtest, the bias voltage of the quad has be&m4@5 V, which
corresponds to bias currents between 25 ang/88epending on the SiPM. As
will be presented in the following, an equalization proaedbased on the MIP
signal has been applied during the beamtest in order to iggue gain and the
response of each SiPM. Two types of tests have been performed

» the comparison between the single and dual quad readoetnstof effi-
ciency and energy resolution, using a single beam energyG&\L,
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Figure 6.5: Example of I-V curves obtained for two quads abtarized by very
different{(a) and very simildr (b) pads characteristics.

* a partial energy scan between 1 and 3 GeV to evaluate tharitiypend the
energy resolution of the system.

6.3 Results

The crystal used on the T9 beamline has been selected aftkomtory test per-
formed at the University of Insubria using cosmic rays. Thailable crystals
have been coupled to a P30CWS5 (Electron T@bphotomultiplier and the best
crystal in terms of light output has been selected. The phégghts of the different
crystals are presented in Fig.6.6.

The crystal chosen for the beamtest is labeled as “T02”; asaaVvinspec-
tion this crystal is the least yellowish of the batch. As fartiae T9 beamtest is
concerned, the first event selection is performed usingilicers beam chambers,
selecting only the single track events, as described indbis ppresented in the
previous chapters. The electron events are then taggegl th&@rnformation pro-
vided by the two Cherenkov detectors. Considering the sdiaénsions of the
crystal, only the events impinging on a fiducial area of 1x¥ centered in the
central part of the crystal itself have been selected. Eagbub of the quad SiPMs
has been corrected for the temperature using the samethlgdyased on the po-
sition of the MIP peak developed for the shashlik calorimetmalysis. The first
step of the analysis is the comparison of the detection effayi of the single and
dual SiPMs readout.

As can be seen in Fig. 6.7 the detection efficiency is largar/95% for both
the single and dual SiPM readout.

INow Sens-Tech Ltd.; www.senstech.com
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Figure 6.6: Pulse height of the different crystals in thentiasrays test. The
crystal labeled as “T02” is the one that has been chosen édseamtest.

As far as the energy resolution at 1 GeV is concerned (Eig, @ dual
readout method proved to be more effective, with an energgluéon of 13.7%
compared to the 14.6% of the single readout. For this readmsibeen decided
to perform the linearity and the energy resolution scan itk readout configu-
ration.

As can be seen in Fi§. 6.9(a), the linearity is quite goodnkkaalso to the
MIP drift correction algorithm. As far as the energy resmntis concerned
(Fig.[6.9(b)), the scan is dominated by a stochastic termld%, a very small
constant term (but compatible with 2% considering the sjr@and a noise term
which has been fixed to the energy equivalent of the pedesis¢ nThe energy
resolution results are very different from the beamtesiltegjuoted by the CMS
collaboration|[4], that are of the order of 2.8% for the stastic term and of 0.26%
for the constant term. It must be said that the test perfowiddthe SiPM read-
out cannot be directly compared with the CMS official testsaose of a large
number of factors:

» a large energy leakage due to the use of a single crystataidof using
clusters of 3x3 or 5x5 crystals as in the final CMS calorimeter

* the used PbW@crystal is an early prototype, probably characterized by a
small light yield and with performances affected by aging;

* a non optimized electronic chain;

 the absence of a temperature control to keep the light owpthe lead
tungstate stable.
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Conclusions and outlooks

Nowadays silicon photomultipliers represent one of thetnmaportant alterna-
tives to the widespread PMTSs especially in high energy aadesphysics applica-
tions, where very stringent requirements in terms of magmetensitivity, power
consumption, dimensions and costs have to be fulfilled. Adagxed in the first
chapter of this thesis work, the key requirement of the nextegation colliders
will be to efficiently separate th&/* andZ° bosons through their hadronic de-
cays. On the other hand, the next generation space expdsimgirequire large
area calorimeters with fine segmentation and large dynaamnige. In both these
fields, scintillator based detectors have been chosen leyaeR&D projects for
their advantages in terms of cost per channel, mechanicabdity and weight.
However, the light readout system is still an open field witkiesal options de-
pending on the application, a field where silicon photorpliirs represent a real
breakthrough.

This thesis has dealt with the study of different types atsil photomulti-
pliers (with different dimensions, dynamic range and tetbgy) and the devel-
opment of a complete readout system for scintillating detsc Both these tasks
have been fulfilled by means of three "reference detect@ssgjntillating bar
tracker and two prototypes of shashlik calorimeters) usedeschmarks for the
study of the SiPMs and the readout systems performance.ndakio account
the scintillation mechanism and the fiber readout, thesectiats are conceptually
similar to the ones recently proposed to improve the hadrogsolution of the
next generation colliders.

As far as the SiPM characterization is concerned, four tyetevices with
progressively larger dynamic range have been tested:

* the~1 mm diameter ones with 688 cells;
« the 3x3 mm ones with 3600 cells;
* the 4x4 mm ones with 6400 cells;

« a matrix of four SiPMs (calledjuad), each one with an area of 4x4 Mm
embedded on the same silicon substrate for a total of 22330(6625 per
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SiPM).

The 1 mm diameter SiPMs have been first coupled to a scimtidjaiar tracker,
obtaining comparable results with respect to the multidguhotomultiplier tubes
in terms of detection efficiency and spatial resolution, aittl an even better per-
formance in terms of timing resolution. On the other hand,tdsts showed that
SiPMs are characterized by a smaller signal to noise ratie (@ their large intrin-
sic noise) and their performance can be affected by radiakionage, especially
by the neutron induced one. These SiPMs have also been ustbe fieeadout of
the first prototype of shashlik calorimeter (prototype Othwhe following prob-
lems:

* the saturation of the calorimeter response in the highggnemge, due to
the limited number of cells of the SiPMs;

* aslightly worse energy resolution (compared to the MdDéeto simulation
and to the MAPMT readout), due to the larger noise of the SiPMs

* the SiPM gain dependence on the operating temperature.

In particular, the SiPM gain variation was identified as anany issue since it
affects both the linearity and the energy resolution. Dyithre beamtest, the gain
of the SiPMs has been monitored and corrected off-line ugiegMIPs signal;
however, the effectiveness of this correction procedurelimgited by the amount
of collected MIPs (which varied with the beam energy) andd¢owt be applied
in the high energy tests due to the different type of beam.

