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Science cannot solve the ultimate mystery of nature.
And that is because, in the last analysis, we ourselves are a part of the

mystery that we are trying to solve.
Max Planck
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Introduction

Crystal physics is a highly active and fascinating area of research; the
study of the interaction between particles and crystal lattices not only offers
the opportunity to investigate the structure of matter and the nature of the
involved electromagnetic interactions, but also enables the development of
next-generation devices for high energy physics.

The behavior of a particle crossing a crystal lattice is strongly related
to its incidence angle; in fact, depending on the lattice-to-beam orientation,
the crystal target can appear to the incident particle as an amorphous
material (i.e. without any ordered structure) or as a periodic pattern of
atoms (consisting in planes or strings of atoms). If a charged particle crosses
some crystallographic direction with a small enough incidence angle, it may
be trapped in these preferential channels, losing less energy and penetrating
deeper in the oriented target material with respect to the not oriented ones.
The first to notice this phenomenon was J. Stark, who published a paper in
1912 on the interaction between protons and crystal lattices. This phenomenon,
later called channeling, was further investigated by Lindhard, who published
an extensive work in the 1960s. He demonstrated, using a semiclassical
treatment and introducing the potential well continuous approximation, that
the crystal structure strongly modifies the electron (or positron) trajectory,
forcing the particle to follow a periodic motion inside the lattice, if it impinges
on the crystal axis or plane with an incidence angle not exceeding the Lindhard
critical value. In the channeling condition, also the emitted radiation differs
from the standard bremsstrahlung one, which occurs in amorphous materials.
The periodic motion inside the lattice leads to the coherent emission of
photons, whose features depend strongly on the charged particle initial energy:
the spectrum nature varies from the electric dipole one, occurring when the
incident electron or positron has a low initial energy (∼ 100MeV), which leads
to the emission of soft photons with quantized frequencies, to an undulator-
like behavior for energies up to few GeV and finally, for higher energies, to a
synchrotron behavior leading to the emission of hard photons.

For energies higher than few GeV, relativistic corrections have to be taken
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2 Introduction

into account; the interatomic electric field experienced by the impinging
electron in its rest frame is enhanced by a factor γ (the Lorentz factor), thus
reaching the Strong Field regime. In the SF regime also the pair production
cross section is modified, leading to an increase in the pair production rate
when the particle impinging the crystal lattice is a photon. As a net effect,
the Strong Field regime leads to an enhancement in the energy deposit, and
therefore to an acceleration in the electromagnetic shower development, that
can be seen equivalently as a reduction of the radiation length X0 of the
crystal, in comparison with amorphous media.

This thesis work has been performed in the framework of the STORM
(STrOng cRystalline electroMagnetic field) collaboration, whose main task
was to study the acceleration of the electromagnetic shower in a 4.6X0

PbWO4 crystal in the Strong Field regime, measuring directly the light
output produced by the crystal under test.

In the first chapter of this thesis, a theoretical treatment of the effects
induced by the crystal lattice on an impinging particle will be provided. After
a brief introduction on the crystal structures, the channeling phenomena will
be treated in detail. Then, the Standard Bremsstrahlung radiation emission
process will be introduced, followed by the Coherent Bremsstrahlung one,
induced by the lattice structure. The second part of the chapter focuses on
the main topic of this thesis: the Strong Field regime. It will explain the
underlying mechanisms that lead to the enhancement of photon emission for
incident ultra relativistic electrons and positrons, as well as the increase of
the pair production cross section in case of impinging high energy photons.

The second chapter will start with a brief introduction on calorimetry; in
particular, the main parameters needed to characterize the energy containment
of a calorimeter will be introduced. Moreover, it will be discussed how
these fundamental parameters change in case of an oriented electromagnetic
calorimeter, thus opening the way for the development of a compact next-
generation electromagnetic calorimeter based on oriented crystals. Then,
the experimental techniques, exploited by the collaborations preceding the
STORM one, will be presented and their main results will be analyzed. In the
second half of the chapter, several future applications of the crystal physics
will be discussed, with a particular emphasis on the crystal-based calorimeters.

The third chapter will describe the beam facility and the experimental
layout exploited during the STORM 2022 beamtest, which took place on
the CERN H2 extracted beamline. In the second part of the chapter, all the
components of the experimental setup will be presented and their performances
will be discussed in detail. Moreover, the main features of the PbWO4 crystal
samples will be introduced, as well as their light readout system based on
Silicon PhotoMultipliers.
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The fourth chapter will present the preliminary analysis. In the first
part of the chapter, the beam angular divergence will be computed and the
offline alignment of the two silicon microstrip telescopes, forming the tracking
system, will be performed. Moreover, the last part of the setup, that is the
calorimeter consisting of 7 lead glasses, will be calibrated and characterized
in terms of lateral energy loss with the help of the Geant4 toolkit. In the end
of the chapter, the beam purity will be analyzed.

The final chapter is dedicated to the PbWO4 characterization as a function
of the lattice-to-beam orientation, from the crystal alignment procedure to
the study of the PbWO4 response during the transition from the random to
the axial orientation. The last part of the chapter focuses on the enhancement
in the energy deposit due to the Strong Field effects and the consequent
radiation length reduction.





Chapter 1

Crystal physics

When a beam of charged particles hits a solid target, many physical phe-
nomena occur (e.g. ionization processes, electromagnetic radiation emission,
Coulomb scattering) that modify the spatial and energy distribution of the
incident beam. If the target material does not feature an ordered structure,
such as a crystalline lattice, the physical processes are independent on the
target orientation with respect to the beam and their cross section depends
strongly on the density and the atomic number of the material, as well as on
the incident energy.

On the other hand, if the solid exhibits a periodic structure (e.g. crystalline
lattice), the beam trajectory and the energy loss distribution become strongly
dependent on the lattice-to-beam orientation. J. Stark in 1912 realized that
there are privileged channels in crystalline materials where protons and
heavy ions can pass through and stop at much deeper depths, compared to
amorphous materials (i.e. the ones without an ordered and periodic structure).
This phenomenon, called channeling, occurs because the charged particle
undergoes small-angle collisions losing a smaller amount of energy.

This discovery led the scientific community to wonder how a beam of
charged particles interacts with an ordered crystalline structure. In the 1960s
Lindhard published an extensive work on this topic [1], demonstrating that
charged particles impinging on a crystalline medium with a small angle with
respect to the crystallographic directions (planes or axes), can be trapped
in these specific crystalline channels. In particular, the periodic interatomic
potential of the crystal lattice modifies strongly the particle trajectory.

Moreover, a particle decelerating by means of the electromagnetic interac-
tion with the solid atoms, emits electromagnetic radiation via bremsstrahlung.
If the target material is amorphous, the resulting photon spectrum is the
sum of the uncorrelated interactions with the solid atoms. In presence of a
crystalline target, also the radiation spectrum is affected; the contributions
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6 Crystal physics

from individual collisions with atoms can coherently sum leading to a high
intensity emission of photons with specific energies. Depending on the ini-
tial particle energy, different physical processes can occur, resulting in the
emission of channeling radiation and coherent bremsstrahlung [2]. For light
particles such as electrons, the coherent effects increase the probability of
photon emission and consequently the bremsstrahlung cross section [2]. These
effects can be explained in the framework of classical physics for energies in
the MeV - few GeV range. For higher energies, relativistic corrections are
needed. In fact, the electric field experienced in the rest frame of the incident
particle is increased by a factor γ (the Lorentz factor), and the Strong Field
regime (SF) is reached [3].

In the Strong Field regime, an electron interacting with the lattice emits
synchrotron radiation with a high intensity in the hard part of the spectrum.
The SF effect modifies also the pair production process for an impinging
photon, despite its charge neutrality, resulting in an enhancement of the pair
production cross section. The enhancement in the photon radiation and pair
production modifies the electromagnetic shower development in a crystalline
material oriented with the beam direction, resulting in a reduction of the
interaction length X0 (the scale-length of the electromagnetic interactions
between the incident particle and the atoms of the target, as it will be
explained in subsection 1.3.1).

The first part of this chapter focuses on the crystalline structures and
introduces the mathematical formalism of the Bravais lattices. In the second
part of the chapter the channeling processes will be treated, with particular
attention on the radiative loss phenomena for a charged particle in an oriented
crystal. The third part of the chapter gives a theoretical background of the
Strong Field effects, focusing on the enhancement of the radiative losses for
charged particles and the pair production for photons.

1.1 The crystalline structures

Before studying the physical processes which occur in a crystal lattice, a
formal treatment of the periodic crystalline structures is needed. A crystal is
characterized by a highly periodic and ordered structure, called crystalline or
Bravais lattice [4].

The crystalline structure is characterized by the symmetry under discrete
spatial translation. The step of this discrete symmetry is defined by the unit
crystal cell that constitutes the building block of the lattice; its extended
repetition in space forms the crystalline periodic structure. The translation
from one fundamental unit to another is defined by the following equation:
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r = a1â1 + a2â2 + a3â3 (1.1)

where (â1, â2, â3) are the so called primitive vectors. They are unit vectors
pointing at different directions, not necessarily orthogonal between themselves,
and spanning the whole crystal structure. If the unit cell is not represented
by three orthogonal versors, the versors themselves would not be linearly
independent and thus the choice of (â1, â2, â3) would not be unique. The
convention adopted here is the following: â1 corresponds to the shortest
lattice period, â2 to the shortest period and not parallel to â1, and â3 to the
shortest period and not coplanar with the first two unit vectors. (a1, a2, a3)
are integer numbers indicating the coordinates in the 3 dimensional space,
spanned by the versors. Furthermore, equation 1.1 identifies all the nodes, i.e.
the intersection points between one cell and another. All the possible nodes
locations in the 3-dimensional space define up to 14 Bravais lattices [4].

In the crystal lattice, subsets of atoms with a periodic structure can be
identified, as represented in figure 1.1 for the PbWO4 case. Among these
subsets it is possible to identify the crystal planes, whose geometrical locations
are described by the following equation:

a1
a1

+
a2
a2

+
a3
a3

= 1 (1.2)

where a1, a2, a3 represent the intersection points between the plane and
the axes defined by the primitive vectors.

Since ai ∈ Z,∀i ∈ {1, 2, 3}, equation 1.2 is satisfied if and only if 1/ai ∈
Q,∀i ∈ {1, 2, 3}, i.e. if:

n

a1
= h,

n

a2
= k,

n

a3
= l (1.3)

with n, h, k and l integers. Under these conditions, equation 1.2 becomes [4]:

a1h+ a2k + a3l = n (1.4)

The (h, k, l) triplet describes the spatial orientation of the plane and
varying the parameter n, all the parallel planes are found. In particular,
(h, k, l) are called Miller indices [4] and the following notation is employed in
this thesis:

• (h, k, l) denotes a plane, described by its corresponding Miller indices,
according to equation 1.4;

• [h, k, l] denotes an axis, namely the direction perpendicular to the
corresponding (h, k, l) plane;
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• < h, k, l > indicates the set of all the axes identical to [h, k, l], due to
the symmetries of the crystal structure such as the invariance under
rotation.

Figure 1.2 shows the Face Centered Cubic (FCC) lattice with some axes
and planes highlighted.

(a) (b) (c)

Figure 1.1: Three different points of view of the PbWO4 crystal lattice: in (a) the
lattice is arranged as an amorphous material, in (b) it is arranged in
planes, in (c) in Pb and W strings. In the crystal lattice oxygen is
neglected because its physical contribution to scattering processes is
irrelevant [5].

Figure 1.2: Face Centered Cubic (FCC) lattice with its main planes and axes,
identified by the Miller indices [6].
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1.2 The channeling effect

The existence of preferential channels along which charged particles can
penetrate deeply into the material [3] is in clear disagreement with the well
known behavior described by the Bethe-Bloch formula [7], for the energy
deposit in an amorphous solid.

Lindhard explained in his work [1] that charged particles, entering at
angles smaller than a certain critical angle, become trapped in a privileged
channel formed by two crystal planes or two axes.

The charged particle whose trajectory remains channeled in a potential
well interacts with fewer electrons than in an amorphous material, thus losing
less energy and penetrating deeper in the material itself. In fact, the particle
remains in the preferential channel (within certain limits that will be discussed
in this section), undergoing many small-angle collisions with the scattering
centers. Planar and axial channeling are treated below following Lindhard’s
footprints; both the physical phenomena will be treated in the continuous
approximation in order to obtain an analytic expression for the interatomic
potentials.

Furthermore, the channeling phenomenon is treated in a semiclassical
framework. This is possible when the quantized energy levels reach the
thermodynamic limit, i.e. when the occupation number N is >> 1. Since
N ∝

√︁
Mγ, where Mγ is the relativistic mass of the incident particle, the

semiclassical approximation holds for heavy ions at all energies. On the other
hand, it remains reliable for lighter particles such as electrons for energies
greater than 10-100 MeV [1].

1.2.1 Planar channeling

In the case of planar channeling, the interatomic potential in the continuous
approximation, U(x), depends only on the direction perpendicular to the
y − z plane and it is represented in figure 1.3. Its analytical expression is
given by the following equation:

U(x) = Ndpl

∫︂ +∞

−∞

∫︂ +∞

−∞
dydz V atom(x, y, z) (1.5)

where V atom(x, y, z) is the single atom potential, N the numerical density
of atoms, dpl the interplanar pitch and z the direction parallel to the plane.
The potential V atom(x, y, z) takes also into account the interatomic screening
effect. An explicit expression of this potential is given by the Fermi-Thomas
formula [1]:
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V (r) =
ZiZe

2

r
Φ
(︂ r

aTF

)︂
(1.6)

where Ze is the particle charge, r the distance between the atom and the
impinging particle, Zi the crystalline atomic number, aTF the Thomas-Fermi
screening distance (aTF = 0.8853aBZ

−1/3, with aB = 0.529). Moreover, Φ is
the screening function which takes into account the charge distribution of the
atoms [1]:

Φ
(︂ r

aTF

)︂
= 1−

(︂
1 +

3a2TF

r2

)︂−1/2

(1.7)

The effective planar potential, defined in equation 1.5, becomes:

Upl(x) = 2πNdplZiZe
2(
√︂
x2 + 3a2TF − x) (1.8)

In the channeling condition, the transverse momentum component px is much
smaller than the longitudinal one pz. In fact, planar channeling occurs when
px/pz ∼ θ ≪ 1, where θ is the angle between the plane direction z and the
particle one, as shown in figure 1.3(a). In other words, the channeling regime
is reached when the particle impinges onto the crystal almost parallel to the
atomic planes.

A charged particle crossing two parallel planes at such small angles expe-
riences the following potential:

U(x) ≈ Upl

(︂dpl
2

− x
)︂
+ Upl

(︂dpl
2

+ x
)︂
− 2Upl

(︂dpl
2

)︂
(1.9)

Corrections due to thermal vibrations need to be added to equation 1.9
when the particle trajectory approaches the crystal plane. In that case atoms
cannot be considered fixed but rather subject to thermal fluctuations.

In the channeling condition (θ ≪ 1), being E the total energy of the
particle entering the crystal, the following relation holds:

E =
√︁
p2xc

2 + p2zc
2 +m2c4 + U(x) ≈ Ez +

p2xc
2

2Ez

+ U(x) = Ez + Ex (1.10)

where m is the particle mass, c the speed of light, px and pz the transverse
and longitudinal component of the momentum, Ez =

√︁
p2zc

2 +m2c4 and

Ex =
p2xc

2

2Ez

+ U(x) =
p2zθ

2c2

2Ez

+ U(x) (1.11)
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For a motion in the potential U(x), the energy longitudinal component Ez

is conserved, thus the transverse energy Ex is conserved too. The conservation
of the quantity Ex presented in equation 1.11 defines the particle trajectory in
the (x, θ) plane; the trajectories are represented by a set of ellipses depending
on the value of Ex. On the other hand, in the 3 dimensional space the particle
motion is described by a helical trajectory, as shown in figure 1.4.