The 3x3 mn? and 4x4 mm SiPMs have been used with the second prototype
of the shashlik calorimeter. Characterized by a larger remab pixels, these
devices have been chosen to improve the calorimeter ligaaith respect to the
1 mm diameter ones. The prototype 1 calorimeter was tesiag the 3x3 mm
SiPMs with results mainly affected by the non optimal feasunf the calorimeter,
and corresponding to a large stochastic term and the presgnlong tails in
the electron peak. The results have been reproduced witdieated GEANT4
simulation which takes into account all the optical proesstike the scintillation,
the wavelength shifting and the light transport inside tbers. The simulation
showed that the long exponential tails and the poor energgiugon could be
ascribed to the absence of inter-tile reflective materialsl an improved version
of the calorimeter was assembled inserting Tyvek sheetstastile material to
enhance the light output, increasing the number of readwartreels (in order to
avoid saturation effects) and introducing a LED system oheoto monitor and
correct the SiPM gain variations with the temperature.



Conclusions and outlooks 193

The improved version of the calorimeter has been tested) ik 4x4 mm
SiPMs, obtaining a good linearity for energies up to 150 Gévfreover, the in-
troduction of the Tyvek sheets improved the light output #r&stochastic term
of the energy resolution, while the LED system proved to He &b correct the
SiPMs gain variations more effectively than the MIP progedu

From the readout point of view, two types of systems have begrloped:

» a standard one, based on a multichannel charge integtibg ADC;

* a new one, based on the MAROCS3 frontend ASIC, a 64 channdbtga
chip with both analog and digital outputs, originally desg for MAPMTSs.

The standard system based on the 12 bit QDC can be considesddadle
alternative in the case of a small number of channels. Ambegativantages,
the large dynamic range and the versatility should be listéolwever, this type
of readout is not suitable for a large number of channelsrgihat delay lines
are needed to align in time the SiPMs signal with the ADC gateegated by the
DAQ.

The new readout system is based on the MAROC ASIC and has peeif-s
ically developed to improve the overall system integratidren a large number
of readout channels is needed. This system can be adaptetbddAPMTs and
SiPMs (maintaining the versatility of the standard QDC sgst but it is char-
acterized by a limited dynamic range. This is obviously aitliraspecially for
high energy calorimetric applications, but the resultsaotg#d with the second
calorimeter prototype showed that an acceptable lineaoityd be maintained up
to 150 GeV using the minimum pre-amplifier gain value and alls&BM over-
voltage.

On the other hand, the MAROC readout introduces a large ieisewhich
worsened the signal to noise ratio of the SiPMs (in the tratds) and the noise
parameter of the energy resolution (in the calorimeter).tefhe source of the
noise was at the beginning ascribed to a non optimal integratf the SiPMs
with the MAROC boardi(e. the use of custom LEMO cables to connect the
SiPMs board with the MAROC one). For this reason, the modif@dion of the
prototype 1 calorimeter has been equipped with a custonfacee board for the
SIPM-MAROC coupling in order to reduce the noise contribatof this readout
system as much as possible. The non satisfactory resulinettalso in this
configuration led to an accurate analysis of the MAROC retidoise described
in AppendiXB. This study allowed to identify the noise sag the “very long”
shaping time of the MAROC pre-amplifier-600 ns) and in the SiPM current
monitoring cables. The tests performed with a low intensED showed that it
is possible to reduce the MAROC noise by (at least) a factoritaplementing a
new monitoring cable and reducing the shaping time of the @&Rutput.
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Recently, a new type of ASIC specifically developed for theNsireadout
(EASIROC, Extended Analogue SI-pm ReadOut Chip) has beetuged. This
frontend chip features 32 parallel inputs with 2 variablengare-amplifiers, a
maximum input charge of 320 pC (compared~6 pC of the MAROC) and a
4.5 V range, 8-bit DAC per channel used for the tuning of theresltage/gain of
the SiPM. A new readout system based on the EASIROC ASIC witldveloped
for the second part of 2012 and will be used for the readouh®fcalorimeters
and the scintillating tracker.

The last part of the thesis describes the tests performddawtew type of
SiPM, a matrix of four 4x4 mrh SiPMs calledquad coupled to an inorganic
scintillating crystal of lead tungstate. The PbW@ystal has been preliminary
tested using low energy electrons, evaluating the lingaeitergy resolution and
detection efficiency of the complete system. The MIPs sifpaal been used to
equalize all the pads of thguadand to correct the gain drifting with temperature
variations, obtaining a good linearity and a detection igfficy larger than 97%.
New tests are foreseen with a 3x3 module that will be readsirnguboth the
quadsor an array of 16 independent SiPMs (the 4x4 frwarsion with 6400
cells) integrated on a single tile (FIg.V.1), for a total 62400 cells.

Figure 7.1: SiPM tile with 16 4x4 mASiPMs.

Considering the extremely large dynamic range of this dewcystals char-
acterized by a larger light output with respect to Pbhyvé&s BGO or LYSO, could
be in principle used without any saturation problem.

At the time of writing, many research groups are testing anguSiPMs in
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a large number of fields. Besides the calorimetry topic, SiR&n be used for
TOF systems, RICH detectors, muon and tail catcher detefothe Super-LHC

experiments or the new generation colliders. Moreovegreive tests are being
performed in the medical physics field, aiming at the inticichn of combined

PET-NMR scanners or real time and portable dosimeters baisgdastic scin-

tillators. In other words, if the introduction of the photahiplier tubes can be
considered as a milestone in the scintillating detectovgldpment, the silicon

photomultipliers represent without any doubt the futurégiit readout.
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Appendix A

Electromagnetic Calorimeters

High energy photons or electrons create showers of pastitieng their passage
inside a medium: electromagnetic calorimeters are datedesigned to degrade
and completely absorb the shower in order to give an accunassurement of
its energy. This appendix is devoted to a brief descriptibthe processes char-
acterizing the longitudinal and lateral development of i@cteomagnetic shower
and the energy resolution capability of the calorimeteglits A complete and
comprehensive treatment of this topic can be found!in [1, 98]

A.1 Homogeneous or Sampling

Considering their construction, electromagnetic caletans can be divided imo-
mogeneouandsampling Homogeneous calorimeters are made of a single type
of material which is used both to degrade the incoming paréind to measure its
energy. On the contrary, sampling calorimeters are contpofs@ternating layers
of two (or more) types of material: the first ones, usuallyrfed by high density
material, are used to degrade the incoming particle enehgle whe second ones
consist of a sensitive material which measures the enengysite Homogeneous
calorimeters are characterized by a smaller number of fitictos in the energy
deposit, thus their energy resolution is usually bettenttiee one of sampling
calorimeters (see section A.5). On the contrary, for th&tiinsic construction
sampling calorimeters can be easily segmented in both teealaand longitu-
dinal dimensions, thus providing better information on tfmpact point of the
particles. Moreover, sampling calorimeters are usualyg lexpensive than the
homogeneous ones. The shashlik calorimeter used for maktsothesis work
belongs to the sampling category.