Figure 1.3: (a) Sketch of a particle crossing a crystallographic plane with a mis-
alignment angle θ with respect to the longitudinal plane direction (z).
(b) The particle is channeled by means of a potential well; the minimum
is in the middle of the planes in case of positive charged particles [5].

Assuming the channeling condition (px/pz ≪ 1), E ≈ Ez, p ≈ pz and the
transverse energy becomes

Ex =
pvθ2

2
+ U(x) (1.12)

The condition for the capture of the particle into the channel is:

pvθ2

2
+ U(x) ≤ U0 (1.13)

Assuming U(x = 0) = 0, the limiting angle, or Lindhard angle, of the
capture is

θL =

√︄
2U0

pv
(1.14)

where U0 is the potential well depth. For instance, for a (1,1,0) silicon
crystal, the Lindhard angle is θL ∼ 20 µrad at 100GeV while θL ∼ 7 µrad
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Figure 1.4: Monte Carlo simulation for a 180GeV/c proton planar channeling.
Blue lines indicate the atomic planes positions, black lines represent
the channeled particles orbits and the red lines indicate the dechanneled
particles [8].

at 1TeV [9]. Equation 1.14 shows that the critical angle decreases as the
square root of the energy; on the other hand the multiple scattering cross
section decreases as the energy of the incoming particles [7]. This implies that
the effects due to multiple scattering, which reduce the channeling efficiency,
become less important at high energy.

The multiple scattering in fact can remove the particle from the channel
as the particle approaches the crystal plane; the critical transverse position
at which the multiple scattering becomes predominant is computed as x =
dpl/2−aTF . With this assumption the critical angle, above which the particle
escapes from the channel, is computed as

θc =

√︄
2Umax

pv
(1.15)

where Umax is the potential maximum, which is reached at the plane position
itself (x = dpl/2) for positive charged particles and in the midpoint between
the two planes (x = 0) for negative charged particles (figure 1.5). Thus, for
negative charged particles the minima of the potential are located at the
planes position. The main consequence of this fact is that the potential leads
negative particles to collide with the nuclei, thus not favouring the channeling
phenomenon.
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Figure 1.5: Potential well experienced by a positive (a) and a negative (b) particle
channeled in <110> silicon planes [10].

1.2.2 Axial channeling

The potential generated by a string-like charge distribution smeared along
the z direction (figure 1.6) features a radial symmetry along the axis direction.
In the continuous approximation, the potential can be expressed as

U(r⊥) =

∫︂ +∞

−∞

dz

d
V atom(r⊥, z) (1.16)

Figure 1.6: (a) Deflected trajectory by a string potential. (b) Interatomic potential
U(r) with a cylindrical symmetry; φ is the azimuthal angle of the
trajectory [5].

where V atom(r⊥, z) is the potential of a single atom taking into account the
screening effect, z the position along the string direction, r⊥ the component
in the x− y plane of the particle position and d the interatomic pitch.

The string potential of equation 1.16 can be computed as [1]

U(r⊥) =
ZiZe

2

d
ln
(︂
1 +

3a2TF

r2⊥

)︂
(1.17)
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Thus, defining θ as the angle between z and the particle trajectory, it is
possible to make the following cylindrical change of variables:

θ =

√︃(︂dr⊥
dz

)︂2
+
(︂
r⊥

dφ

dz

)︂2
=
√︂
θ2r⊥ + θ2φ (1.18)

where the r⊥ and φ pedices indicate the radial and the azimuthal components
of θ. The particle motion is characterized by the conservation of two quantities:
the transverse energy E⊥ and the angular momentum J = pr⊥θφ.
The transverse energy E⊥ is computed in cylindrical coordinates as

E⊥ =
pv

2
θ2r⊥ +

J2

2mγr2⊥
+ U(r⊥) (1.19)

The effective potential in the transverse direction is defined as follows:

W (r⊥, θr⊥) =
J2

2mγr2⊥
+ U(r⊥) (1.20)

Depending on the value of E⊥, it is possible to distinguish different particle
trajectories:

• E⊥ ≪ U0; the particle is trapped into the potential well, in a rosette-
shaped orbit [11] around its axis: this condition is called hyperchannel-
ing [12] and it is represented in blue in figure 1.7;

• E⊥ ≲ U0; the particle is still trapped into the potential well, but thermal
fluctuations are strong enough to overcome the barrier and thus the
particle could have enough energy to move from one axis to another
(green line in figure 1.7);

• E⊥ > U0; the particle is unbound and thus free to move into the crystal
lattice, as depicted by the red line in figure 1.7.

Also in the case of axial channeling, positive and negative charged particles
show different behaviors. In fact, the minimum of the effective potential of
equation 1.17 moves farther from the axis, as the angular momentum J
increases for negative particles, and nearer for the positive ones.

Similarly to the planar channeling, a critical angle can be calculated for
the axial channeling (equation 1.15). Furthermore, the axial potential wells
are deeper with respect to the planar case, thus the axial channeling features
larger critical angles with respect to the planar channeling.

For instance the tungsten <100> axis features a well depth of ∼ 840 eV.
At 120GeV the critical angle is thus ∼ 110 µrad, which compared with the
planar critical angle is 2-3 times larger [5].

For further details the reader is referred to [1, 2, 13].



1.3 The electromagnetic radiative energy loss by a charged particle 15

Figure 1.7: Contour plot of the tungsten <111> axis potential in the plane perpen-
dicular to the axis direction (z). The crossmarkers indicate the string
positions. The different colored lines are referred to different particle
trajectories depending on the initial transversal energy [6].

1.3 The electromagnetic radiative energy loss
by a charged particle

Charged particles lose energy in matter primarily because of ionization and
radiation emission, which is known as bremsstrahlung. Such radiation results
from the deceleration of the charged particles, caused by the electromagnetic
interaction with the nuclei of the target material. Photon emission in an
amorphous solid depends on the uncorrelated interactions of the particle
with the solid atoms and thus coherent effects are absent. The first part of
this section will focus on the Standard Bremsstrahlung (SB) which occurs in
amorphous materials; then the modification of this phenomenon due to the
crystal lattice will be treated in detail. The channeling radiation and coherent
bremsstrahlung will be analyzed and finally the theoretical treatment of the
Strong Field regime will be presented.

1.3.1 Standard bremsstrahlung

The Standard Bremsstrahlung (SB) integral cross section, in the ultra-
relativistic limit and in the complete atomic screening approximation, is given
by [14]
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Φ(ν;E0) =
Z2αr20
E2

0ν
4

[︄(︂
E2

0 + E2 − 2

3
E0E

)︂
log
(︂
183Z

−
1

3

)︂
+

E0E

9

]︄
(1.21)

where ν is the emitted photon frequency, α ∼ 1/137 the fine structure
constant, E0 the initial particle energy, E the exiting particle energy, Z the
atomic number of the target material and r0 = e2/mc2 the classical particle
radius.
Several conclusions can be inferred from equation 1.21:

• the bremsstrahlung integral cross section exhibits a peak at low frequen-
cies, leading to a pronounced emission of soft photons, as presented in
figure 1.8;

• the photon emission cross section is strongly dependent on the atomic
number of the target material Z;

• since the cross section Φ(ν;E0) ∝ r20 ∝ (1/m)2, light particles, such as
electrons and positrons, are the only particles undergoing bremsstrahlung
till very high energies.

Figure 1.9 presents the lost energy fraction divided by the energy for an
electron (or positron) due to the different physical processes in lead, as a
function of the particle energy.
Three energy ranges can be identified [15]:

1. for energies below ∼ 10MeV, electrons primarily lose energy due to
ionization;

2. in the ∼ 10MeV − 1GeV range, radiative loss dominates over the
ionization one and it increases linearly with E;

3. for an energy above ∼ 1GeV, electrons lose energy primarily by means of
bremsstrahlung and the lost energy fraction becomes linearly dependent
on the incident particle energy.

At the energy equal to the critical one (Ec), the energy loss via ionization
is comparable to the one via radiative emission.

A semi-empirical expression for the electron critical energy for solids
(gases) is the following [15]:

Ec =
610(710) MeV

Z + 1.24(0.92)
(1.22)
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Figure 1.8: Spectral intensity of the radiation emitted by an electron impinging on
a Pb target, considering the whole cross section (solid line), the cross
section without the screening effect (dashed lines) and referred to H2O
(dotted dashed line). Φν is the cross section in units of Z2r20α. The
numbers refer to the primary energy E0 in units of mc2 [14].
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Figure 1.9: Fraction of the energy lost by an electron (or a positron), divided by
the energy, for different physical processes [15].

where Z is the atomic number of the target material. The other fundamental
quantity is the radiation length X0. It represents the distance that an
electron must cross in a material in order to lose all but 1/e of its energy via
bremsstrahlung. A rough estimation of this length is the following [15]:

X0 =
(716 g/cm2)A

ρZ(Z + 1) log(287/
√
Z)

(1.23)

where ρ, Z and A are the density, the atomic number and the mass number
of the target material, respectively.

1.3.2 Radiation formation length

The formation of the bremsstrahlung radiation is a physical phenomenon
which occurs in a finite amount of time, and thus space. This can be seen as
a consequence of the limited momentum transfer between the particle and
the scattering centers. In fact, this leads to an uncertainty in the longitudinal
spatial position of the charged particle due to the Heisenberg uncertainty
principle [16]. This space interval is known as the formation length (lf)
or coherence length. If some external agent disturbs the charged particle
dynamics during the formation period, the radiation emission process can be
altered [17].
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In particular a photon is considered free if separated from its parent by at
least one wavelength λ = 2πc/ω [16, 18], where c is the light speed and ω the
radiation angular frequency.

In fact, indicating the velocity of the incident electron as v, the radiation
formation length is computed as follows:

lf
v
− lf

c
=

λ

2πc
=

1

ω
(1.24)

In the relativistic limit, v → c =⇒ β ∼ 1− 1/2γ2, and this implies [18]:

lf =
2γ2c

ω
(1.25)

As a consequence of equation 1.25, photons at higher energies are formed
at shorter distances (and hence in a shorter time) [17], while more energetic
electrons emit a photon having a ℏω energy in a broader space interval.

For very high energy impinging particles, it is necessary to perform the
quantum correction substituting ω → ω′ (ω′ = ωE/(E − ℏω)) which takes
into account the recoil experienced by the electron due to the emission of
radiation [18].

However, if the electron dynamics is disturbed within the radiation forma-
tion length, the emission of electromagnetic radiation will also be altered. For
instance, at high energies or high densities, the Bethe-Heitler cross-section
for bremsstrahlung (and for pair production) needs to be corrected for the
Landau-Pomeranchuk-Migdal (LPM) effect [17, 19]. This effect involves the
partial suppression of soft photons when the trajectory of the electron, or
positron, is altered by multiple Coulomb scattering. Furthermore, if an inci-
dent electron crosses the crystalline lattice, it may happen that lf extends
over several interatomic distances along an axis or a plane. This can generate
various coherent effects in the radiation emission. The following sections will
show that coherent effects modify both the intensity and the spectrum of the
emitted radiation.

1.3.3 Channeling radiation

When an electron (or a positron) is channeled, the particle periodic
trajectory leads to a coherent emission of electromagnetic radiation called
Channeling Radiation (CR). The coherent features of such a radiation appear
when the radiation formation length is larger than a trajectory period inside
the channel.

The emission of channeling radiation is conditioned by the angular accep-
tance, dominated by the critical angle defined in equation 1.15.
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Therefore, the resulting radiation arising from the interaction of the
electron (or positron) beam with the lattice atoms, will be the convolution of
an incoherent spectrum due to the particles impinging at angles larger than
the critical one which produce SB radiation, and the coherent component.
The channeling radiation, depending on the initial particle energy, presents
different characteristics:

• for an electron with an energy below 100MeV, a quantum description
is needed because of the limited number of available energy states. It is
possible to approximate the particle with an electric dipole in the plane
transverse to the particle motion and its emitted radiation spectrum
shows quantized peaks, as presented in figure 1.10.

Figure 1.10: Experimental channeling radiation spectrum as a function of the
energy and the angle of incidence of the electron. Experimental data
are obtained with a 4MeV electron beam on a 0.5 µm Si crystal [20].

• Increasing the electron energy up to ∼ 100MeV - few GeV, the available
energy states are much more. The dipole approximation still holds but
a complete classical treatment of the radiation is allowed because the
thermodynamic limit of the occupation number of the energy states is
reached. In the channeling condition, up to these energies, the angles
between the particle trajectory and the crystallographic direction (θ,
with θ ≤ θc ∝ γ−1/2) are smaller than the opening angles of the light
cone (∼ 1/γ) produced by bremsstrahlung. Therefore, electromagnetic
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radiation will be emitted globally in the forward direction relative to
the particle trajectory, summing up coherently as it happens in an
undulator1 [21], as shown in figure 1.11(a). The channeling radiation
spectrum, as well as the undulator one, exhibits well-defined peaks at
specific harmonic numbers and it is presented in figure 1.11(b).

(a) (b)

Figure 1.11: (a) Working scheme of an undulator; the colored blocks are magnets
with alternating polarity, λu is the magnet pitch. The light cones are
emitted in the forward direction. (b) Channeling radiation spectrum
for a 6.7GeV positron incident parallel to the (110) plane in a silicon
crystal, rescaled to the SB value. Empty dots represent the experi-
mental data, while the solid line represents the theoretical curve [18].

• For energies greater than ∼ few GeV, the angular channeling acceptance
decreases and θc > 1/γ. In this case, the electromagnetic radiation
is no longer emitted in the forward direction relative to the particle
trajectory. The transverse particle motion of the charged particle can
no longer be approximated with an oscillating electric dipole. However,
the channeled particle features the same behavior of a charged particle
in a constant magnetic field. This leads to the emission of synchrotron
radiation [22]. Figure 1.12 presents the synchrotron radiation spectrum:
the harmonic peaks are no more present and the spectrum presents a
hardening at high energy.

1An undulator is an insertion device composed by dipole magnets with alternating
polarity.
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Figure 1.12: Synchrotron radiation spectrum as a function of the angular frequency
normalized to the critical value. As ω approaches the critical frequency,
an exponential decrease becomes evident [23].

The gamma rays emitted with frequencies that exceed the critical one
(ωc) feature an exponential suppression of their intensity (figure 1.12).
The critical frequency is computed as [22]:

ωc =
3cγ3

2R
(1.26)

where R is the curvature radius of the impinging particle. In the multi-
GeV energy domain, the classical treatment of the radiation emission
breaks down. In fact, in this high energy range, the electron (or positron)
recoil due to the photon emission becomes relevant. Schwinger pointed
out that when the radiated photon momentum becomes comparable to
the impinging electron one, the quantum effects are no more negligi-
ble [24]. A semiclassical method used to take into account the electron
recoil consists in the substitution ℏωc/E → ℏωc/E(1− ℏωc/E) in equa-
tion 1.26. However, a full quantum description here is needed to achieve
physical results.

For further details, the reader is referred to [18, 20–22, 24, 25].

1.3.4 Coherent Bremsstrahlung

Channeling radiation is intimately associated with a new type of electro-
magnetic radiation: coherent bremsstrahlung (CB). CB occurs when charged
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particles impinge on the solid lattice with angles extending beyond the critical
value, but small enough to use the continuous potential approximation. The
comparison between a positron trajectory generating CR and one generating
CB is presented in figure 1.13. It represents in a pictorial way the difference
between channeling radiation and coherent bremsstrahlung: the first features
its coherent effects thanks to the periodicity of the particle motion along
the crystallographic direction, while the latter coherent effects are due to
the positron transversal periodic trajectory. In this section electrons and
positrons will be considered as plane waves under the Born approximation [26,
27].

Figure 1.13: Two positron trajectories: (a) produces channeling radiation and (b)
coherent bremsstrahlung [26].

Under these conditions, the total CB differential cross section is computed
as [18]:

dσ

dℏωd3q

⃓⃓⃓⃓
N

=
dσ

dℏωd3q

⃓⃓⃓⃓
s

⃓⃓⃓⃓ N∑︂
i=1

e−iq.ri

⃓⃓⃓⃓2
(1.27)

where the subscript s indicates the cross section of the interaction between the
projectile and the single atom, and N refers to the CB cross section involving
the interaction between the impinging particle and the N -atom lattice. ri is
the spatial position of the i-th atom and q the electron recoil momentum.

For an amorphous material in the limit N → ∞, the summation on the
right hand side of equation 1.27 will be equal to N . This is true because all
double products arising from random phases cancel out. On the contrary, in
presence of a periodic crystalline lattice, the phases add up, producing the en-
hancement of the differential cross section. More precisely the aforementioned
summation becomes [18]:
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⃓⃓⃓⃓∑︂
ni

e−iq.r

⃓⃓⃓⃓2
=

N(2π)3

N0∆
|S(g)|2

∑︂
g

δ3(q − g) (1.28)

where N0 is the number of atoms in the unit cell of volume ∆, g the
reciprocal lattice vector2, and S(g) the lattice structure function [28].

Figure 1.14: Radiation spectrum from a 150GeV electron beam impinging on a
0.6mm Si crystal with different incidence angles with respect to the
(110) plane, rescaled to the amorphous values [18].

Equation 1.28 states that the differential cross section becomes appreciably
different from zero if the recoil momentum q is equal to a vector of the
reciprocal lattice g, i.e. when the wavelength of the emitted radiation is an
integer multiple of the direct lattice spacing of atoms [18]. As a consequence,
the emitted radiation spectrum features several peaks located at specific
energies of the outgoing photon (figure 1.14), whose values depend on the
lattice spacing, as mentioned above.

2The reciprocal lattice vector is obtained performing the Fourier transform of the
crystalline periodic lattice.
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1.3.5 Strong Field effect

A relativistic charged particle entering the crystal lattice will perceive,
along the direction parallel to the motion, the interatomic distances of the
lattice reduced by a factor 1/γ in its rest frame because of the Lorentz
contraction [29]. This fact, in case of a purely electric field, gives rise to the
following field transform law [29]:{︄

ε′∥ = ε∥

ε′⊥ = γε⊥
(1.29)

where ε∥ and ε⊥ are the components of the electric field parallel and orthogonal
to the particle trajectory in the laboratory frame, while ε′∥ and ε′⊥ are the
components in the particle reference frame. As a consequence of equation 1.29,
a particle traveling along the plane or axis direction of a crystal lattice
experiences a stronger electric field in the transverse direction.

If the electric field in the particle rest frame (ε′⊥) reaches the critical limit,
some exotic physical processes could happen. The critical electric field (εc) or
Schwinger electric field refers to a limit beyond which the electromagnetic
field is predicted to become non linear. In that case the quantum vacuum
will begin to produce real pairs of charged particles (e+/e− in QED), and the
vacuum itself becomes dynamic [30].

These phenomena are predicted by the quantum field theories; this thesis
focuses on what concerns the QED non linear effects. They become dominant
for electric fields higher than the Schwinger limit, expressed by the following
formula [18, 31]:

εc =
m2

ec
3

ℏe
∼ 1.3× 1018 V/m (1.30)

This value of the electric field is extremely high; consider that at these
orders of magnitude, a proton would reach the same energy produced by the
Large Hadron Collider (of the order of TeV) in a length of ∼ 1 µm. The
generation of such strong fields is out of reach in the modern experiments on a
macroscopic scale of lengths. They are present only in objects of astrophysical
interest such as supernovae, pulsars and magnetars [32, 33]; the latter features
a magnetic field exceeding the magnetic critical limit.

However, this limit has already been reached and exceeded on subatomic
scales. In the ATLAS experiment at CERN the first observation of a photon-
photon scattering process has been confirmed during the collisions between
lead ions, generating electric fields of the order of 1025 V/m [34] and allowing
the surrounding photons to scatter between themselves in the Strong Field
regime.
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Furthermore, if a charged particle impinging on a crystal lattice has a
Lorentz boost large enough, it could reach the SF limit for the ε′⊥ component.
The electromagnetic processes will be altered by the QED nonlinear phe-
nomena and matter/antimatter production discussed earlier. The parameter
χ allows to define the energy regions in which the Strong Field effects are
relevant. It is defined as [18]

χ =
γε⊥
εc

=
ε′⊥
εc

(1.31)

The effects of the Strong Field regime become evident for χ ≳ 0.1, while
they are dominant in the χ ≳ 1 range [2].

In his work, Baier [2] provided a rough estimate for χ as a function of the
main characteristics of the crystal lattice and the impinging particle:

χ =
U0γℏ

m2c3aTF

(1.32)

with aTF the Thomas-Fermi screening distance introduced in subsec-
tion 1.2.1. For instance, for an electron of 5.6GeV entering the PbWO4

<001> axis, χ ∼ 0.2, while for an electron of 120GeV χ ∼ 4 [35].
The transverse electric fields experienced by ultra-relativistic electrons

and positrons (with GeV energies) are treated under the Constant Field Ap-
proximation (CFA). Indeed, the charged particle follows a circular trajectory,
similar to the one experienced by a particle within a synchrotron. Following
the steps outlined by Sorensen, it is possible to estimate the angular aperture
between the beginning and end of a single circular stage of the motion in a
crystal lattice [25]:

∆θ =
U0

γmc2θ
(1.33)

being θ and ∆θ the incidence and the deflection angle and m the incident
particle mass.

As explained in subsection 1.3.3, the angular aperture of the particle
trajectory inside the lattice and the light cone angular spread define the type
of the emitted electromagnetic radiation. To characterize the SF one, it is
necessary to introduce the Baier angle [2, 18]:

Θ0 =
U0

mc2
(1.34)

For θ ≫ Θ0 (∆θ ≪ 1/γ) the radiation has a dipole nature, instead if
θ ≪ Θ0 (∆θ ≫ 1/γ) it has a synchrotron nature [18].
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Equation 1.34 outlines that the Baier angle does not depend on the initial
particle energy. In the high energy regime (GeV scale for e+ and e−), since
θc ∝ 1/

√
E, the channeling effects are typically suppressed by the Strong

Field one, governed by the Baier angle. Indeed typical values for the W
<111> axis are θL ∼ 100 µrad and Θ0 ∼ 1.2mrad for a 120GeV electron [5].

A quantum treatment of the SF radiation is available in [18] and a critical
frequency (ωc) for the synchrotron regime of the radiation is attained:

ωc =
χ

χ+ 1

E

ℏ
(1.35)

where χ is the Strong Field parameter and E the incident particle energy.
Figure 1.15 shows the SF radiation spectrum and its exponential suppression,
highlighting the quantum corrections due to the spin of the incident particle.

Figure 1.15: Intensity in arbitrary units of the radiation emitted in the Strong Field
regime (χ = 100) as a function of the fractional photon energy. The
solid line is the total spectrum, the blue dashed line is the intensity
profile without spin corrections and the red dotted dashed one includes
the spin corrections. At ξ = ξc = 100/101, the exponential suppression
starts [18].

1.4 Pair production

Another (quantum) electromagnetic phenomenon consists in the photon
conversion into e−−e+ pairs. This process, occurring in amorphous materials,
is known as Standard Pair Production (SPP). Unlike the radiative process
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of Bremsstrahlung, pair production is a threshold process; it is allowed
only for incident photon energies hν greater than twice the electron mass
(hν ≥ 1.022MeV). Its integral cross section is given by the Bethe-Heilter
formula, that, in the ultra relativistic limit and in the complete screening
approximation for the target material, reduces to [14]:

Φpair(E−; ν) =
Z2αr20
(hν)3

4
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+ + E2
− +
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)︂
log
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−
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3

)︂
− E+E−

9

]︄
(1.36)

where E−(E+) is the electron (positron) energy, hν the initial photon
energy with the constraint hν = E+ + E−; Z is the target atomic number, α
the fine structure constant and r0 the classical particle radius introduced in
subsection 1.3.1.
Equation 1.36 suggests the following observations:

• the SPP cross section and the SB one are related by the crossing
symmetry. Indeed the SPP cross section, except for a different numerical
prefactor, can be obtained from equation 1.21 swapping E0 → E− and
E → −E+;

• Φpair(E−; ν) is symmetric exchanging E+ and E−;

• in the low energy range for the incident photon (hν ≲ 50MeV), it is
more favorable that the daughter particles of the process (e+ and e−)
share the same amount of energy, as shown in figure 1.16(a);

• in the high energy range for the incident photon (hν ≳ 50MeV) it is
more probable that one of the two produced particles carries away the
majority of the initial energy (figure 1.16(a)).

It is necessary to emphasize that pair production becomes the dominant
physical process only at high energies. It is possible to distinguish three
energy regions for the incident photon:

• for energies hν ≲ 10MeV photons lose energy primarily via the Compton
and the photoelectric effect;

• for energies in the ∼ 10MeV − 1GeV range pair production becomes
the dominant effect, as shown in figure 1.16(b);

• for energies hν ≳ 1GeV SPP dominates and the lost energy fraction is
practically independent on the photon energy.
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The intensity of a photon beam impinging on a target material is reduced
to a factor of 1/e over a distance of 9/7X0, with X0 the radiation length of
the target introduced in subsection 1.3.1 [15].

1.4.1 Pair production in the lattice

The electric field, generated by the crystalline structure of a target material,
can interact with the incident photon despite its charge neutrality. In fact,
matter can interfere in the process while the e−/e+ pair is in a virtual state.
The formation length of the lepton-antilepton pair is computed as [18]:

lPP
f =

2γ2
pc

ω∗ (1.37)

where ω∗ =
ω

η+η−
and η± = Ee±/ℏω, being Ee± the positron and electron

energy, ω the photon angular frequency and γp = ℏω/mc2 being m the electron
mass. This last factor defines the average angular aperture of the emitted
pair (θpair ∼ 1/γp).

The enhancement of the pair production yield occurs when the emission
is altered within the formation length (equation 1.37) by the lattice potential.
This enhancement has a kinematic threshold (ℏωmin), which can be estimated
requiring the pair angular aperture to be smaller than the Lindhard angle [25]:

ℏωmin ∼ 2(mc2)2

U0

(1.38)

For the <100> PbWO4 axis, U0 = 464 eV thus ℏωmin ∼ 1.2GeV. A
pronounced increase in the pair production probability occurs when the
Strong Field regime is reached. A rough estimation of the SF threshold
energy for the impinging photon is provided by [18]

ℏωt ∼
√
2u1(mc2)2

U0λ̄c

(1.39)

where λ̄c = ℏ/mc is the Compton wavelength, and u1 the one-dimensional
thermal displacement of the lattice atoms.

Above this energy threshold and within the SF angular acceptance (θ < Θ0,
with θ the incidence angle of the photon with respect the crystallographic
direction), the enhancement of the Strong Field Pair Production (SFPP)
probability with respect to the SPP one grows upon a certain limit. In fact,
being Wp the Strong Field Pair Production probability per unit time, in the
limit χ ≫ 1 it results [2, 18]:
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(a)

(b)

Figure 1.16: (a) Integral cross section (in units of Z2r0α) for the pair production
process. E+−mc2 represents the positron kinetic energy, being m the
electron (positron) mass. The numbers above the curves indicate the
initial photon energy (in units of mc2) [14]. (b) Diagram illustrating
the dominant physical processes as a function of the initial photon
energy hν and the atomic number of the target Z. The solid lines
indicate the regions in the Z − hν plane where the different physical
processes have the same total cross section.
σf , σC and σp are respectively the total photoelectric, Compton and
pair production cross sections.
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Wp ∝
αmc2

ℏχ1/3
(1.40)

The probability Wp becomes lower than the SPP one once the energy reaches
the region where χ ≳ 10 [18]. On the other hand, in the limit χ ≪ 1, Wp is
exponentially suppressed. However, the maximum enhancement factor (ηPP

max)
is computed as follows [2, 18]:

ηPP
max =

Wmax
CFA

WBH

∼ U0maTFd

3Z2α2ℏ2 log
(︁
183Z−1/3

)︁ (1.41)

where WCFA is the probability per unit time of the SFPP process under the
Constant Field Approximation and WBH is the probability per unit time of
the SPP, obtained using the standard Bethe-Heitler formulation; aTF is the
Thomas-Fermi screening distance, d the lattice spacing, Z the target atomic
number and m the electron mass.

The factor ηPP
max typically reaches values up to ∼ 150 for photon energies

ℏω ∼ 100 ℏωt, which correspond to the multi-TeV energy region. For higher
energy the enhancement is self suppressed and WCFA decreases as 1/(ℏω)1/3,
according to equation 1.40 [18, 36].

Figure 1.17 shows the trend of the SFPP probability per unit distance as
a function of the incident photon energy, for different target materials.

For angles θ ≫ Θ0, the CFA breaks down. However, it is possible to
develop a perturbative treatment using the Born approximation that describes
the relative enhancement in the photon energy loss. Further details are pro-
vided in [2, 6, 18, 25, 27, 36].

In this chapter, several physical phenomena involving the interaction
between particles and the crystal lattice have been discussed, with a special
emphasis on the energy loss mechanisms of charged electrons (positrons) and
photons. The next chapter will explain how these physical phenomena allow
the development of compact electromagnetic calorimeters and how the new
generation crystal-based technology can be applied in the high energy physics
field.
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Figure 1.17: SFPP total probability for unit distance as a function of the incident
photon energy. The photon impinges along the <111> axis for C, Si,
Fe, and W and along <110> for Ge. The temperatures different from
the room one are indicated in brackets [2].



Chapter 2

Applications of crystals and
experimental techniques

The interaction between particle beams and crystalline structures is a
highly active and fascinating area of research for a variety of reasons. It not
only offers invaluable insights into the fundamental properties of matter but
also drives the development of technological devices for high energy physics.

This chapter deals with the experimental techniques used for the investi-
gation of the electromagnetic shower development within crystal lattices and
the technological application of oriented crystals.

The first part of the chapter will present the physical parameters needed
to characterize the development of an electromagnetic shower within matter.
Moreover, it will be explained how these quantities undergo modifications
when the target material is a crystal oriented with the particle beam direction.
Then, the main results obtained by the AXIAL (Axial and quasi-axial coherent
interaction between charged particle beams and crystals) and ELIOT (ELec-
tromagnetic processes In Oriented crysTals) collaborations will be presented,
followed by an overview of the goals of the STORM (STrOng cRystalline
electroMagnetic field) project. The chapter ends summarizing several possible
future applications of oriented crystals.

2.1 Electromagnetic showers in oriented crys-
tals

When a high energy particle interacts with matter, whether it is charged
(as in the case of electrons or positrons) or neutral (such as photons), it can
generate an electromagnetic shower in the target material. Electrons in the
electromagnetic shower generate photons via bremsstrahlung, which, if they

33
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have an energy large enough, can produce e−/e+ pairs. As the process unfolds,
the particles are generated with decreasing energies. When the involved
energies approach the critical energy, defined in equation 1.22, energy losses
due to non radiative processes become dominant, stopping the electromagnetic
shower development. If the beam impinges on an amorphous material or on
a not oriented crystal sample, the maximum number of secondary particles is
generated at a depth which can be approximated as follows [37]:

tmax = log
(︂E0

Ec

)︂
+ t0 (2.1)

where E0 is the initial energy, Ec the critical one, t0 a parameter depending
on the particle starting the shower (-0.5 for electrons, 0.5 for photons) and
tmax is expressed in units of X0. Another fundamental parameter in the field
of calorimetry, where destructive techniques are employed to measure the
energies of incident particles, is t95. This parameter represents the length in
units of X0 required for a calorimeter to contain 95% of the energy produced
in the electromagnetic shower and it is computed as follows [37]:

t95 ≃ tmax + 0.08Z + 9.6 (2.2)

where Z is the target atomic number. Typically, in calorimeters with a
thickness of ∼ 25X0, the shower longitudinal leakage beyond the end of the
detector is less than 1% up to incident electron energies of 300GeV [37].

On the other hand, the characteristic scale of the transversal spread
of an electromagnetic shower is given by the Molière radius (RM). The
Molière radius, as the radiation length, is a parameter which depends only
on the properties of the material the particle beam interacts with and it is
independent on the initial particle energy. 90% of an electromagnetic shower
is contained within an infinitely long cylinder with a radius equal to 1 RM ,
while 95% is contained within 2 Molière radii.