A particular type of homogeneous calorimeters are the oniéifdr the study
of cosmic ray particles [98]. These types of calorimeteesthe sea water, the air
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in the atmosphere and even the ice of the polar ice-cap astive anedium to
measure the energy deposit of the extremely high energyicaays, which are
characterized by a very low flux and are spread over a large are

A.2 Electron/Positron Energy Loss

Like heavy charged patrticles, electrons and positronsdosegy through colli-
sions with the atoms of the medium. However, because of #me&ll mass, an
additional mechanism comes on the scene: the electromagnassion of radia-
tion arising from the scattering of the electrons with thexéic field of the atomic
nucleus. This phenomenon is called irradiatioto@msstrahlungFig.[A.1).

Bremsstrahlung
photon

Figure A.1: Schematic representation of the bremsstrghpuocess.

Bremsstrahlung can be considered as the quantum mechanigahlent of
the classical emission of electromagnetic waves by acatel@icharged particles.
The total electron/positron fractional energy loss is enéad in Figl A.R.

Other interactions, like the Mgller and Bhabha scatteriage place at very
low energy but the ionization and bremsstrahlung processabie dominant ones.
The electron ionization cross section is computed staftorg a modified version
of the Bethe-Bloch formula, which takes into account the faat the incident
particle can be deflected by the interaction and the cofisere between identi-
cal particles|[35]. Omitting the less important contrilouis, the ionization cross
section can be expressed as:

dE
(&)ion ~ Z In(E) (A.1)

On the contrary, the bremsstrahlung cross section depentteanergy and



A.2 Electron/Positron Energy Loss 199

I I“IIIIIII 1 IIIIIIII I LU
‘

: (a) 0.20

\  Positrons
. Z =82
L Lead ( )

0.15

(cm2g )

0.10

0.05

g

100
E (MeV)

Figure A.2: Electron/positron fractional energy loss petiation length in lead
as a function of energy [6].

atomic number according to [35]:

(ﬁ) ~r272E (A.2)
dx brem

wherere ~ €/mc is the electron classical radius. Considering the energy de
pendence of equatiofs A.1 and A.2, the bremsstrahlung gsatwuld dominate
the electron energy loss at high energy thanks to the lineamgg dependence.
Moreover, the dependence from the inverse of the squared afabke particle
explains why the bremsstrahlung process is important anlglectrons. For ex-
ample the muon, the next lightest particle, has a mass 2Qéstlarger than the
one of the electron, resulting in a bremsstrahlung crossose@duced by a factor
40000.

The energy at which the energy loss via bremsstrahlung edualionization
one is callectritical energyor e.. Considering th& dependence of the ioniza-
tion and bremsstrahlung cross sections, the critical gnerg material dependent
quantity and its numerical approximation can be express¢8-g:

dE dE 800 MeV
<_> _ <_) o g, — 200Mev (A.3)
dx /ion dX / prem Z+12

A slightly different definition of the critical energy is @wn in [6], where it
is defined as the energy at which the ionization loss per tiadidength QQE])
equals the electron energy. Using this definition, theaaitenergy value can be

1The radiation length is the scale parameter of the electyoetic showers and will be defined

in sectiorfA.4.
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expressed as:

dE 610MeV, . .. 710 MeV
(&) ionxo =E& &= m(SO“d/Ilqlﬂd), m(933 (A4)

As will be shown in the following, this second definition dabes better the
transversal profile of an electromagnetic shower. The rdiffee between the two
definitions is presented in Fig._A.3.
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Figure A.3: The two definitions of the critical energy in cepf6].

A.3 Photon Energy Loss

The photon interaction with matter is mainly ruled by thre#fedent phenom-
ena[6]:

* the photoelectric effect, in which the photon is absorbgdib atom with
the emission of an electron;

 the Compton effect, in which the photon interacts with ofithe electrons
of the atomic shell giving it part of its energy but withouitrg absorbed;

* the pair production, in which the photon, after the intéicacwith an atom,
disappears creating an electron-positron pair.
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Figure A.4: Photon interaction cross section in lead as etion of the energy [6]:
Op.e Is the photoelectric cross sectiar is the Compton cross sectioizayieigh
is the Rayleigh coherent scattering cross sect@pg; andke are the pair produc-
tion cross sections on the nuclear and electron fiedgg;:. is the Giant Dipole
Resonance cross section.

The total cross section of the three different phenomenaad Is presented in
Fig.[A4.

These processes are deeply different with respect to the afreharged par-
ticles. The photon is a massless and neutral particle: tesnsthat the elastic
collisions with the atomic electrons are no longer possiblee second and most
important difference is that the energy of a beam of photem®t degraded in its
passage through matter, but it is only attenuated in intnBhe attenuation of a
photon beam crossing a material can be expressed as:

I (X) = loexp(—HX) (A.5)

wherelg is the incident beam intensity,the thickness of the absorber amthe
absorption coefficient. The absorption coefficient is a meddependent quan-
tity, directly related to the total interaction cross sewctin a particular material.
The details of the three different interactions will be désed in the following
paragraphs.
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A.3.1 Photoelectric Effect

As shown in FigL A4, the photoelectric effect is the dominamenomenon at low
energy. In this process an atom absorbs the photon and ematieetron. After
the electron emission the atom is left in an excited stateeaXiday emission can
occur during the de-excitation process ([Fig.JA.5).

Pholoalecion
;\E:E—EO
o

Inceming
radiation from
x-ray tube or
radioisotope.

Figure A.5: Graphic representation of the photoelectiiecf

For kinematic constraints due to the momentum conservatseffect can-
not occur with a free electron. For this reason the phottiteeffect involves
atomic electrons (the deep shell electrons are the oneiexpéth a higher prob-
ability), and the nucleus absorbs a small part of the recoih@ntum. The energy
of the outgoing electron can be calculated using the enenggarvation principle:

E=hv+0@ (A.6)

wherehv is the energy of the incoming photon aqds the binding energy of the
shell electron. As far as the photoelectric cross sectiaomerned, a rigorous
treatment is difficult because of the complexity of the Dwavefunctions of the
atomic electrons. However, an approximated formula carobgpated as [35]:

Oph~Z"E "% (A.7)

wheren varies between 4 and 5 according to the energy scaleETl%eenergy de-
pendence explains the plotin Fig. A.4, where the crossaestiales very rapidly,
becoming a negligible effect beyoreb00 keV.

A.3.2 Compton Effect

The Compton effect consists in the scattering of a photon fseeaelectron; an
atomic electron can be considered free if the energy of thenning photon is
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large enough. During the interaction, the photon gives pfits energy to the
electron and is then re-emitted at a lower energy. A sket¢thedfCompton scat-
tering is presented in Fig._A.6.

Outgoing
Incoming X-ray photon
X-ray photon

Outgoing
electron

Atom

Figure A.6: Graphic representation of the Compton effect.

The Compton effect cross section was one of the first prosdssie calcu-
lated using QED and it is known as tKéein-Nishinaformula; the integration of
this formula over the solid angle results in/[35]:

1+ 3y
(1+2y)?

0o — ng{ 1+y [2(14— )

1 1
—=In(1+2 —In(142y) —

b oo

wherey is equal to%. As can be seen in the previous equation and in[Fig. A.4,
the Compton cross section decreases with the energy, andftéct is the domi-
nant one in the 100 keV-10 MeV energy range.

A.3.3 Pair Production

The pair production process consists in the creation ofegtr@n-positron pair by
a photon. In order to conserve the momentum, this phenomearomccur only
in presence of a third body, usually an atomic nucleus. M@edhe energy of
the photon should be larger than 1.022 MeV, that is the surheofést masses of
electron and positron. A representation of the pair pradagirocess is sketched
in Fig.[A.

Theoretically, pair production is very similar to the brestnahlung process [35].
This means that the energy and medium dependence of thesactssn are the
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5

gamma ray

positron

Figure A.7: Graphic representation of the pair productimcpss.

same of the one obtained with the bremsstrahlung cros®gecti
Opp~T13Z%E (A.9)

The linear energy dependence confirms the results showrgitAH4, where
pair production is the dominant interaction at energiesrald® MeV. As will be
shown in the following, pair production (along with the brestrahlung process
for electrons) plays a key role in the development of elestrignetic showers.

A.4 Electromagnetic Showers

At high energies, electrons and photons lose energy viasstahlung and pair
production. Suppose now that a high energy electron interaith matter: the
electron may radiate photons via the bremsstrahlung pspe@esl if the emit-
ted photons have enough energy, they can convert in an abegtrsitron pair
through the pair production effect. These secondary epstand positrons will
emit other photons, starting an avalanche process thatlesladectromagnetic
shower However, as the shower develops, the average energy oétoadary
particles decreases and at some point no further multtmicaakes place. The
depth at which the shower multiplication stops is calledrggromaximum; it oc-
curs when the electrons energy is below the critical eneg@nd when the cross
section for the Compton and photoelectric effect start®taidate the photons ab-
sorption. The shower energy is deposited in the absorbesrrabby the electrons
and positrons generated by the photon interactions. Iicpéat, it can be shown
that the majority of the shower particles through which thergy is deposited are
very soft, with energies below 20 MeV (Fig._A.8).

This means that, while the shower development is driven byhtgh energy
pair production and bremsstrahlung processes, the enemysd is completely
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Figure A.8: Monte-Carlo calculation of the shower energacfions as a func-
tion of the atomic number of the absorber. The majority ofshewer energy is
deposited by low energy electrons and positrons [1].

driven by the low energy processes. In other words, the pegoces of calo-
rimeters designed to measure the particle energies in th&-GeV range are
determined by processes that take place in the keV range.

The development of an electromagnetic shower can be paiaetkin terms
of a single parameter, calleddiation length X, which depends on the charac-
teristics of the material. An approximated formula with @ewacy within 3% is
given in [6]:

164 A g cm 2 (A.10)
Z(Z+1)In(287/\/2)
whereZ is the atomic number andl is the atomic weight. Th&y parameter is
defined as the distance over which a high energy electrongsitrpn) loses on
average 1-e! (~63%) of its energy through bremsstrahlung. It can be shoamn th
the Xp parameter is related also to the photon interaction cragsse

T A
~ 9NaXo

whereXg is expressed in g/cfrand the ratio of the Avogadro’s numbexy) and

the atomic weight/4) represents the number of atoms per gram of material. This
formula implies that the mean free path of a high energy phtﬁ(gxo. A rep-
resentation of the shower development as a function of tinebeu of radiation
lengths is presented in Fig._A.9.

Xo =

O(E — ) (A.11)
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Figure A.9: Representation of the development of an elecgnetic shower as a
function of the number of radiation lengths.

The radiation length of a mixture of different materials G@computed using
the following relation:

%:Z% (A.12)

whereV, represents the volume fraction aXdthe radiation length of theth
component of the mixture. The radiation length of a comparardbe calculated
in a similar way:

%:Z% (A.13)

wherem andX; are the mass fraction and the radiation length expressedrimg
of thei-th component of the compound.

A.4.1 Longitudinal Profile

The mean longitudinal profile of the shower can be computedjubke following
approximation|[6]:
dE (bt)2~1gbt
at e
where the parametér= x/Xp is the depth inside the material in terms of radiation
lengths andh andb are parameters related to the nature of the incident peasticl

(A.14)
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The depth at which the largest number of secondary parti€lpsoduced can be
approximated as [98]:

&
wheretmaxis the maximum depth expressed in radiation lendEy$s the incident
particle energy anty is equal to 0.5 or -0.5 for photons or electrons. It is possibl
to calculate the required thickness to contain 95% of thetelmagnetic shower,
using the following approximated formula [98]:

to506 =~ tmax+ 0.08Z + 9.6 (A.16)

As can be seen in equatibn Al16, the longitudinal contairtrokthe shower
depends weakly on the material properties. A Monte-Cailcutation confirming
theZ dependence of the longitudinal containment is present&eifA.10.
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Figure A.10: Monte-Carlo calculation of the energy depasia function of depth
for a 10 GeV electron shower developing in lead, iron and aum [1].

Two main differences can be observed in the energy depasditgr
e asZincreases, the shower maximum slightly shifts to a largetide

» asZincreases, the shower profile is completely absorbed araagliation
lengths.

Both these effects are due to the fact that in hfgimaterials the shower multi-
plication continues down to much lower energies with respetow-Z materials
because of th& dependence of the pair production and bremsstrahlung seass
tions. Just to give an example, the critical energy in leazhig 7 MeV, while in
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ironitis 22 MeV, rising to 43 MeV in aluminum. This means thalow 43 MeV,
particles in aluminum stop their multiplication and starttte absorbed through
ionization and Compton scattering, while in lead their mplitation continues
down to~7 MeV. As a result of these effects, it takes a larger numbeadiition
lengths to contain a given electromagnetic shower in ledl kispect to iron or
aluminum.

The energy dependence of the longitudinal containmenkentanto account
in thetmax parameter definition (equation AJ15). The top plot of FiglAshows
a Monte-Carlo calculation of an electromagnetic showerjper with different
initial energies.
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Figure A.11: Monte-Carlo calculation of the energy depasia function of depth
and energy in copper!/[1].

The absorber thickness needed to contain 95% of the showgesarom
~11 Xg at 1 GeV to~22 Xy at 1 TeV; for a 99% containment, at least X
and 27Xy are necessary. In the bottom plot of Hig. A.11 a comparisdvwvdsen
different absorbers is presented. Once againZttiependence in the shower con-
tainment is clearly visible. The same figure shows {haduced showers require
approximately one radiation length more to be contained waspect to electrons
with the same energy. This is due to the fact that the mearpdeof a photon
IS %Xo, so approximately on¥y is needed to create an electron-positron pair and
start the shower development.
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A.4.2 Lateral Profile
The lateral spread of the electromagnetic shower is caustddyprimary effects:

« the electrons and positrons created in the shower move fomwthe cen-
tral axis because of multiple scattering;

« bremsstrahlung, the photoelectric effect and the Comptaitering are
isotropic processes and the photons and electrons gethénatieese phe-
nomena move away from the shower axis.