If the target is an oriented crystal, the development of the electromagnetic
shower has a different behavior. In such case, the enhancement in the energy
deposit due to the effects induced by the Strong Field regime leads to a
reduction in the shower length, as sketched in figure 2.1. The reduction of
the shower length can be seen equivalently as the reduction of the effective
radiation length with respect to the value obtained in the case of a randomly
oriented material. The X0 reduction could be exploited to design a new type
of compact electromagnetic calorimeter, composed of oriented crystals. In
fact, the main goal of this thesis is to estimate in a quantitative way the
X0 reduction for a PbWO4 crystal sample, tested during the STORM 2022
beamtest with a high energy electron beam. The results will be presented
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in subsection 5.2.3.

Figure 2.1: Sketch of the electromagnetic shower development in an amorphous
medium (top) and in a crystal aligned with the beam direction (bot-
tom) [5].

Moreover, as represented in figure 2.2, in the 1GeV-1TeV energy range
the tmax parameter, which in an amorphous material depends logarithmically
on the initial particle energy (equation 2.1), depends only weakly on E0.

Since tmax is almost independent on the incident particle energy, and
thus also t95, not only it will be possible to produce a compact calorimeter
(thanks to the reduction of the electromagnetic shower length), but also the
calorimeter thickness needed to contain the entire electromagnetic shower
will be practically independent on the incident energy.

Finally, the lattice-to-beam orientation affects primarily the first part of
the electromagnetic shower. After the first few radiation lengths, the angles
involved exceed the angular acceptance of the Strong Field regime (Θ0), thus
losing the coherent effects in the energy deposit processes. As a consequence,
the radiation length reduction will be more pronounced when the object
under test has a smaller longitudinal dimension, as it will be pointed out
in subsection 5.2.3. It must be emphasized that this fact is not in contrast
with the possibility to develop an oriented calorimeter: particles crossing
thinner crystals experience a greater enhancement in the energy deposit
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Figure 2.2: Simulated energy deposit in a crystalline tungsten medium aligned
with the <111> axis, normalized to the primary particle energy, as a
function of the material depth, for different types of incident particles
and different energies [38].
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because the emitted secondary particles do not have space enough, within
the target material, to exit from the angular acceptance of the SF effects;
nevertheless also in thicker oriented crystals the e.m. shower will undergo an
acceleration in its development in the first radiation lengths, thus leading to
a better longitudinal containment of the energy and a X0 reduction.

The main aspects and parameters characterizing the development of an
electromagnetic shower, in amorphous and oriented materials, have been
introduced. The next sections will present the main collaborations that have
investigated and are investigating the Strong Field effects in crystals.

2.2 Experimental techniques and main results

It is well known since the 1950s that the crystal lattice may strongly
modify both the pair production cross section and the bremsstrahlung emission
spectrum [39, 40]. A theoretical overview of these physical phenomena has
already been provided in the first chapter. The following sections will present
the state of the art of the experimental techniques used to investigate such
effects. The main experimental results will be examined with a particular
focus on the STORM project, that is the framework in which this thesis has
been performed.

2.2.1 The AXIAL/ELIOT collaboration

The first preliminary tests on a 4mm (0.45X0) thick PbWO4 crystal sample
have been performed during the 2017-2018 beamtests. The experimental
investigations took place at the CERN North Area H2 and H4 extracted
beamlines and at the DESY T21 beamline [35, 41].

The main purpose of the AXIAL and ELIOT collaborations, two INFN
(Istituto Nazionale Fisica Nucleare) projects of the CSN5 (Commissione Sci-
entifica Nazionale 5), was to estimate the acceleration of the e.m. shower
development due to the Strong Field effects induced by the crystal lattice
of the PbWO4, a high-Z crystal widely used for the development of elec-
tromagnetic calorimeters. The experimental setup exploited in the CERN
North Area is depicted in figure 2.3. The trigger was generated by two plastic
scintillators (S1-2). The two microstrip telescopes (SD1-2), whose features are
described in subsection 3.2.2, reconstructed the impinging electron trajectory
while the PbWO4 sample was mounted on a high precision remotely controlled
goniometer, whose performances will be presented in subsection 3.2.5. The
multiplicity counter (SD3) estimated the number of charged particles gener-
ated in the crystal sample, which were swept away by the bending magnet
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(the white triangle in figure). The surviving photons interacted with the
downstream electromagnetic calorimeter (γ CAL), depositing their energy.
The scintillation light produced in the PbWO4 crystal under test was readout
by a Silicon PhotoMultiplier (SiPM).

Figure 2.3: Experimental setup used during the tests on a 4mm thick PbWO4

crystal at the CERN North Area: S1-2 represent the two plastic
scintillators for the trigger generation, SD1 and SD2 the two tracking
telescopes, SD3 the multiplicity counter, the white triangle the bending
magnet, while γ CAL is the downstream electromagnetic calorimeter.
Figure from [41].

Figure 2.4 shows the calorimeter spectra obtained collecting all the pho-
tons originated in the PbWO4 crystal when 120GeV electron beams impinged
on it, in three different lattice-to-beam orientations. In the random configura-
tion (when the beam was not aligned with any crystallographic direction of
the lattice), the energy spectrum decreases, according to the Bethe-Heitler
formulation of the e.m. radiation emission by a charged particle.

On the other hand, in axial and planar alignment the calorimeter spectrum
was strongly modified: the photon spectrum, in both cases, showed a hardening
in the high energy region. This confirmed that the development of the
electromagnetic shower undergoes an acceleration along a crystalline axis or
plane.

2.2.2 The STORM project

The promising results obtained from the collaboration in 2017-2018 have
led to another project called STORM. STORM was a two year project, started
in 2021, which aimed at further investigating the PbWO4 performances when
oriented with the beam direction. During the beamtest performed in August
2021 by the STORM team at the CERN North Area H2 beamline, two PbWO4

crystal samples with a thickness of 1 and 2 X0 were tested. The experimental
setup is sketched in figure 2.5. The two scintillators (S1+S2) generated the
trigger when crossed by a particle. The two telescopes (T1 and T2) were used
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Figure 2.4: Experimental and simulated calorimeter spectra with 120GeV electron
beams in three different orientations: random, axial (the beam was
aligned with the <001> axis) and planar (the beam was aligned with
the (100) plane). Figure edited from [41].

for the particle tracking, to measure the misalignment angle with respect to
the crystallographic direction. The crystal sample under test was mounted
on a high-precision goniometer and the scintillation light was readout by
SiPM matrices, whose main properties will be presented in subsection 3.2.4.
Moreover, the multiplicity of the electrons and positrons generated in the
interaction of the beam with the crystal was measured by a plastic scintillator
used as a multiplicity counter (MC): the MC output was exploited to estimate
the enhancement of charged particles production within the oriented crystal
samples. The generated particles crossed the first beam chamber (BC1) and a
bending magnet (BM) which swept away the charged particles. The remaining
photons crossed the second beam chamber (BC2) and interacted with the
downstream electromagnetic calorimeter (GENNI), depositing their energy.
Further details on the experimental setup are available in [5].

Both the crystal samples in axial lattice-to-beam orientation showed a
substantial enhancement in the energy deposit, readout directly by the SiPM
matrices. Figure 2.6 shows the SiPMs spectra, for different lattice-to-beam
angles, for the 2X0 sample. The spectrum acquired in axial orientation (i.e.
when the beam was perfectly aligned with the <001> crystal axis), was
∼ 3 times larger than the one acquired in random orientation. Moreover,
the random spectrum and the axial one differ in shape: the former can be
described by a Landau distribution while the latter by a Gaussian curve [5]. A
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Figure 2.5: Experimental setup used during the 2021 STORM beamtest: S1+S2
are the scintillators used for the trigger, T1 and T2 the silicon telescope
modules of the tracking system, MC the scintillator readout by a PMT
used to count the multiplicity of the crossing particles, BC1 and BC2
are the beam chambers in the midst of which the bending magnet (BM)
was used to sweep the charged particles. In the downstream part of the
setup an electromagnetic calorimeter (GENNI) was present. Figure
from [5].

comprehensive treatment regarding the experimental results obtained during
the STORM 2021 beamtest is available in [5, 6]. During the last STORM
beamtest, which took place in August 2022 at the CERN H2 extracted
beamline, another PbWO4 crystal (4.6X0 thick) was tested. The experimental
setup and the data analysis are the main subject of this thesis and they will be
discussed in the next chapters. The main task of the STORM 2022 beamtest
was to further investigate the acceleration of the e.m. shower development in
an oriented crystal, quantifying analytically the reduction of the radiation
length due to the effects induced by the crystalline structure in the Strong
Field regime, and thus evaluating the feasibility of a calorimeter composed
by PbWO4 crystals oriented with respect to the particle source. Moreover,
the data analysis will be supported by the Monte Carlo simulation toolkit
Geant4 [42] (details in Appendix A).

2.3 Oriented crystals applications in physics

Oriented crystals exhibit unique properties that make them ideal for the
development of technological devices for high energy physics and astrophysics.
The following sections will present a few possible future applications of oriented
crystals. The development of such technologies is still underway, as further
tests are required to:

• expand the knowledge on the underlying physical phenomena which
occur in crystal lattices when they are oriented with a particles source;
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Figure 2.6: Normalized energy spectrum readout by one of the SiPM matrices.
Different colors correspond to different lattice-to-beam orientations:
the angles are shown in the figure label and they are expressed in units
of the Baier angle [5].
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• obtain the parameters required by the simulations to improve their
capability to reproduce the experimental outcome;

• find an efficient system capable of aligning the particle source with the
required crystallographic direction with high precision.

2.3.1 A positron source for the future e+/e− colliders

Despite their small center of mass energy, lepton-antilepton colliders are
well suited for high precision measurements of the Standard Model (SM)
mechanisms, given that the colliding particles are elementary thus offering
a very clean collision environment [43]. An efficient positron source is a key
element in the design of a e+/e− collider. While the electrons can be stripped
from hydrogen atoms, the production of antiparticles is a more challenging
task. The current scheme, typically used for the production of positrons
to be injected into the accelerating system, is depicted in figure 2.7(a). It
consists in a thick (several X0) target material with high-Z and high-density,
such as tungsten, within which an impinging electron starts an e.m. shower:
photons are produced via bremsstrahlung and in turn create electron-positron
pairs. Positrons are then selected with bending magnets and injected into
the accelerating system. However, this conventional method for the positron
production presents several drawbacks caused by the high thermal dissipation
of the energy deposited within the target and by the material damages induced
by the high radioactivity [44]. Moreover, the target heating due to the high
intensity of the electron beam impinging on the target itself is not uniform
along the beam direction. In fact, the maximum number of particles is
generated along the e.m. shower at a depth into the material equal to tmax

(equation 2.1). As a consequence, the energy deposit is not uniform along
the target material thus resulting in a temperature gradient [43]. As already
observed in the SLC (SLAC Linear Collider) target, the temperature gradients
cause mechanical stresses that may break the target itself [45].

Given the severe issues related to the heating of the target and its becoming
radioactive, the conventional method for the positrons generation is not
suitable for the future high intensity lepton-antilepton colliders, such as
the FCC-ee (Future Circular Collider) one1 [46]. Nowadays, a new type of
positron source based on oriented crystals is under study. This new technology
exploits a working scheme composed of two stages: a crystal-based radiator
which generates photons and a conventional high-Z and high-density photon
converter for the positrons production.

The working scheme of such a hybrid positron source is represented in
1For the FCC-ee a positron bunch intensity of 2.1× 1010 particles is required.
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figure 2.7(b). As previously described, when an axis or a plane of the crystal
radiator are oriented with respect to the electron beam direction, the emission
of radiation undergoes an enhancement due to channeling radiation and
coherent bremsstrahlung, thus improving the positrons production in the
second stage. Moreover, separating the radiator from the converter, the
thermal dissipation and thus the mechanical stresses are attenuated [43]. The
crystal-based positron source can be further optimised inserting between the
radiator and the target converter a collimation system (figure 2.7(c)) or a
bending magnet (figure 2.7(d)). The former can be used to cut the beam
tails while the latter to sweep away all the charged particles from the target
converter angular acceptance [47]. The e+BOOST (intense positron source
Based On Oriented crySTals) italian project is a two year Italian collaboration
funded by MUR (Ministero dell’Università e della Ricerca), which will test the
feasibility of a crystal-based positron source for generating intense unpolarized
positron beams. This new positron source could be potentially employed in
the Future Circular Collider project.

2.3.2 OREO

The OREO (ORiEnted calOrimeter) INFN project, started in 2023, rep-
resents the continuation of the STORM one, and focuses on the investigation
of oriented PbWO4 crystals. The OREO project aims not only at improving
the study of the performances of PbWO4 crystals but also at assembling a
prototype of a homogeneous electromagnetic calorimeter composed of oriented
crystals. OREO will develop a prototype of a PWO-UF (PbWO4 Ultra Fast)
calorimeter, as presented in figure 2.8.

It consists in [48, 49]:

• a 3× 3 array of 5X0 PbWO4 crystal samples with a transverse area of
2.5× 2.5 cm2 [6], which will have the <100> crystal axes aligned with
the beam direction;

• a conventional 3× 3 array to contain completely the electromagnetic
shower.

Despite the promising results of the preliminary studies on PbWO4 crystals,
which unequivocally demonstrate the acceleration of the development of the
electromagnetic shower within the crystals themselves, the construction of
a prototype calorimeter based on these oriented crystals presents technical
issues that need to be overcome. The biggest challenge lies in the simultaneous
alignment of 9 crystals, which must have the same lattice-to-beam angle. In
order to achieve such an alignment the crystals should be glued together
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Figure 2.7: (a) Conventional positron source, consisting in a high-Z, high-density
material within which an e.m. shower generates positrons. (b) Hybrid
scheme for the positron generation: an oriented crystal works as a
radiator while an amorphous target-converter generates an e.m. shower.
(c) Hybrid positron source optimized with collimators and (d) with a
bending magnet. Figure from [47].
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Figure 2.8: Schematic representation of the OREO prototype. The first five ra-
diation lengths will be covered by a 3× 3 matrix of oriented crystals
while the downstream stage is composed by not oriented crystals (in
random orientation).

with their <100> axes aligned between themselves, and then placed inside a
plastic holder in order to prevent misalignments caused by external agents [6].
During two different beamtests the OREO collaboration tested two crystal
arrays: a 3× 1 row and a 2× 2 matrix. Highly encouraging results on the
feasibility of the simultaneous alignment of more crystal samples have been
obtained; the data analysis is being performed to publish the first results.

2.3.3 High energy physics and satellite-borne calorime-
ters

Electromagnetic calorimeters are devices widely used in high energy
physics. The employment of oriented crystals for the development of electro-
magnetic calorimeters would bring several advantages, the main one being the
reduction of the material budget required to fully contain an electromagnetic
shower, as explained in section 2.1. Moreover, such next-generation crystal
based calorimeters would also improve the effective performances with respect
to the current-generation ones. For instance, the reduction in the shower
length in oriented crystals would improve the crystal-based calorimeter energy
resolution, that will be briefly introduced in subsection 4.2.3, thanks to a
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better longitudinal energy containment.
Another aspect that makes the crystal technology appealing for the devel-

opment of the next-generation e.m. calorimeters is that it could improve the
discrimination efficiency between charged leptons and charged hadrons and
between photons and neutral hadronic particles (e.g. neutrons). In fact, the
coherent effects induced by the crystal lattice affect only the electromagnetic
processes and not those mediated by the strong force. As a net effect, the
radiation length X0 is reduced by the lattice orientation while the nuclear
interaction length λint, i.e. the longitudinal scale of the inelastic hadronic
processes, is unaffected by the lattice orientation.

Since only the energy deposit of the first radiation lengths crossed by an
incident particle is influenced by the lattice-to-beam orientation, as explained
in section 2.1, the prototype of a calorimeter based on oriented crystals, able
to perform particle identification would feature a hybrid design: the first
radiation lengths would be covered by a layer of oriented crystals aimed at
performing the discrimination between hadrons and leptons, followed by a
stage of several radiation lengths of thickness, consisting in an e.m. calorimeter
composed by not oriented crystals to measure the initial particle energy.