The first effect dominates in the early stages of the showegldpment, while
the second becomes important after the shower maximumgwherow energy
Compton scattering and photoelectric effect start to doutie to the shower, es-
pecially in the highZ materials.

The lateral profile of an electromagnetic shower is desdripetheMoliere
radius a material and energy independent parameter:

VIS Es& (A.17)
&

whereEs is thescale energylefined as:

Es = MeC?\/4T/a = 21.2 MeV (A.18)

The Moliere radius represents the average lateral defleofielectrons at the
critical energy after crossing one radiation length. Onrage, only~1 py is
needed to contain 90% of the shower. The typmalvalues are of the order of
a few centimeters, thus reflecting the compactness of tlrefeagnetic shower
lateral profile. The independence of the Moliere radiusnfithe Z of the mate-
rial can be explained as follows. Considering equdiion JAthé radiation length
scales approximately a§Z2: assuming thaf is proportional taZ, Xo scales as
1/Z. The same is true for the critical energy, which accordingdoation A.4
scales as Z. As a result, the ratio oKg andg is roughlyZ-independent. The
Moliere radius of mixtures/compounds of different eletsezan be computed us-
ing the same formulas defined for the radiation length par@meplacing the
parameter witlp;. Fig.[A.12(a) presents the Monte-Carlo calculation of thera
age fraction of the shower contained in an infinitely longroy#r centered on the
shower axis as a function of the Moliere radius.

As can be seen, 90% of the shower is contained-1n5 py, with very lit-
tle differences between different materials (aluminum eopper). Fig[ A.12(1)
presents the simulated radial shower profile in Pyé@/stals for 1 GeV and
1 TeV electrons, showing no substantial differences inadkeral profile, confirm-
ing the energy independence of thg parameter.
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Figure A.12:[(d) Monte-Carlo calculation of the averageveofraction con-
tained in a cylinder of absorber material as a function ofNtwiere radius|[1];
simulated radial shower profile in PbW®©rystals for 1 GeV (closed circles)
and 1 TeV (open circles) electrons [98].

A.5 Energy Resolution

The energy resolution of a calorimeter determines the gi@tiwith which the
energy of a given particle can be measured. The precisidreienergy measure-
ment is limited by thdluctuationswhich characterize the calorimeter response;
the most important fluctuation sources are the following:

* the fluctuations in the processes through which the endrthegarticle is
absorbed;

* the fluctuations induced by the experimental techniqud tseneasure the
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deposited energy inside the calorimeter.

The fluctuations in the shower development are unavoidatderepresent the
ultimate limit on the energy resolution. On the contrarg tluctuations induced
by the chosen experimental technique can be reduced, for@gaising very low
noise charge amplifiers (in the case of calorimeters basetiange collection) or
improving the number of photoelectrons collected by a pmatdiplier tube (in
the case of scintillation calorimeters). In general, thergy resolutiorog /E of
a calorimeter can be expressed as the sum of three parajegtehsone with a
different energy dependence:
O

a
_ a0 A19
E VECEYC (A.19)

The three terms are called respectivellgchastic(%), noise(%) andcon-

stant(a) terms, and their quadratic sum describes the energy résolft a real
calorimeter (Figl_A.IB).
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Figure A.13: Fit to the energy resolution obtained with atptype of liquid-
krypton calorimeter [S8].

Two main features can be inferred from the energy resoluieravior:

« on the contrary of other particle detection techniqudse(the magnetic
spectrometers), the energy resolution of a calorimet@rovesincreasing
the energy;
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 considering the different energy dependence of the variexms, the opti-
mal calorimeter technique depends on the energy range.

The details of the different contributions will be descdhba the following sec-
tions.

A.5.1 Stochastic Term

The stochastic term includes the unavoidable statistigatifations which char-
acterize the development of the shower inside the caloereetd represents its
intrinsic energy resolution. The energy measurement isas the fact that the
energy released inside the calorimeter by the chargecclesris proportional to
the energy of the incident particle. Since the number ofgéduparticles inside
the calorimeter can be expressed as:

E
Np ~ — (A.20)
&
the total track length is equal to:
To ~ Xo@ (A.21)
&

The total track length is a sum of a large number of indepenulaoks, whose
length fluctuates event by event according to the Poissaaststa. If the deposited
energy inside the calorimeter can be considered propaitianthe total track
length, the energy resolution can be expressed as:

o~ To (A.22)

Thus, the intrinsic energy resolutig is given by:

o _VTo VB _ 1
E To Eo v/ Eg

These calculations are valid in the case of a homogeneousamtkely large
calorimeter and can be referred tosdmwer fluctuationsn the case of sampling
calorimeters, one more process is involved in the definifidthe stochastic term:
thesampling fluctuationsThese fluctuations are due to the variations in the num-
ber of charged particles that cross the active layers eweavént. This number
can be approximated as:

(A.23)

Ner = ? (A.24)
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wheret is the thickness of the absorber layers in units of radidgogths. Using
the former arguments, the number of particles crossingdtigedayers fluctuates
event by event according to the Poisson statistics, thudtirgs in the following

expression:
OE 1 t
— ~ = A.25
E VN VEo (A.25)

As can be seen in equation _Al25, the energy resolution ingsrogducing the
thickness of the absorbing layer, thus enlarginggampling frequencyin the
limit of t — O, the sampling calorimeter becomes a homogeneous caterime
thus reducing the sampling fluctuations to zero. These fiticns represent the
most important limit of sampling calorimeters and are thesom of their worse
energy resolution compared to the homogeneous ones.

A.5.2 Noise Term

In real calorimeters the energy deposit is converted in skingkof signal by an
active medium. Two main processes can occur:

« the generation of free charges;
* the generation of scintillation (or Cherenkov) light.

The noise contribution is a term associated to the electnooise character-
izing the two different readout types. In charge collectitggectors, the typical
signals amount to a few pC per GeV of deposited energy. Thasthat the first
stage of the readout chain is usually a charge amplifier. EJew noise signal
filtering and shaping techniques are usually used, thensitricapacitance of the
detector and the thermally generated charges in the acedum will introduce
a certain noise contribution. The standard deviation o$ehfuctuationsdgise)
is usually given in terms of equivalent charge (or ENC, Egléat Noise Charge):
since the calorimeter measures the energy of the particleeirsame way, the
noise term is equivalent to a certain amount of energy. @enisig the fact that
this quantity is a constant number (depending on the priggest the charge am-
plification electronics), its contribution to the energgokitionog /E scales as
E-1. Considering its energy dependence, the noise term repseadimit to the
energy resolution in the low energy range.