The working scheme of such a hybrid calorimeter, capable to perform the
lepton-hadron discrimination, coincides with the OREO one, presented in
figure 2.8.

However, the OREO second stage, composed by an e.m. homogeneous
calorimeter, is not ideal to perform an efficient particle identification since
it provides a limited information on the longitudinal development of the
electromagnetic shower. A possible improvement would consist in replacing the
second stage of the hybrid calorimeter with a "sampling-like" e.m. calorimeter,
composed by not oriented crystals, as sketched in figure 2.9. Such a calorimeter
would allow to reconstruct the shower profile, with an accuracy determined
by the longitudinal and transverse sampling pitches, further improving the
discrimination efficiency between different types of particles.

Since their improved capability to fully contain an electromagnetic shower,
the crystal based electromagnetic calorimeters are well suited also for the
development of satellite-borne γ-ray detectors, whose working scheme is
depicted in figure 2.10:

• the impinging photon hits high-Z and high-density conversion foils
within which it undergoes pair production. Silicon detectors reconstruct
the electron and positron tracks, allowing to determine the opening
angle between the pair of charged particles and thus the γ direction;

• a calorimeter is used to measure the energy of the electron-positron
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Figure 2.9: Schematic representation of a next-generation e.m. sampling calorime-
ter: the first 4 radiation lengths would consist in a layer of oriented
crystals aligned with the particle beam, while the following layers in a
"sampling-like" e.m. calorimeter not oriented with the beam. Figure
from [48].
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pair, generated in the conversion foils, and thus to compute the initial
photon energy;

• the telescope module is surrounded by segmented tiles of plastic scintilla-
tors working in anti-coincidence mode, in order to reject the background
of charged particles2.

Figure 2.10: Working scheme of a γ-ray satellite-borne detector.

The current most performing satellite-borne γ-ray detector is the Fermi
Large Area Telescope (LAT) [51] (figure 2.11). It consists of 16 telescope
modules, each one made of W converting foils and silicon tracking detectors,
followed by a 10X0 CsI electromagnetic calorimeter [50].

A possible improvement to the operating scheme of a satellite-borne
telescope could be the use of tungsten crystalline conversion foils and a source-
pointing calorimeter based on oriented crystals. This choice would yield the
following benefits [53]:

• the crystalline lattice of the W conversion foils, when perfectly aligned
with the γ source, would enhance the pair production rate, according
to the theoretical framework presented in subsection 1.4.1;

2The typical value of the charged cosmic rays background flux experienced by a low-orbit
γ-ray telescope is ∼ 105 times larger than the γ one [50].
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Figure 2.11: Illustration of the Fermi telescope in orbit around the Earth [52].

• the acceleration of the electromagnetic shower development in the
electromagnetic calorimeter, when aligned with the γ source, would lead
in a better energy containment thus reducing the longitudinal energy
loss due to the finite length (in units of X0) of the calorimeter, with the
improvement of the calorimeter energy resolution;

• the employment of oriented crystals would lead to a better photon-
hadron discrimination.

Such a crystal-based telescope may be employed to further investigate the
unidentified Fermi γ-ray sources and multimessenger sources, as well as to
point the galactic center for the dark matter decay lines detection [53].

In this chapter, the main aspects regarding the feasibility of the oriented
calorimeters development have been discussed, including the key experimental
results obtained from the collaborations preceding the STORM one, and the
potential practical applications of such next-generation technology. The next
chapter will introduce the beam facility and the main components of the
experimental layout exploited during the STORM 2022 beamtest.
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Chapter 3

STORM 2022 Beamtest

To explore the development of electromagnetic showers in oriented crystals,
an appropriate scintillating crystal sample and a light detection system
are essential. They have to be tested on a particle beam to measure the
performance and the improvement with respect to a calorimeter consisting of
not oriented crystals. This chapter will focus on the facility where the tests
have been performed describing all the elements of the setup.

3.1 The CERN North Area

The beamtest took place in August 2022 in the CERN North Area to
investigate coherent effects in crystals (such as the Strong Field ones). CERN
is the largest and most important laboratory for high energy physics in the
world, located along the Swiss-French border. The CERN accelerator system
is presented in figure 3.1 and consists in several stages:

• the Linac4, a linear accelerator that accelerates hydrogen H− ions up
to 160MeV;

• the Proton Synchrotron Booster (PSB) in which the protons, obtained
from the H− atoms, are injected and accelerated up to 2GeV;

• the Proton Synchrotron (PS), that increases the energy up to 24GeV;

• the Super Proton Synchrotron (SPS), which is a 7 km diameter acceler-
ator, with 1317 hot (not superconducting) magnets. The SPS increases
the energy up to 450GeV [54];

• the Large Hadron Collider (LHC), a 27 km ring where protons are
accelerated up to 7TeV for physics collisions.

51
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Both the PS and the SPS provide particles to extracted beamlines for
detector tests and physics experiments. In particular the SPS has 6 extracted
lines, two of which feed the NA62 and COMPASS experiments. The remaining
ones are the H2, H4, H6 and H8 beamlines which are located in the Exper-
imental Hall North 1, on the French site, more precisely in Prévessin [55].
Even though the primary beam consists of protons, it is possible to produce
many other particle types. Along the acceleration lines, fixed targets of
different materials and thickness can be placed to allow protons interact
with matter and produce different particle types with different energies. The
collimators, located on the beamlines, allow to shape the beam, while dipoles
and quadrupoles allow to select the energy and type of charged particles.
For the 2022 beamtest, electron beams were selected, with an energy between
20 and 120 GeV. The beam was expected to have a high purity with an
acceptance ∆(p)/p = 2%, where p is the electron momentum and ∆(p) its
variation [56].
In fact the 2022 H2 beams were less pure, both in particle type and in energy
spectrum, as will be described in section 4.3.

3.2 The beamline layout

The beamline is presented in figure 3.2(a) while the schematic representa-
tion of the whole experimental setup is shown in figure 3.2(b).
The latter consists of:

• two plastic scintillators for the trigger system;

• two microstrip silicon detectors (T1, T2) for particle tracking;

• a uniform field bending dipole magnet, which allows to horizontally
sweep the charged particles of the primary beam, if needed;

• two PbWO4 crystal samples of 4.6X0 assembled very close to each other
along their longest side, coupled to Silicon PhotoMultipliers (SiPMs).
The crystals are mounted on a goniometer placed on a XSCA table,
both remotely controlled;

• seven lead glass calorimeters of the OPAL experiment readout by Pho-
toMultiplier Tubes (PMTs).
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Figure 3.1: CERN accelerating system [54].
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(a)

(b)

Figure 3.2: (a) Top view photo of the beamline in the H2 experimental area. (b)
Sketch of the experimental setup along the beamline. S1+S2 are the
trigger scintillators, T1 and T2 the telescopes for the tracking system;
the vacuum beam pipes (the gray cylinders) reduce the air multiple
scattering contribution. The rectangular frame represents the crystal-
SiPM setup, and the large cyan box the lead glass calorimeters.



3.2 The beamline layout 55

3.2.1 The trigger system

The trigger system is a fundamental part of the acquisition chain. The
system designed for the STORM beamtest has a dimension that allows to
select the central part of the beam in order to maximize the number of events
in the crystal area.
During the 2022 beamtest, the trigger system was composed of two plastic
scintillators (S1 and S2) in direct contact with the first telescope (T1) as
shown in figure 3.3. The scintillator thickness is 7mm and its section 4×9 cm2.
The first scintillator met by the beam has a hole in the center with the shape
of a slit, with a width of 3.5mm [5], in order to have the two scintillators
working in anticoincidence: the trigger is generated when there is no signal in
S1 and a signal in S2, defining in this way a trigger region corresponding to
the slit.

Figure 3.3: T1 telescope module, with the trigger system highlighted, consisting of
plastic scintillators readout by two PMTs (the black cylinders).

Furthermore at CERN particles are sent in bunches and the single bunch
is called spill. A single spill lasts about 4 s in a cycle of 20-45 s1. The
accelerator monitoring system provides the spill signal that is used in the

1The cycle duration depends on the machine settings and on the priorities among the
experiments.
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trigger generation to acquire particles only during the spill. Thus the trigger
is given by the coincidence of the spill with S1 ∧ S2, where ∧ denotes the
logic and.

3.2.2 The tracking system

The tracking system consists in two 300µm thick double-side silicon strip
detectors, with a sensitive area of 1.92× 1.92 cm2, produced by CSEM [57].
One module is shown in figure 3.4(a) and the main features are listed in
table 3.1. Such detectors allow a very good spatial resolution without intro-
ducing a too large contribution of the multiple scattering due to their small
thickness [58].

The telescope junction side (p+ side of the Si substrate) has 384 strips
with a readout pitch of 50 µm, while the implant pitch is 25 µm. Between two
readout strips there is a floating one, not readout by the electronics, with the
aim of improving the spatial resolution [59]. On the other hand the ohmic
side, perpendicular to the junction one, has 384 physical strips with a pitch of
50µm, with no floating ones, separated by p+ blocking strips. The depletion
voltage is in the range 36-54 V and the leakage current is ∼ 1.5-2 nA [60].
Each silicon module is readout by three VA2 ASICs, produced by IDEAS [61]
and shown in figure 3.4(b).

The VA2 ASIC is a 128 channel radiation tolerant integrated circuit built
with the 1.2µm N-well CMOS technology.
Each ASIC consists of:

• a low power folded cascode preamplifier;

• a CR-RC shaper;

• a sample & hold circuit to sample the analog signal and save its value
in a capacitor upon receiving the hold digital signal.

The analog signals are multiplexed on a single output line, with a clock with
a maximum frequency of 10MHz. The telescope silicon detectors are DC
coupled; for the AC coupling with the electronics, external quartz capacitors
are used.

The detector silicon tile and the ceramic hybrid (which houses the ASICs)
are mounted on a fiberglass support, as shown in figure 3.4(b). The fiberglass
support and the first part of the readout electronics are contained in an
aluminum box.

The frontend electronics of each detector is composed of the repeater
boards (one per side) and of the optocoupler board. The repeater board tasks
are the following:
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• biasing the tracking detectors and the ASICs;

• performing the initial signal conditioning;

• amplifying the multiplexed analog output coming from the hybrid.

The silicon detectors on the ohmic side do not have a ground level at 0V
but they are referenced to the bias voltage (in the range 18− 54V), in order
not to have a large potential difference across the coupling capacitor. For
this reason, optocoupler boards are used as level adapters: they shift the DC
level of the signals to and from the n-side of the junction.

The signals are then processed by the acquisition electronics. The readout
phase can be summarized as follows:

1. the analog sampled signals are sent to the ADC (Analog to Digital
Converter) boards. Each ADC board is located close to a telescope
and can read out up to 4 silicon planes with an AD9220 12 bit ADC
(Analog Devices [62]) [60];

2. the digitized signals are sent to the VME Readout Boards (VRBs)
as low-voltage differential signals. The digital signals are stored in a
dedicated buffer and sent to the Data AcQuisition (DAQ) PC by means
of the VME bus [63] in the interspill period. The VRBs are able to
operate in zero-suppression mode: only the strips with a signal larger
than a user defined threshold are stored [60].

3.2.3 PbWO4 crystal samples

Lead tungstate crystals are ideal detectors for electromagnetic calorimetry,
because of their large atomic number and density. Table 3.2 presents the
main physical properties of PbWO4.
The small values of the radiation length and the Molière radius allow to
build compact calorimeters, whose output, which is the scintillation light
emitted by the crystals, can be read out by photodetectors such as Silicon
PhotoMultipliers. Lead tungstate calorimeters are typically assembled in
random orientation. However, if the crystals strongest axes (such as <100>,
the axis under study in this thesis) were oriented with the beam direction,
particles would experience a stronger lattice potential with respect to the not
oriented configuration, as described in subsection 1.3.5. This effect makes
particles stop in a shorter distance, allowing to produce compact oriented
calorimeters. Table 3.3 presents the crystal properties while figure 3.5 shows
the PWO periodical crystal lattice, with superimposed two axes.
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(a)

(b)

Figure 3.4: Telescopes silicon detectors. (a) The telescope between two beam pipes
in the H2 experimental area. (b) The telescope silicon detector on the
fiberglass with the ASICs and coupling capacitors.
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Table 3.1: Main physical properties of the double side telescope [60].

Detector Double side
Manufacturer CSEM

Detector dimensions [cm2] 1.92× 1.92
Number of readout channels 384

Bulk thickness [µm] 300
Resistivity [kΩ·cm] > 4

Leakage current [nA/strip] > 1.5-2
Full depletion voltage [V] 36-54

p-side
Physical pitch [µm] 25
Readout pitch [µm] 50

Floating scheme yes
Spatial resolution [µm] ∼ 5 [60]

n-side
Physical pitch [µm] 50
Readout pitch [µm] 50

Floating scheme no
Spatial resolution [µm] ∼ 11.6 [60]

Table 3.2: Main physical properties of PbWO4 [64].

Radiation Length [cm] 0.8903
Pion interaction length [cm] 24.04

Molière radius [cm] 1.959
Z/A 0.41315

Density [g·m−3] 8.3
Light Yield (rel. NaI) [%] 0.3
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From table 3.3, it can be observed that the acceptance angle for the Strong
Field effect (Θ0) is of the order of 1mrad, which is the reason why a small
beam divergence is required.
Table 3.4 presents the properties of the crystals under test (figure 3.6).

Table 3.3: Main properties of the PbWO4 crystal [5, 6].
dlattice is the interatomic pitch, U0 the electromagnetic potential depth,
Θ0 the Strong Field angular acceptance, and SF threshold the energy
limit below which the effects of the Strong Field are negligible (see sub-
section 1.3.5).

axis <100> <001>
dlattice [Å] 5.456 12.020
U0 [eV] 464 420

Θ0 [mrad] 0.908 0.822
SF threshold (χ = 1) ∼ 30GeV ∼ 30GeV

Table 3.4: Main physical properties of the PbWO4 crystal samples under test. The
main axis considered in this thesis to study coherent effects is the <100>
one.

Axis <100>
Lattice geometry Tetragonal [10]
Thickness [mm] 41
Thickness [X0] 4.6

Transversal size [mm2] 30× 30
Surface mosaicity [µrad] 250
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Figure 3.5: Lead tungstate crystal lattice with its strongest axes highlighted
(<001>, <100>) [65].

Figure 3.6: Photo of the PWO crystal sample.



62 STORM 2022 Beamtest

3.2.4 The photodetectors

The light generated by the energy deposited in the PWO crystals is readout
by SiPMs. SiPMs can be defined as the last generation photodetectors.
They are composed by a matrix of pixels on a common substrate with a
common output, as schematically presented in figure 3.7. Each pixel is a SPAD
(Single Photon Avalanche Diode) that is a reverse biased diode operated in
Geiger mode. A SPAD is a digital device: an avalanche is generated whenever
one or more photons hit the detector itself. Thus the output signal does not
depend on the number of photons. On the other hand, a SiPM consists of
a matrix of SPADs connected to the same output. In this way the output
becomes proportional to the number of active pixels and thus to the number
of photons, but up to a certain limit of saturation: if more photons in fact hit
the same pixel, the output will be always the one of a single pixel. If the light
intensity is too large with respect to the number of cells, the proportionality
is lost. The number of fired pixels (Nfp) follows the following relation [66]:

Nfp = N
[︂
1− exp

(︂
− Nγ × PDE

N

)︂]︂
(3.1)

where N is the total number of pixels, Nγ the number of incident photons
and PDE is the Photo Detection Efficiency, namely the probability that the
detector produces an output signal in response to an incident photon. To
switch off the avalanche, a quenching resistor is added to each pixel (poly-Si
in figure 3.7).

SiPMs are highly performing detectors, and the main features that make
them attractive in a wide range of fields, such as particle and nuclear physics,
are the following [66, 68, 69]:

• they are operated at low bias voltages (below 50V for the newest
devices);

• they are insensitive to magnetic fields;

• they have a large intrinsic gain, of the order of 105 − 106;

• they have a high PDE defined as:

PDE = QE × Pt × εf (3.2)

where QE is the detector quantum efficiency, namely the fraction of inci-
dent photons which are converted into electrical signals by the detector,
Pt the probability that a free charged carrier starts an avalanche, and εf
the geometrical fill factor that is the ratio between the active area of the
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Figure 3.7: Schematic representation of a Silicon PhotoMultiplier detector, with
its main elements [67].

pixel and the overall one. Typical PDE values are 20− 50% depending
on the detector features and the incident radiation wavelength;

• they have a wide dynamic range;

• they have an optimal time resolution: nowadays, such detectors can
reach values of a few tens of ps.

As far as the limits of SiPMs are concerned, they can be listed as follows:

• limited linearity if the light source is too intense;

• a dark count rate, due to thermal agitation, that is typically in the
100 kHz - a few MHz range at the half photoelectron threshold [70]. To
reduce this noise term and maintain it constant, SiPMs can be cooled;

• the optical cross talk [71] that occurs when photons emitted during an
avalanche in one cell start a new avalanche in a nearby cell. To limit
these spurious events, trenches and grooves for the optical insulation of
the single pixel are used [72].

The photodetectors used during the 2022 beamtest are shown in figure 3.8;
the board2 houses 3 SiPM matrices model ARRAYC-60035-4P-BGA [73]

2Designed by E.Vallazza, INFN-Sezione di Milano Bicocca, Milano, Italy.
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produced by ONSEMI [74], whose main features are listed in table 3.5, while
its schematic is presented in figure 3.9. The single ARRAYC-60035-4P-BGA
has 4 individual C-series single sensors of 6mm× 6mm, arranged in a 2× 2
geometry. The C-series features low noise, high gain and low voltage sensors,
with 18980 35 × 35 µm2 pixels and a 20mA maximum current. It is a
blue-sensitive SiPM with a high gain in the UV-to-visible region [75].

Figure 3.8: STORM SiPM matrices; the signal of each matrix is coupled to a
100 nF capacitor and is taken to the readout system with a Hirose
connector [5].

All sensors are mounted on a PCB with the Ball Grid Array (BGA)
technology; all the anodes are connected to ground while all the cathodes of
a single matrix are connected together and to a high pass filter (C = 100 nF,
R = 50Ω that is the input impedance of the digitizer). Sensors have been
assembled on the readout board by SCEN S.r.l [76]. The 2 layer PCB
(figure 3.10) has a dimension of 63× 23 mm2, with a thickness of 1.5mm [5].

SiPMs work in Geiger discharge mode and thus they are operated at
voltages higher (typically 10%-25%) than the breakdown one. The difference
between the bias voltage (Vbias) and the breakdown voltage (Vbr) is called
overvoltage (Vover); for these sensors Vbr is in the 24.2V - 24.7V range [75].
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Table 3.5: Main features of the ARRAYC-60035-4P-BGA [73].

Array Size 2× 2
Sensor Type 60035

Readout Pixel
Board Size 14.2× 14.2 mm2

Pixel Pitch 7.2mm
No. Connections 9
No. Connectors 3× 3 BGA

Figure 3.9: Schematic of the SiPM matrix. A1, A2, B1, B2 are the anodes, while
A3, B3, C1-C3 are the cathodes connected together [73].
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Figure 3.10: Schematic of the readout board: all the anodes (A1, A2, B1, B2) are
connected to ground while the cathodes of the single matrices (A3,
B3, C1-C3) are connected together thus forming common outputs.
The latter are AC-coupled with the digitizer, which has an input
impedance Z = 50Ω. The biasing circuit includes a 100 nF filtering
capacitor and a 1 kΩ limiting resistor for each matrix, to decouple
the common bias (VBIAS) for the three arrays.
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Figure 3.11 presents the 4 SiPM boards IV curves; during the beamtest the
SiPM bias was 30V.

Figure 3.11: The IV curves of the 4 boards (Ringo, George, Paul, John).

As shown in figure 3.12(a), just four matrices were needed to readout each
crystal, given its dimension. Figure 3.12(b) presents the sensors location and
table 3.6 illustrates their geometry.

Table 3.6: Photodetectors geometry with the SiPM matrices name. The colored
ones read out the crystals, while matrices with the same color are
connected in parallel thus providing a single current output. NORTH
and SOUTH denote the opposite sides, along the x-axis, of the plastic
holder housing the SiPMs.

NORTH
Ringo1 George3 George2 George1
Ringo2 Paul3
Ringo3 Paul2

John1 John2 John3 Paul1
SOUTH
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(a)

(b)

Figure 3.12: (a) Top view of a PWO crystal sample mounted inside the plastic
holder and placed above 4 SiPM matrices. (b) SiPM matrices used
for the light readout. The blue lines indicate the regions where the
crystals are positioned to be coupled with SiPMs [6].
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During the beamtest, only 8 matrices were connected to the digitizer.
Additionally, the photosensors were connected in parallel, two by two, thus
forming 4 pairs. The parallel-connected pairs are renamed as follows:

• Ringo1 + Ringo2 = Mat1

• Ringo3 + Jhon3 = Mat2

• Paul1 + Paul2 = Mat3

• Paul3 + George3 = Mat4

Figure 3.13 presents a waveform acquired with a 120GeV electron beam,
coming from the third sensor matrix (Paul1 and Paul2). The time window
is 500 ns given the fact that signals were sampled by the digitizer at 500
Msample/s. The Data AcQuisition performs the baseline subtraction, storing
all the information (the maximum, the time of the maximum with respect to
the trigger and the waveform) in the output files.

Figure 3.13: Mat3 integrated signal waveform (Paul1 and Paul2) on a 120GeV
electron beam.

As shown in figure 3.13, the STORM matrices feature a large time to
restore the baseline (recovery time), of the order of a µs. However for this
data taking a fast recovery time was not needed because timing measurements
were not scheduled.
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3.2.5 The goniometer

The angular acceptance of the main effects a particle can experience
crossing a crystal requires a system able to align the crystal planes to the
beam direction. The Strong Field angular acceptance, for the PbWO4 sample
under test, for instance, is ∼ 1mrad (table 3.3). Crystals, during the beamtest,
were located on a dedicated goniometer, placed over a remotely controlled
XSCA table, as shown in figure 3.14. The goniometer consists of several
stages [77]:

• two translational stages, which allow to control the position along the x-
direction, perpendicular to the beam one (z). They feature micrometric
movements with a 1.5 µrad accuracy, a 2 µrad bidimensional repeatability
and a 5µrad resolution. The range of the upper stage is 102mm while
the range of the lower stage is 52mm;

• two rotational stages which allow the sample alignment. The lower one
(angular stage) performs the rotation in the x− z plane with a range
of 360°; the upper stage (cradle) rotates in the y − z plane. Both the
stages have an average accuracy of 1 µm, a 1 µm repeatability and a
0.25 µm resolution.

The goniometer is remotely controlled by the DAQ system, which saves the
information on the position of each stage in the data files.

3.2.6 The Lead Glasses

The PWO crystals do not contain the complete shower since their length
is not enough. To understand the behaviour as a calorimeter, one has to
measure the energy not contained in the PWO crystals themselves. For this
reason, a set of lead glass calorimeters has been positioned after the crystals.

These calorimeters have been developed for the OPAL (Omni-Purpose-
Apparatus at LEP) experiment [78]. They are made of Schott SF57 glass with
76% of lead: the shower generated by the particle produces Cherenkov light3.
Each block is 37 cm ∼ 24.7X0 long, being X0 = 1.50 cm [80]. They have a
trapezoidal shape, with a front face of 10×10 cm2 and a rear one of 11×11 cm2,
as shown in figure 3.15. The calorimeters are covered by black cardboard
to protect them from the environmental light. The calorimeter light is read
out by a Hamamatsu R9880U-110 PMT [81], a high gain PhotoMultiplier

3Cherenkov radiation is a phenomenon that occurs when a charged particle crosses a
medium at a superluminal velocity in the medium itself, resulting in the emission of light,
typically in the blue-UV region of the electromagnetic spectrum [79].
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(a) (b)

Figure 3.14: (a) Photo of the goniometer on the H2 line during the 2021 STORM
beamtest. (b) Schematic of the goniometer with its main stages: two
linear and two rotational ones [5].

Tube, biased in the 900-1000 V range. The block transverse half-size is
∼ 5.5 cm ∼ 2.13 RM , being the Molière radius RM = 2.578 cm [82].

As it will be explained in subsection 4.2.2, the lateral energy loss of each
lead glass is not negligible, and for this reason all the seven lead glasses
will be considered as a single calorimeter during the entire data analysis.
Figure 3.16(a) shows the calorimeters on the beamline, while figure 3.16(b)
their geometry.

3.2.7 The DAQ system

The Data AcQuisition procedure during the beamtest is the following
(figure 3.17):

• the S1 and S2 signals are discriminated by a NIM (Nuclear Instrumen-
tation Module) discriminator and, together with the SPS spill signal,
are sent to a custom VME trigger board to generate the trigger;

• the trigger signal is sent to the "master" VME Readout Board (VRB)
(connected to the first telescope), that generates the busy signal. The
busy acts as a trigger for the other "slave" VRB, connected to the
second telescope;
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Figure 3.15: Single OPAL scintillating-Cherenkov lead glass block with its dimen-
sions.

• The VRBs generate a hold signal that stores the telescope strip analog
information;

• The VRBs work in zero suppression: each channel pedestal is subtracted
from the stored analog information and the result is compared with
a threshold defined on the basis of the channel rms noise. Only the
channels above the threshold are stored in dedicated RAMs (Random
Access Memories) and saved in data files in the interspill period;

• the busy signal is used by the digitizer to save the SiPMs and calorimeters
waveforms in dedicated arrays that are read on an event by event basis.
During the beamtest two 14 bit 8-channel digitizers were used. The
one that digitized the SiPMs signals was the CAEN DT5730 which
had a 500MHz sampling rate [83], while the CAEN V1724 featured a
100MHz sampling frequency [84] and digitized the calorimeters signals.
The Data AcQuisition software performs a fast analysis on the digitizer
data, computing the maximum amplitude of the waveform and the time
with respect to the trigger at which such maximum is reached;

• during the interspill period, data are saved in HBOOK n-tuples;

• an online procedure selects events with a single track in the tracking
detectors, reconstructing the cluster, that is the group of strips in which
the crossing particle has deposited energy. The hit position is computed
using a Center Of Gravity (COG) method [85]. The selected events
are written in ASCII files, in which each row corresponds to a single
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(a)

(b)

Figure 3.16: (a) Photo of the lead glass calorimeter block on the beamline during
the STORM beamtest. (b) The lead glass block front side geometry.
The labels correspond to the acronyms used in the data analysis.
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event while the columns correspond to different physical information,
as presented in table 3.7. A second online procedure merges all the
ASCII data corresponding to a single run into a HDF5 (Hierarchical
Data Format 5) file [86].

Table 3.7: Description of the columns saved in the ASCII files.

Name N° of columns Description
Nevent 1 Event number
Nstrip 4 Total number of cluster strips, for each mi-

crostrip silicon detector side
Nclu 4 Number of clusters for each microstrip silicon

detector side
Xpos 4 Impact positions in the x and y directions for

each microstrip silicon detector side
Gonio 4 Positions of the goniometer along its four

degrees of freedom: two rotational ones and
two translational ones

DigiBase 16 Baselines of each channel of the two digitizers

DigiPh 16 PH of the channels of both digitizers

DigiTime 16 Times of the channels of both digitizers
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Figure 3.17: Data acquisition scheme.
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Chapter 4

Preliminary measurements and
analysis

The study of the behavior of the PWO samples requires a few preliminary
steps in the analysis1, to characterize both the beam and the setup. This
chapter will focus on the beam features (angular divergence and dimensions)
and on the calorimeter performance. The chapter will describe in detail the
offline alignment procedure of the tracking detectors (which is fundamental to
understand where and with which angle the particle impinges on the crystal),
and the evaluation of the beam purity, which will be investigated combining
the information coming from all the detectors present on the beamline.

4.1 Beam divergence and telescopes alignment

The two telescopes, placed at different positions along the beamline,
acquired the particle hit position in the plane orthogonal (x− y plane) to the
beam direction (z). Combining the spatial information of both telescopes,
the beam angular opening (θi), sketched in figure 4.1, is computed event by
event:

θi = arctan

(︄
∆i

DTele

)︄
(4.1)

where i = x, y are the directions orthogonal to the beam, ∆i denotes the
difference between the i-position acquired by the second telescope and the one

1The data analysis has been performed using Python3 packages such as numpy [87],
matplotlib [88] and scipy.optimize [89].
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acquired by the first telescope, and DTele = 15.9m is the distance between
the silicon modules.

Figure 4.1: Schematic representation of the θi (i = x, y) angular opening: the red
arrow indicates the particle trajectory, the red circles highlight the
impact points on the two telescopes (T1 and T2), Dtele the distance
between them in the z direction while (x, y) the positions acquired by
the telescopes. In the scheme the spatial shift of T1 and T2 along the
i direction is also present, due to a not perfect alignment of the two
telescopes in the x− y plane.

The θi distributions are then fitted with unnormalized Gaussians for both
i = x, y. The standard deviations of the curves (σx and σy), obtained in the
Gaussian fit procedure, allow to measure the angular divergence of the beam,
in both the x and y directions.

Figure 4.2 presents the θx and θy distributions for a 120GeV electron
beam, with the Gaussian fits superimposed.
The θx distribution features an asymmetric shape, probably due to the
collimators settings.

Moreover, as illustrated in figure 4.2, the angular distributions are not
centered at the origin. This is due to a not perfect alignment of the silicon
detectors along the x and y directions (figure 4.1), thus requiring an offline
alignment procedure.

The offline alignment is performed by subtracting the mean value of the
Gaussian fit (µi, i = x, y) from the angular distribution (θi), as shown in
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Figure 4.2: Angular distributions acquired with a 120GeV electron beam with
the Gaussian fits superimposed. θx and θy are not centered at 0, thus
highlighting the misalignment between the two telescopes in the x− y
plane.
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figure 4.3. Once the angular offset µi is obtained, it can be converted into a
spatial offset (inverting equation 4.1), thus centering the spatial distributions
of the impact points along x and y, as shown in figure 4.4.

Figure 4.3: Angular distributions acquired with a 120GeV electron beam with
their Gaussian fits, once the mean values of the fits in figure 4.2 have
been subtracted.

Figure 4.5 shows the decreasing trend of the divergence as the energy
increases; on average the beam was more collimated along the y direction.

The smallest divergences are obtained for the 120GeV electron beam:
σx = 97.22 µrad ± 0.47 µrad, σy = 71.19 µrad ± 0.35 µrad. These values are
optimal to measure coherent effects in crystals, given their small angular
acceptances of the order of ∼ 1mrad.

4.2 Calorimeter characterization

In this section, the equalization of the lead glasses and the calibration
of the whole calorimeter will be described. Moreover, the lateral energy
leakage of each lead glass block will be analyzed, thus justifying the decision
to consider the set of 7 lead glasses as a single calorimeter. Finally, the energy
resolution will be computed.
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Figure 4.4: 2D histogram of the aligned hit positions on the T2 module, for a
120GeV electron beam.

Figure 4.5: Angular divergence along the x and y directions as a function of the
beam energy; as the energy increases, the beam divergence decreases.
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4.2.1 Equalization and calibration

The calorimeter has to be calibrated in order to find the correspondence
between the Pulse Height (PH, measured in a.u.) and the energy (measured
in GeV) deposited by the incoming particles. At first, the calibration was
performed calibrating separately each individual lead glass detector. However,
it has been noted that the lateral spread in the shower development for the
single lead glass was not negligible (details in subsection 4.2.2).