In the case of scintillating calorimeters the ENC is ususithaller with respect
to charge collecting ones because of the presence of a highagd low noise
device (usually a photomultiplier tube) which convertssbmtillation photons in
electrical signals. Nevertheless, fluctuations inducelkerpedestal of the detector
(e.g.improper impedance matching, ground loops or temperataniations) may
contribute to the electronic noise.
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A.5.3 Constant Term

The constant term is an energy independent parameter whiih the calorime-
ter performance in the high energy range. Considering thle énergies reached
in modern collider experiments, the constant term is bengrtiie most important
contribution to the desired energy resolution. Many phesmenare responsible
for the increase of the constant term:

* longitudinal leakage: if the calorimeter thickness imisrof radiation lengths
is not enough to contain the whole electromagnetic showeref the par-
ticles escape from its rear end. The fraction of escapintygies fluctuates
event by event, deteriorating the energy resolution. Thetfations in the
longitudinal development are mainly due to the differenhpof conversion
of the high energy photons;

« lateral leakage: it occurs when a part of the electromagebbwer escapes
from the side of the calorimeter. In high energy experimemsll clus-
ters of calorimeter cells are usually used to reduce theeramsd the pile-up
probability. If the cluster is too small, or if the calorineetitself is built
with an insufficient lateral extensior.g<1.5pwm), the number of escaping
particles fluctuates event by event, worsening the enespjuon as in the
case of the longitudinal leakage. However, the lateraldgaks usually less
important with respect to the longitudinal one, becausdiltietuations in
the lateral development of the shower are dominated by |lasvggnparti-
cles, thus poorly affecting the total energy deposit. A cargon between
the effects of the lateral and the longitudinal leakage @nethergy resolu-
tion is presented in Fig. A.14;

* detector cracks and non hermetic coverage: a certain armbuorechanical
supports, power and signal cables are needed to operatalthsreters in
the high energy physics experiments. The quality of thegnareasure-
ment is degraded by the development of the shower in thisactive areas,
resulting in fluctuations which affect the energy resolutilt has also to be
noted that in collider experiments other detectors (lileeghrticle tracking
systems) can be placed in front of the calorimeter: padicattention has
to be payed to reduce as much as possible the (non-activejiatdtudget
in front of the calorimeter itself;

» Detector non uniformities: they are given by mechanicgbenfiections or
asymmetries due to the geometry or to the readout of theicadter. They
can be divided in:
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1. mechanical imperfections: the irregular shapes of tlse@der or ac-
tive layers introduce fluctuations in the sampling of theveéio result-
ing in a degraded energy resolution;

2. variation in the sampling fractions: in order to reduce tbst or the
dimension of a calorimeter, the sampling frequency at |latgpths
may be reduced, for example increasing the thickness oftiberber
layers. This means that the shower is sampled with an agcuitaich
depends on the position inside the calorimeter. This agbroa-
matically increases the signal fluctuations, thus degoattia energy
resolution;

3. light attenuation: this problem is present only in theoaheters based
on light collection. Light attenuation can be caused by aetarof
factors like self-absorption and reflection losses insigescintillator
or the wavelength shifter fibers. Light attenuation caukessignal to
be dependent on the distance that the light has to traveldeetthe
generation and readout points, thus creating positionrdepeces and
fluctuations in the calorimeter response.
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Figure A.14: Effects of longitudinal and lateral showerkage on the energy
resolution for 15 GeV electrons|[1].

A.6 Shashlik Calorimeters

Shashlik calorimeters are particular types of samplingraaleters composed of
layers of absorber and scintillating material, readout HdySMbers. The concep-
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tual design of this type of calorimeter has been proposetiemiiddle '80s by
Fessler in/[99]: a sketch of the original design is presemtédg.[A.15.

" Lght guide

Al bax

'\ Second wavelengih shifter
(fiber @ 2mm}

s First wavelength sfufter { L8 mm thck )

%, Seingillator (5 mm thick}

Figure A.15: Schematic representation of the fiber calamariginally proposed
in [99].

The fundamental tower of Fessler’s calorimeter (formedibg modules) was
composed of 60 2 mm thick lead tiles sandwiched with 60 5 mrckthles of
plastic scintillator (polystyrene-based); thin refleetwhite sheets were placed
between the scintillator and lead tiles in order to enhahedight reflection. The
surface of the tiles was 5x5 énand the overall module was 420 cm long, corre-
sponding to 2. The four sides of each module were covered by a WLS 1.5 mm
thick sheet which was used to collect the light from the si&ator tiles and to dif-
fuse it on four WLS fibers with a diameter of 2 mm placed on thenets of the
module. A photomultiplier tube has been used for the ligatloit. The main
advantages of the WLS fiber readout are:

» a compact and simple construction;

+ an efficient light collection without the use of expensivelaomplicated
light guides; this approach is very useful in presence of gmatc field,
since the WLS fibers can transport the scintillation lighd fthotomultiplier
tube placed outside the high field zone.

* minimal dead spaces at the boundaries of a module, thukingsn a suit-
able technique for the creation of a cluster;
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* its being relatively inexpensive, given that plastic stlator is used as the
active medium.

The energy resolution of Fessler’s calorimeter was medsiugng a beamtest
at CERN with electrons up to 5 GeV. The obtained energy réisolupresented

in Fig.[A.16, was:
oe  10%
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+1% (A.26)
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Figure A.16: Energy resolution of Fessler’s calorimeté&][9

Shashlik calorimeters are a modification of the originaktesss device, where
many WLS fibers cross the whole calorimeter throughout rigtle, replacing the
original WLS sheets as the readout system for the scirtillaght; the name
shashlik(the Russian translation of skewer) given to this type obaleter is
due to the particular layout of the WLS fibers. Developed at fin Russia by
Atoyan [94], the construction of these types of calorim&tas made possible by
the improvements of the molding technique for the productibscintillator tiles
with built-in holes.

The base module described inl[94] was composed of 60 1.4 nuktiles of
lead and 60 4 mm thick tiles of scintillator for a total ©fL5 Xp; white reflecting
sheets placed between the scintillator and lead tiles ws=d 1o enhance the light
reflection. The overall module dimension was 11.4x14.4x83 @he scintillator
light was carried out using 72 end-looping WLS fibers of 1.2 windiameter,
inserted in 144 holes arranged in a 12x12 matrix in the dlatdr and lead tiles:
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the holes spacing was 9.6 mm. The light was finally collected photomulti-
plier tube. A sketch of the base module of Atoyan’s calorenét presented in
Fig.[A17.

7. £z 1 Scintilator (4mm thick)
’% o D Lead (1.4mm thick)
~~144 holes (@ 1.3mm)

Figure A.17: Schematic representation of the first shagfali@rimeter originally
proposed in [94].