Due to the incomplete containment of the electromagnetic shower, it was
not possible to directly calibrate each individual lead glass. Therefore, it was
decided to calibrate the whole calorimeter, composed of 7 lead glasses, rather
than the individual detectors. To do this, an equalization procedure of the
lead glasses has first to be applied.
The procedure consists of the following steps:

1. an equalization run is considered for each lead glass, using a 60GeV
electron beam impinging directly onto the center of the lead glass itself.
Each lead glass was positioned on the beam moving the Desy table on
which the lead glasses were located.

2. Cuts in time (i.e. the peak time of the lead glass signal with respect
to the time when the trigger was generated) and Pulse Height are
performed to discard spurious triggers. As shown in figure 4.6, most of
the events with a high PH populate a very narrow time interval (∼ 20 ns).
Only physical events, namely those crossing the trigger scintillators and
the calorimeter, have the same arrival time. Low energy out-of-time
events are caused by spurious triggers due to noise or to the particles
that have crossed the trigger but not the calorimeter. On the other
hand, high energy out-of-time events could be due to multiple particles
in which the one that crosses the lead glass is not the one that has
triggered the event.

3. The Pulse Height distributions of the selected events are fitted with un-
normalized Gaussians, as shown in figure 4.7(a). From these curves the
mean values µj are extracted, where the j label denotes the considered
lead glass (j = LGC, LGCL, etc.).

4. The equalization factor is given by:

eqj =
µj

µLGC
(4.2)

where µj is the mean value extracted from the Gaussian fit of the j-th
lead glass spectrum and µLGC is taken as a reference. Finally, the
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equalization is performed dividing event by event the Pulse Height of
the j-th calorimeter by eqj. Figure 4.7(b) shows the equalized energy
spectra while in table 4.1 the computed equalization factors are listed.

Figure 4.6: Correlation between the PH and the time of the lead glasses; the
red dotted lines show the cuts in time and PH, performed to discard
spurious triggers.

Once the equalization factors are computed, it is possible to calibrate
the calorimeter. In order to do it, events coming from 6 calibration runs are
considered: data were acquired with the electron beams centered with the
LGC front face in the 20GeV-120GeV energy range, in steps of 20GeV. The
equalized PHs of each individual lead glass are then summed on a event by
event basis, and the total spectrum is fitted with a Gaussian curve for every
calibration run. The correspondence between the calorimeter energy values
expressed in arbitrary units (Ea.u) and the beam energy expressed in GeV
(EGeV ) is established performing a linear regression:

Ea.u = m · EGeV + q (4.3)
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(a)

(b)

Figure 4.7: (a) Fitted energy spectrum of each lead glass for the 60GeV equaliza-
tion runs. The mean values extracted from the fitted Gaussians of each
lead glass spectrum are listed on the plot. (b) Equalized spectrum of
each lead glass. In both plots the energy distributions are normalized
in order to have a unitary area.

Table 4.1: Equalization factors computed for each lead glass.

Lead Glass Equalization factors
LGBL 0.61 ± 0.001
LGBR 1.17 ± 0.001
LGC 1 ± 0
LGCL 1.64 ± 0.002
LGCR 1.04 ± 0.001
LGTL 1.35 ± 0.002
LGTR 1.06 ± 0.003
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Moreover, the percent residuals of the linear regression are computed as
res[%] = 100 · (yfit−yexp)/yfit, where yfit are the ordinates (in a.u.) predicted
by the linear fit, and yexp the ones measured by the calorimeter.

Figure 4.8 shows the linear regression with the extracted parameters and
the residuals of the fit. The point at 20GeV has a percent residual of ∼ 10%,
and therefore it has been excluded from the fit.

4.2.2 Lateral energy leakage

The characteristic scale of the lateral spread of an electromagnetic shower
is given by the Molière radius. As pointed out in section 2.1, 95% of the
electromagnetic shower energy is contained within 2 RM [37]. Since the
transverse size of the lead glasses used during the beamtest was approximately
2RM , using the Molière radius value of the standard lead glass [82], one would
expect a lateral energy leakage of ∼ 5%. However, this is not the case. To
estimate the mean energy lateral spread, the following analysis has been
performed:

• the data acquired using electron beams aligned with the center of LGC
and with an energy in the 20GeV-120GeV range are selected;

• fiducial cuts are applied, as shown in figure 4.9(a), in order to select
only the particles crossing the center of the lead glass front face. The
fiducial area is 0.2× 0.2 cm2;

• the percentage lateral leakage (δE) is computed event by event, for each
beam energy value, as follows:

δE = 100 · PHlat/PHtot (4.4)

where PHlat is the sum of the equalized Pulse Heights of the lateral
lead glasses (the ones surrounding LGC), while PHtot is the equalized
Pulse Height of the whole calorimeter composed by 7 lead glasses;

• the δE distribution is fitted with a Gaussian for each energy, as shown
in figure 4.9(b).

As shown in figure 4.10(a), the mean energy loss due to the finite transverse
size of the calorimeter is always greater than 5%; the values of the points
at 60GeV and 120GeV are almost twice the remaining values. This fact
suggests that during these 2 runs the beam was not perfectly aligned with the
LGC center. In fact, as it will be explained below, the Monte Carlo simulated
data predict a constant lateral energy leakage even increasing energy, as
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(a)

(b)

Figure 4.8: (a) Calorimeter calibration curve: the points are the experimental
values while the dashed line is the fitted curve. The uncertainties on
the data points are the Gaussian fitting errors and they are smaller
than the points themselves. The parameters and their errors extracted
from the fitting procedure are listed on the plot. (b) Percent residual
scatter plot. The point at 20GeV presents a residual value of ∼ 10%,
and therefore it has been excluded from the fit.
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expected. The hypothesis of a misalignment between the beam and the center
of LGC is supported by the fact that the 60GeV and the 120GeV runs have
been performed consequently in time and thus a misalignment issue may
have affected both the sets of data. Moreover, the remaining 4 points of
figure 4.10(a) feature on average a mean lateral energy leakage equal to 6.48%.

In order to compare the performances of the calorimeters used during the
beamtest with standard lead glasses, the same procedure explained above
has been performed with the simulated data. The Monte Carlo simulations
have been performed using the Geant4 toolkit, reproducing the beam spatial
and angular distributions, the experimental calorimeters geometry and the
standard lead glass material (the main physical features of the standard
lead glass can be found in [82, 90]). 12 simulations have been performed,
using as beam files the electron beams with mean energies in the range
10GeV-120GeV2.

Figure 4.10(b) shows the results: a standard lead glass presents on average
a mean energy leakage of 3.89%, which is practically constant with the energy.
The material used during the beamtest and the simulated one have different
characteristics: the former features on average a mean energy leakage ∼ 1.7
times larger than the latter. The discrepancy between the experimental and
the simulated results could be due to the fact that the OPAL lead glass may
have a larger Molière radius compared to the standard lead glass one [82]. A
lateral energy loss of 6.5% is not negligible, and for this reason the OPAL
lead glasses have been considered as a single calorimeter for the entire data
analysis. This choice also prevents the loss of information on the energy
deposit in case the center of LGC and the beam were not perfectly aligned
with each other.

4.2.3 Energy resolution

The fundamental parameter for characterizing a calorimeter is the energy
resolution, which represents the accuracy with which the energy of a particle
can be measured. The percentage energy resolution is defined as:

R = 100 · σE

E
(4.5)

where σE is the standard deviation of the energy deposit distribution
and E its mean value. Several factors influence the energy resolution of
calorimeters, including the intrinsic properties of the detector materials, the
design of the calorimeter and the readout electronics. The behavior of the

2The simulated beams feature a Gaussian energy spectrum, with a standard deviation
equal to 2% of the mean value.
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(a)

(b)

Figure 4.9: (a) Particle tracks on the calorimeter face for different energies: the red
dotted squares are the fiducial cuts used to select the central area of
the beam. (b) Lateral energy leakage distributions with the Gaussian
fits. In the boxes the Gaussian fit parameters are listed.
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(a)

(b)

Figure 4.10: Mean lateral energy leakage of LGC as a function of the energy
computed with (a) experimental data and (b) simulated data.
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energy resolution as a function of the incident particle energy (E) can be
modelled with the relation [37]

R(E) = 100 · σE

E
=

a√
E

⊕ b

E
⊕ c (4.6)

where a is the stochastic term due to fluctuations in the shower physical
development, b is the noise term due to the electronic chain noise, c is the
constant term which depends on the longitudinal and transverse energy leak-
age, the calorimeter mechanical imperfections and temperature gradients [37].
Using the 6 calibration runs, the energy resolution of the calorimeter is com-
puted for different energies by means of equation 4.5. The values of σE and E
are the ones extracted from the Gaussian fits of the whole calorimeter spectra,
for each beam energy.

Figure 4.11 presents six experimental points, among which 5 have been
fitted with equation 4.6; the 40GeV point has been excluded because sig-
nificantly off-scale. The parameters a, b and c have been obtained from the
fitting procedure, resulting in the energy resolution function:

R(E) =

√︄(︃
15.18%

√
GeV√

E

)︃2

+

(︃
0.15 %GeV

E

)︃2

+ 02 (4.7)

The uncertainties on the parameters extracted from the fit are excessively
high and with no physical meaning, since they exceed 100%. For this reason,
they are not listed in equation 4.7. These uncertainties are justified by the
limited degrees of freedom of the fitting procedure and by the broad energy
spectra, shown in figure 4.7, which make the extrapolation of the values of
σE and E highly dependent on the Gaussian fitting range.

Equation 4.7 features a stochastic term a ∼ 15%. It might seem quite high
for a homogeneous electromagnetic calorimeter such as the OPAL one, which
featured an overall energy resolution of ∼ 5%/

√︁
E(GeV) [37]. As already

mentioned, the electron beam had a "low purity" in energy, thus presenting
a very broad energy spectrum (figure 4.7). The energy fluctuations caused
by the broad distribution of the energy deposit contribute to increase the
stochastic term. On the other hand, the noise term is almost 0% thanks to
the low noise readout chain of the calorimeter while the constant term of
the whole calorimeter is null since the longitudinal and transverse energy
fluctuations are negligible.
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Figure 4.11: Energy resolution of the lead glass calorimeter: the red points are the
experimental data used for the fit, the blue one is excluded from the
fit and the dotted light-blue line is the fitted curve.

4.3 Beam purity

As previously mentioned, the electron beam was expected to be highly pure
both in particle type and selected momentum. However, as shown in figure 4.7,
the lead glasses energy spectra feature a broad distribution, thus highlighting
a limited accuracy in the particle momentum selection. To investigate the type
of particles which composed the beam, an analysis combining the information
from all the detectors present on the beamline is performed: the PWO
crystals and the lead glass calorimeter are used to identify the particles,
while the tracking detectors to study the spatial distribution of the different
components of the beam. The analysis is performed using the data acquired
with a 120GeV electron beam impinging centrally on the front face of one
PWO crystal sample, readout by two SiPM matrices (Mat2 and Mat3). For
this preliminary analysis only the Mat2 output is considered. Cuts in time
have been applied to the SiPM output, in order to discard spurious triggers.
To select the PWO central area, an efficiency map of the crystal sample is
built. As shown in figure 4.12, the efficiency map reconstructs the entire
beam profile, thus discarding the hypothesis that the beam hit the edge of
the crystal. Figure 4.12 presents also the fiducial cuts applied to select only
particles that crossed the center of the crystal front face; the fiducial area has
a dimension of 0.2× 0.2 cm2.

The spectrum of such events in the calorimeter is shown in figure 4.13(a).
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Figure 4.12: Efficiency map of the PWO crystal readout by Mat2. The black
square represents the selected fiducial area.

Two different populations can be identified:

1. the first population (highlighted in cyan in figure 4.13(a)) deposited in
the calorimeter energies in the 0-80 GeV range. The number of these
events is several orders of magnitude smaller than the high energy peak
ones; moreover they featured a very low signal in the SiPM output, as
shown by the cyan curve of figure 4.13(b).

2. The second population of events (highlighted in green in figure 4.13(a))
deposited in the calorimeter energies greater than 80GeV. The signal
of these events in the crystal was significant, as shown by the green
curve of figure 4.13(b).

The first population of events is due to a charged hadronic pollution,
probably composed by negative charged pions. In fact, the pion interaction
length (Lint) in PWO is ∼ 24 cm ∼ 27X0 (table 3.2). This means that the
interaction scale length of the pions is 27 times larger than the electron one.
The PWO crystal is ∼ 0.17 Lint thick and thus pions crossing it deposited
a negligible energy amount. On the other hand, the OPAL calorimeter is
24.7X0 ∼ 0.91 Lint thick and so the hadronic particle can start a shower
in such a distance, generating a significant energy deposit (up to 80GeV).
On the contrary, the second population of events is composed by electrons
because they started an electromagnetic shower in the 4.6X0 PWO crystal
and they populate the high energy peak of the calorimeter.
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(a)

(b)

Figure 4.13: (a) Calorimeter spectrum with a 120GeV run with the crystal on
the beamline. The energy distribution is divided in two regions:
the first energy range (0-80 GeV, cyan area) is due to the hadronic
pollution while the second region (80-150 GeV, green area) is due
to the electronic component of the beam. (b) SiPM spectrum for
the different types of events selected in the calorimeter: the dark
blue curve represents the total SiPM spectrum, the cyan one the
events which deposit a smaller amount of energy in the calorimeter (0-
80 GeV), and the green one the high-energy events of the calorimeter
spectrum.
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The hadronic percentage of the events is evaluated computing the frac-
tion of the low energy events in the calorimeter spectrum (cyan area of fig-
ure 4.13(a)), with respect to the total ones: it results to be 3.05%. Moreover,
the tracking detectors are used to investigate the hadrons spatial distribution:
these events are uniformly distributed on all the beam area in the x− y plane.

To confirm the hypothesis of the hadronic beam pollution and reproduce
the broad electron energy distribution, a Monte Carlo simulation with the
Geant4 toolkit has been developed. The simulated setup comprises also the
PWO crystal on the beamline (figure 3.2). The beam energy input file has
been defined as follows:

• 150000 events are generated with an energy distribution equal to the
electron part of the 120GeV calorimeter experimental spectrum3;

• 3% of the total events are generated using a monoenergetic beam of
120GeV negative pions.

Figure 4.14(a) presents the simulated and the experimental calorimeter
spectra with the Gaussian fits of the high-energy peaks superimposed. In
order to quantify the goodness of the simulation procedure, the Kullback-
Leibler divergence is used, which is a statistical distance measuring the
difference between a statistical distribution P taken as a reference, and
another distribution Q. It is defined as follows [92]:

KL[P ][Q] =

∫︂ ∞

−∞
p(x) log

(︄
p(x)

q(x)

)︄
dx (4.8)

where p(x) and q(x) are the probability densities of P (x) and Q(x). In this
case, the two distributions are Gaussian (Nexp and Nsim) and equation 4.8
becomes [92]
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(4.9)

where Aexp, σexp and µexp are the amplitude, the standard deviation
and the mean value of the Gaussian high-energy peak of the experimental
spectrum; Asim, σsim and µsim are the ones of the simulated spectrum high-
energy peak. As shown in equation 4.9, two Gaussian distributions have
a null Kullback-Leibler divergence only if they are identical. On the con-
trary, the upper bound of KL is infinity. Thus, as the KL[Nexp][Nsim] value

3Using the hist command of the Geant4 General Particle Source [91].
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decreases, the agreement between the experimental and simulated energy
distributions improves [92]. The divergence of the two Gaussian distributions
of figure 4.14(a) is KL[Nexp][Nsim] = 0.062.

A similar procedure is followed also in the case of a 100GeV electron beam
impinging on the center of the PWO crystal face. The comparison between
the experimental and the simulated calorimeter spectrum is presented in fig-
ure 4.14(b) and the relative statistical divergence is KL[Nexp][Nsim] = 0.066.

This section concludes the preliminary analysis of the performance of the
downstream electromagnetic calorimeter and the spatial and energy features
of the beam. In the next chapter, the behavior of the PWO crystal in the
Strong Field regime will be studied, and the dependence of the energy deposit
on the lattice-to-beam orientation will be analyzed in detail.
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(a)

(b)

Figure 4.14: Experimental and simulated calorimeter spectrum with the Gaussian
fits of the high-energy peaks superimposed, for a (a) 120GeV run
and (b) a 100GeV run. Both spectra are normalized in order to have
a unitary area.