The linearity and energy resolution of a super-module casagof four Atoyan’s
towers have been measured with electrons up to 5 GeV, obggam energy reso-

lution of:
O 6.7%

E VE
The experimental results are shown in Hig. A.18. Since trst Atoyan’s

prototype, the shashlik technique has been used to buily mi@stromagnetic
calorimeters for high energy physics experiments. Amoegiththe LHCb elec-
tromagnetic calorimeter [100] and the DELPHI STIC luminaerd82] can be
listed as the most important and successful ones. In platjdwo prototypes of
shashlik calorimeters, one of which very similar to the oaealoped by Atoyan,
have been used as a test bench to develop the silicon phaiplireuteadout sys-
tem, the main topic of this thesis work.

®3% (A.27)
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Figure A.18: Linearity and energy resolution for electrobsained with Atoyan’'s
calorimeter|[94].
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Appendix B

Noise Characterization of the
MAROC Readout System

This appendix is devoted to a characterization of the edagtmoise of the MAROC
board based SiPM readout. The noise has been studied by ofgaedestal runs,
measuring the RMS of the channels connected to the ASIC anédhivalent
energy resolution simulated using a pulsed LED as a lightcgou

B.1 Alternative Readout Circuit

Considering the fact that the MAROC ASIC is designed for #elout of MAPMTS,
the first test consisted in a different implementation of 8iEM readout cir-
cuit. The layout of the standard circuit used for the SiPMdoed is depicted
in Fig.[B.1(a). In order to check if the electronic noise abbk induced by an
impedance mismatch between the output capacitor of theitacd the input one
of the MAROC ASIC, a modified circuit (Fig. B.1(b)) has beestéal.

This second circuit is not AC coupled, and the (negativeMSiias is pro-
vided on the opposite electrode. The new circuit has beefeimgnted in a new
readout board very similar to the one presented in[Fid. 4hk Hoard has been
connected to the MAROC input pins by means of custom LEMOesablThe
SiPMs have been biased at 34 V, while the gain of the MAROC d#iephas
been set to 1 in order to avoid any saturation effect.

The first test of the new board consisted in the evaluatioheptdestal RMS:
the comparison between the old AC coupled circuit and thearay in the same
conditions, using the same SiPM (connected to a differeahiél) is presented
in Fig.[B.2.

The channel connected to the SiPM can be clearly seen andrésponds
to the MAROC channels #10 and #55, which are characterizeallagger RMS

221
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Figure B.1: Layout of the old (r) and néw|(b) circuits usedff@relectronic noise
tests.
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Figure B.2: RMS of the pedestal distribution obtained wité hew and old SiPM
readout circuit.

value. The results obtained with the new board are worse (RM&e of ~8)
than the ones obtained with the old circuit (RMS value~&). Moreover, the
layout of the board introduced further problems: the newutiris connected to
ground through the 10Xkresistor, which is used also to monitor the SiPM power
consumption. When the circuit is connected to a MAROC inging current flows
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directly into the first stage of the pre-amplifier (due to awlinput impedance).
The following considerations hold:

« after the connection to the MAROC inputs, the 10D kesistor cannot be
used anymore to measure the current consumption of the SiPM;

* the SiPM bias is slightly different with respect to the oeewith the power
supply AV ~0.79 V);

* the current which flows directly in the pre-amplifier cresas®@me saturation
effects at high gain values (starting from gain 64) that &®eat using the
old AC coupled circuit.

After the pedestal runs, the new board has been also tedtied wulsed LED
light source (3 V, 100 ns long pulses with a frequency of 1 ktéz$imulate the
scintillation mechanism. The results obtained with the ad new circuits are
presented in Fid. Bl 3.
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Figure B.3: Peak resolution obtained with a pulsed LED wité old[(a) and
new[(b) readout circuit.

The LED results are consistent with the ones obtained welptgdestal runs,
confirming that the old AC coupled circuit is characterizgdalbetter peak reso-
lution (1.87%) compared to the one obtained with the newudi@.47%).

B.2 Low Frequency Jitters and Dual-Hold Readout

The second hypothesis for the large noise was the possitepce of some sort
of low frequency “jitters” induced on the MAROC input whiclbwd change the
ASIC baseline, artificially moving up or down the SiPM sigioa an event by
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event basis. If this is the case, it should be possible to ventlus contribution
sampling twice the shaper output (that is at two differemd kalues) and subtract-
ing the obtained values. This approach can be performedgthl AROC3 ASIC
thanks to the fact that two different hold values can be immaleted. FigC B4
presents a sketch of the low frequency “jitters” and the damgwith the two
hold parameters.

Low frequency
jitter

>
ADC Baseline ns

Figure B.4: Sketch of the MAROC shaper output with the duddilsgstem. The
low frequency jitters, if present, should be removed sulbing the second sam-
pled signal from the first one.

The efficacy of this procedure can be tested directly on tdegtal runs, look-
ing at the RMS of the difference between the two sampled galddis test has
been performed using the same readout board [(Eigl 5.32)iN\ksSnstalled on
the prototype 1 calorimeter. The gain control LED systembdesesn used as a light
source to simulate the real scintillation light, while omalgingle group of SiPMs
(4 SiPMs out of 36) has been biased at 33 V (correspondingetd @A con-
figuration tested in the prototype 1 calorimeter beamtebta)y trials have been
performed with different values of the MAROC gain: the réswlbtained with a
gain of 10 are presented in Fig. B.5.

The RMS of the difference is in general larger than the oneohdold value,
indicating that no common fluctuations are present, thuswbeRMS values are
uncorrelated and the RMS of the difference can be calcuksed

Opitf = /0% +03 (B.1)

ODpiff = V 202 =gv/?2 (B.2)

If 01 andoy are equal:
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Figure B.5: Comparison between the pedestal RMS with therdhld correction
system. The RMS values corresponding to the two holds anete€en red and
blue, while the RMS of the difference is depicted in black.

which seems consistent with the RMS values of Fig] B.5.

Similar results have been obtained using the pulsed LEQgs [@EB), with a
peak resolution of 7.42% with the single hold readout, an8.04% for the dual
hold readout; in this case, the MAROC gain has been setto 1.
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Figure B.6: Peak resolution obtained with a pulsed LED wlit $ingld () and
dual[(b) hold readout method.
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B.3 New Bias Cable

During the tests with the dual hold procedure, it has beercttat the cables
used for the readout of the power consumption of each SiPNMidmuresponsible
of a slight increase of the noise; these cables measure Hagealrop across the
100 KkQ resistor of each SiPM channel, and are always connectede@ot of
the resistor. The cables are embedded in the flat cable usedaalthe SiPMs
bias, and are 2 m long. Thus, they can work as antennas, udiragisome kind
of electromagnetic noise that, considering the positiothefcable in the circuit,
is directly picked up by the MAROC input.

To evaluate the noise induced by the cable used in the be@méesodi-
fied version without the current consumption pins has beedywed. FiglBl7
presents a comparison of the pedestal RMS between the olthantew cable
with the MAROC gain set to 10.
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Figure B.7: Comparison of the pedestal RMS with the new (neel) @and old
(black one) cables.

The RMS is clearly reduced using the new cable with respeitted@ld con-
figuration (in some cases, even of 50%). The new cable hasdteetested using
the LED system: the result (using a MAROC gain of 1 and thelsihgld read-
out) is presented in Fig. B.8. The 7.35% resolution is onighsly better with
respect to the 7.42% of the old configuration (fFig. BJ6(a)pwiver, it has to be
noted that the light pulse injected by the LEDA0 ADC) corresponds to the light
collected by a central SiPM of the prototype 1 calorimetet &eV. By compari-
son, the ADC signal in the same SiPM at 1 GeV was enaly2 ADC. This means
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Figure B.8: Peak resolution obtained with a pulsed LED inrtee cable config-
uration.

that the noise introduced by the cables should be more ralavéhe low energy
points, as it has been found in the low energy scans perfomitadhe prototype
1 calorimeter. For this reason, a second test has been pedousing a smaller
bias value of the LED system (2.65 V with respect to 4.3 V), rides to have a
signal on the SiPM of-10 ADC. The peak resolution results for both the old and
new cables are presented in Fig.|B.9.
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Figure B.9: Peak resolution obtained with a low intensityspd LED with the
old[(a) and neW (B) connection cables.

The new cable improves considerably the peak resolutidmeihowv light con-
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figuration (32.55% with respect to 44.91%). Thus, the noisblem observed
during the beamtests could be partially ascribed to a nadimap configuration
of the bias/monitoring cable. If this is the case, a new sydta the power con-
sumption readout can be implemented in order to remove thetdionnection to
the input pins of the MAROC and to avoid the noise pickup.

B.4 Slow Shaper Parameters

As previously explained, the MAROC3 ASIC has been develdpethe readout
of MAPMTs. From the MAROC point of view, the main differencbstween
SiPMs and MAPMTs are the following:

» adark noise of the order e6fMHz for the SiPMs, compared 910 kHz in
the MAPMT case;

« a single photoelectron gain ef10° for the SiPMs, compared to10° (at
maximum) in the MAPMT case.

These two differences play a fundamental role on how theassgare shaped
by the analog slow shaper. In particular, the shaping tinteaanplitude of the
shaper can be set opening or closing three switches, cathexB00, 600 and
1200 fC capacitors, as presented in[Eig B.10.

During the beamtests, the C0O, C1 and C2 switches have beaysabet to
{1,1,1} in order to have the longest possible shaping time, so tledtdld gener-
ated by the readout logic (which is based on the DAQ triggamses the signal
on the peak. According to the hold scan performed with thieigiht capacitor
configurations (Figl B.10(b)), the complete shaping (idoig the undershoot)
lasts about 500 ns. Considering a SiPM dark noise of 1 MHzrla pidse each
1 ys is expected. It is clear that, if the dark noise rate is fiydarger than 1 MHz
(for example, due to a larger SiPM overvoltage), a seconk plaise can occur
during the 500 ns shaping window. The input stage of the MAR@&Eamplifier
is always open, thus it continuously shapes the dark pudselsf the dark noise is
above 1 MHz the shaped signal is a superposition of diffeskaped pulses. The
overall effect is equivalent to a noisy baseline, which s sium of the different
shaped dark pulses and explains the large RMS values in tesiaé runs with
respect to the MAPMT ones. Moreover, this effect is amplifigdhe large gain
of the SiPMs, which results in a larger ADC value for the sitnghotoelectron
with respect to the MAPMT one.

The effect of the shaped signal superposition can be dgraabided modi-
fying the shaping parameters and reducing the shaping figeB.11 presents a
comparison between three pedestal runs performed withdles(CO, C1 and
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Figure B.10{ (d) The slow shaper circuit: CO, C1 and C2 aresttieches associ-
ated to the feedback capacitors of 1200, 600 and 300 fC [[B}the hold scan
with different shaper settings.

C2 setto 1) and faster (CO setto 1 and C1 and C2 set to 0) shapiggurations.
As can be noted in Fig. B.10(b), the faster configurations$s @haracterized by
a smaller signal amplitude (due to the different capacitmfiguration the peak
is located at-2/3 of the one of the slower shaper configuration). Thus, the g
of the MAROC pre-amplifier has been set to 64 (the unitary g@nthe slower
shaper configuration and to 96 for the faster one in order ve ha equal signal
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amplitude. A third run with a gain of 64 and the faster shamsfiguration has
been acquired for comparison. These large gain values leredsed in order to
underline the RMS fluctuations. As previously stated, ta/sl shaper configu-
ration corresponds te-500 ns, while the faster one t0180 ns. For all the tests
described in the following, the new cable configurationadtrced in the previous
section has been used.

70
—— Slow Shaper - G64

60
—— Fast Shaper - G96

RMS (ADC)

%0 ——— Fast Shaper - G64

40

30

20

10

LT T T I T T e e T LT T T
0 10 20 30 40 50 60

MAROC Channel

Figure B.11: Pedestal RMS with the slower and faster shap#rguration.

As expected, the RMS of the faster configuration is substiyteduced with
respect to the slower one, even if a larger gain has been tiedeffect is more
evident in the four biased channels (#37, #50, #56 and #8reva reduction of
a factor~2 is observed. The pulsed LED has then been used in order litagéya
the impact on the LED peak resolution. The LED has been bias@d5 V (to
simulate the low energy case), while the gain of the pre-dimphas been set
to 2 for the slower shaper configuration and to 3 for the faster. In this way,
both the configurations have a signakaf0 ADC. The peak resolution results are
presented in Fig. B.12.

The peak resolution of the faster shaper is slightly beRérq4%) with respect
to the slow shaper one (29.55%), confirming the pedestaltsesu

In conclusion, the large dark count rate combined with tightgain of the
SiPMs represents a problem for the slow shaper readoutcieipaising large
values of the pre-amplifier gain. It has been shown that teeefashaper con-
figuration improves this situation, with smaller pedesttdRvalues and with a
slightly better peak resolution at low light values. Howe\efaster trigger logic
should be implemented in the readout sequence to allow thefubke fast shaper:
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Figure B.12: Peak resolution obtained with a low intensitispd LED with the
slow[(a) and fadt (b) shaper configuration.

this can be done implementing the trigger logic directly ba MAROC board
or on a dedicated board near the MAROC one. Both these agmsace being
studied at the moment and will be implemented in the beasitestseen in 2012.
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