Chapter 5

Data analysis and results

The ultimate goal of this thesis, and of the STORM 2022 beamtest, is to
characterize the light output response of the PWO crystal as a function of
the lattice-to-beam alignment angle.

In order to investigate the energy deposit in the crystal sample and the
acceleration of the electromagnetic shower in the Strong Field regime, when
the sample is aligned with the electron beam, an efficient alignment procedure
is needed. The first part of the chapter focuses on the alignment procedure,
which is a multi-step process, including a manual procedure followed by a more
accurate software alignment of the data. The study of the SiPMs response
as a function of the particle impact angle, as it will be shown in the second
part of the chapter, will help in characterizing the PWO lattice structure by
revealing its crystalline planes.

In the last part of the chapter, the enhancement of the energy deposit in
the crystal, due to the SF effects induced by the lattice-to-beam orientation,
will be treated. A particular emphasis will be given to the reduction of the
radiation length, occurring when the crystal axis (<100>) and the high energy
beam are perfectly aligned between themselves.

5.1 The alignment procedure

Before characterizing the crystal behavior when oriented with the particle
beam, it is necessary to align the electron beam with the crystal axis under
study (<100>). The alignment starts in the experimental area with a manual
pre-alignment procedure, which guarantees the crystal to be positioned aligned
within few mrad with the beam (details in subsection 5.1.1).

The precise coordinates of the alignment angles will be computed by an
off-line procedure, whose main task is to study the SiPMs response as a

97
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function of the goniometer angle. The alignment is achieved building the so
called stereogram (details in subsection 5.1.2), a 2D scatter plot representing
the SiPMs PH as a function of both the rotation angles of the goniometer. In
the end, investigating the energy deposited in the PbWO4 as a function of
the misalignment angles, the main lattice features, as the crystal planes, will
be shown.

5.1.1 Pre-alignment

The pre-alignment of the crystals is performed exploiting the deflection of
a laser beam off the crystal surface. If the sample is opaque, as in the case
of the tested PWO, a small mirror is mounted on its surface, as shown in
figure 5.1. However, the angular offset between the crystal and the mirror has
to be computed. In order to do this, a preliminary study in the laboratory
using the High-Resolution X-Ray Diffractometer (HRXRD) [5] is performed.

Figure 5.1: The plastic holder housing the PbWO4 crystals: the mirrors are glued
in the corners of their surfaces and highlighted in green.

Once the angular offset between the crystal and the mirror is computed,
the pre-alignment takes place in the experimental area. The working scheme
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of the procedure is represented in figure 5.2 and it consists of the following
steps:

1. the plastic holder, housing the crystal samples, is placed on the go-
niometer;

2. a laser is located at the beginning of the beamline;

3. the laser is aligned with the z beam direction by means of a straight
line drawn on the ground and two plummets;

4. a pentaprism is placed at the same height of the mirror, out of the
beam trajectory. The pentaprism is a fundamental component, as it
deflects the visible light by 90°, as indicated in figure 5.2. Thus, if the
mirror mounted on the PWO crystal surface is not perfectly parallel to
the z axis, the laser light is deflected off the initial direction, as shown
in figure 5.2 (top). On the contrary, if the mirror is perfectly parallel
to the beam direction, the laser light returns along the initial path, as
shown in figure 5.2 (bottom);

5. the motorized system, which supports the plastic holder, rotates the
goniometer by 90°, in order to place the mirror perpendicularly to the
beam direction;

6. the sample is rotated by a small angle, corresponding to the angular
offset between the crystal and the mirror, measured in the laboratory
with the HRXRD.

This procedure allows to find the correct orientation with respect to
the reference axis, with a precision of a few mrad. Since the Strong Field
acceptance is of the order of ∼ 1mrad, a more precise alignment is needed. In
the next section, the software alignment procedure, performed to determine
the axis angular coordinates, will be described.

5.1.2 Software alignment: the stereogram

After the pre-alignment procedure, the light output of the PbWO4 crystal
samples has been studied as a function of the two remotely controlled angular
degrees of freedom of the goniometer, with a 100GeV electron beam. These
angular degrees of freedom are defined as θang and θcradle: the former repre-
sents the angular coordinate of the goniometer angular stage of figure 3.14(b),
while the latter the angular coordinate of the cradle stage (details are provided
in subsection 3.2.5).
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Figure 5.2: Schematic representation of the pre-alignment procedure: (top) the
mirror is not parallel to the beam direction, thus the laser light is
deflected off the initial laser direction; (bottom) the mirror is parallel
to the beam direction, thus the laser light returns along the initial
path.
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This analysis allows to determine more precisely the alignment angles
between the <100> axis and the particle beam direction. In fact, the maxi-
mum energy deposit in the crystal is expected when the reference axis and
the particle beam are perfectly aligned with each other. In order to achieve
such an alignment, several angular scans were performed starting from the
pre-alignment angle values. During each angular scan, the goniometer moved
along either θang, keeping θcradle fixed, or along θcradle, keeping θang fixed.
To analyze the energy deposit as a function of the goniometer angle, the
PH of the SiPM matrices which read out the light output of the crystal hit
by the particle beam (Mat2 and Mat3 in this case) are equalized (details
in subsection 5.2.1), and then summed on an event by event basis. The mean
PH is computed for any couple of θang and θcradle values and a first stereogram
is built. As already mentioned, the stereogram consists in a 2D scatter plot,
representing the SiPMs mean PH as a function of both the angles of the
goniometer. The stereogram is represented in figure 5.3, and the alignment
angles (θmax

ang and θmax
cradle), corresponding to the maximum mean energy deposit

in the crystal, are listed in the box.
Figure 5.4 shows the mean energy deposit in two angular scans along the

θang and the θcradle directions, performed around the alignment angles: the
mean energy deposit increases as the goniometer approaches the alignment
condition.

The light output of the crystal sample is analyzed as a function of the
misalignment angles, which are defined as follows:{︄

θmis
x = θang − θx

θmis
y = θcradle − θy

(5.1)

where θx and θy are the angles with which the particle impinged on the
crystal front face, along the x and y directions, respectively, computed with
equation 4.1. Figure 5.5 shows the correlation between the mean PH measured
by the two SiPM matrices and the θmis

y misalignment angle, in an angular
scan on θcradle: the superimposed profile plot, which is computed as the mean
value of y for each bin in x, shows a periodic structure and a multi-peaked
shape. This trend of the profile plot suggests that the electrons crossed several
crystalline planes along their path.

Finally, a second stereogram is built which consists in a 2D histogram of
the θmis

x and θmis
y angles, weighted on the values of the equalized and summed

Mat2 and Mat3 PHs. Each bidimensional bin represents an angular interval of
the misalignment angles, while the corresponding color represents the mean
value of the SiPMs PH, computed using all the events with the misalignment
angles included in the aforementioned bin, and normalized at the maximum
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Figure 5.3: The stereogram; each colored dot represents the mean value of the
PHs of Mat2 and Mat3 equalized and summed event by event, and
normalized to the maximum value. The origin represents the angular
coordinates obtained during the pre-alignment procedure.

(a) (b)

Figure 5.4: Mean values of the equalized and summed Mat2 and Mat3 PHs, nor-
malized to the maximum mean PH value, during a scan along (a)
θang, keeping θcradle fixed at the alignment value, and (b) along θcradle,
keeping θang fixed at the alignment value.
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Figure 5.5: Correlation between the energy deposit in the PWO crystal sample and
the θmis

y misalignment angle with the SiPMs profile plot superimposed:
the periodic trend and the multi-peaked shape of the profile plot are
probably due to the presence of several planes.

value.

The second stereogram is built with a broader set of angular scans with
respect to the ones used for the first stereogram of figure 5.3 and it is shown
in figure 5.6; the Cartesian axes origin coincides with the previously obtained
alignment angles (θmax

ang and θmax
cradle).

Correlating both the misalignment angles with the SiPM Pulse Heights, it
is possible to observe the skew planes of the lattice. The skew planes, as the
name itself suggests, are not parallel nor orthogonal to any crystallographic
direction, thus they appear oblique with respect to any other crystal plane or
axis. These skew planes are indicated with dashed colored lines in figure 5.6
and they link the axis angular coordinates with the maximum points of the
three angular scans along θmis

x , which are located in the bottom left corner
of the figure. The SiPMs profile plots of these angular scans are shown in
figure 5.7(a): the colored stars represent the maximum points of the energy
deposited in the crystal, and the angular coordinates of each colored star are
crossed by the color-associated skew plane of figure 5.6. The same procedure
is performed for the calorimeter energy deposit: figure 5.7(b) shows that at
the angular coordinates crossed by the skew planes, the energy deposited in
the calorimeter reaches a relative minimum.
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Figure 5.6: Crystallographic stereogram of the PbWO4 sample: the x and y co-
ordinates are the misalignment angles with the origin centered at
(θmax

ang , θmax
cradle), and each bin color represents the mean PH of the SiPM

matrices, computed using all the events populating the bin, and nor-
malized to the maximum value. The green star represents the center of
the bin corresponding to the maximum mean energy deposit (the axis
coordinates), while the colored dashed lines indicate the skew planes.
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(a)

(b)

Figure 5.7: Profile plot of (a) the SiPM matrices and (b) the calorimeter, in a scan
along the θmis

x angle; the fixed values of θmis
y are listed in (a). In both

plots, the colored stars angular coordinates are crossed by the skew
planes.
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5.2 PbWO4 characterization

After the alignment, dedicated high statistics runs were performed for the
characterization of the PWO crystal, with 80-100-120 GeV electron beams.
The PWO behavior is analyzed under the condition of axial alignment, as
well as during the transition from the amorphous to the axial orientation.
The main goal of this study, and of the entire thesis, is to estimate the energy
deposit enhancement due to the Strong Field effects and to compute the
reduction of the radiation length X0 when the sample is oriented with the
beam. During these long runs only a fraction of events has been analyzed. In
order to fully characterize the PWO crystal, only particles crossing the center
of the sample were selected, with a fiducial area of 0.2× 0.2 cm2, as already
shown in figure 4.12. Moreover, since the very narrow angular acceptance of
the SF effects, also cuts in divergence have been applied to discard all the
events crossing the center of the PWO crystal with a too large angle. The
fiducial interval used for the cuts in divergence is [−125 µrad, 125 µrad]; the
divergence cuts are represented in figure 5.8.

Figure 5.8: Angular distributions with their Gaussian fits superimposed (black
dashed line) for a 120GeV run, for (top) the x direction and (bottom)
the y direction. In both plots the red interval indicates the selected
divergence region.
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5.2.1 Photodetector calibration

The energy deposited in the crystal sample under test, readout by the Mat2
and Mat3 matrices, is expressed in arbitrary units; in order to convert the
information of the energy deposited in the sample in GeV units, a calibration
procedure is needed.
Before calibrating, the equalization of the two SiPMs matrices Mat2 and Mat3
is performed using the data acquired with a 120GeV electron beam. In order
to equalize the two matrices, their energy spectra are fitted with a crystal
ball-like function defined as follows [93]:

f(E;A,E, σ, kL, kH) = A ·
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(5.2)

where E is the function independent variable while A, E, σ, kL, kH the
function parameters. As shown in equation 5.2, the crystal ball function is
essentially composed by a Gaussian core with two exponential tails, and it
should correctly reproduce how the crystal energy spectrum is smeared due
to an incomplete shower containment. The two SiPM matrices responses
are equalized rescaling the Mat3 PH, event by event, with the equalization
factor eq = E2/E3, where E2 and E3 are the two Gaussian core mean values
extracted from the crystal ball fit of the Mat2 and Mat3 spectra. The two
photodetector spectra with their crystal ball fits are shown in figure 5.9, while
the computed equalization factor is eq = 1.10± 0.002.

In principle, it should be possible to calibrate the photodetectors starting
from the missing energy of the calorimeter (that is, the lead glasses). In fact,
in the case of a 120GeV electron beam, the energy deposited in the PWO
(Ecrys), should satisfy the following relation:

Ecrys = 120GeV − Ecalo (5.3)

where Ecalo and Ecrys are the energies deposited in the downstream
calorimeter and in the crystal, expressed in GeV units. Figure 5.10 shows
the correlation between the calorimeter energy deposit (expressed in GeV)
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Figure 5.9: Energy spectra of the Mat2 and Mat3 SiPM matrices with their crystal
ball fits superimposed. Both the spectra are normalized in order to
have a unitary area.

and the equalized and summed PHs of the Mat2 and Mat3 matrices (PHcrys,
expressed in a.u.). As equation 5.3 predicts, the energy deposited in the SiPM
matrices and in the calorimeter are anticorrelated and the calorimeter end
point is located at ∼ 120GeV. Thus, knowing the energy measured by the
calorimeter (Ecalo), it should be possible to find the correspondence between
the energy deposited in the crystal expressed in GeV (120GeV − Ecalo) and
the one expressed in a.u. (PHcrys), and thus calibrate the SiPMs.

However, this calibration procedure does not take into account the broad
shape of the beam energy spectra already discussed, which leads to the
extended shape along the y axis of figure 5.10, thus making very difficult
to establish the PHcrys value for any fixed Ecalo. Moreover, this calibration
procedure does not take into account the energy losses due to the limited
angular acceptance of the downstream calorimeter, and to the particles
escaping from the lateral crystal surfaces. Thus, it has been decided to
calibrate the SiPMs using a simulation based approach.

The experimental data used to calibrate the SiPMs were acquired using 80-
100-120 GeV electron beams, with the crystal sample placed on the beamline
in random orientation. The Monte Carlo simulations, obtained using the G4
toolkit, reproduced the spatial and the energy features of the experimental
beams, as well as the experimental setup. Both the experimental and the
simulated crystal energy spectra are fitted with a crystal ball function; the
simulated spectra and their fits are shown in figure 5.11. The extracted
mean values of the crystal ball Gaussian cores are used to perform a linear
regression between the experimental and simulated data, thus establishing a
correspondence between arbitrary units and GeV.
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Figure 5.10: Anticorrelation plot between the energy deposited in the calorimeter
(expressed in GeV) and the energy deposited in the crystal sample
(expressed in arbitrary units).

Figure 5.11: Energy spectra of the simulated energy deposit in the PWO crystal
for three different beam energies. All the spectra are normalized in
order to have a unitary area.
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Two calibration lines are presented and compared: the first one (fig-
ure 5.12(a)) has been obtained using only the Mat2 PH, while the second one
(figure 5.12(b)) using the Mat2 and Mat3 PHs, equalized and summed event
by event. The Mat2 calibration line has a reduced chi square1 χ2 = 25.2,
while the calibration line computed using both the photodetector PHs has
a reduced chi square χ2 = 0.83; the better fit procedure is thus the one
obtained exploiting both the matrices output. Moreover, also performing the
calibration using only the Mat3 output, the reduced chi square (χ2 = 4.03) is
higher than the one computed with both the matrices. This may be due to
the fact that using both the matrices a larger fraction of the produced light
is collected.

(a) (b)

Figure 5.12: Photodetector calibration lines obtained exploiting (a) only the Mat2
output and (b) both the Mat2 and Mat3 outputs, equalized and
summed event by event. The line extracted parameters are listed in
the boxes.

5.2.2 Energy deposit enhancement

Once the crystal lattice is aligned with the beam direction and the pho-
todetectors are calibrated, the study on the energy deposit enhancement is
performed. As already mentioned, the Strong Field effects induced by the
crystal lattice, depend on the lattice-to-beam orientation and the energy
deposit enhancement will be more pronounced as the misalignment angle
decreases. The angular dependence of the energy deposit was studied by
means of several 120GeV long runs, performed at different goniometer angles.

1The reduced chi square is computed as [94] χ2 =
1

N −Np

∑︁N
i=1

(yi,exp − yi,fit)
2

σ2
i

where Np is the number of the fit parameters, N the experimental points number, yi,exp
and yi,fit are the experimental points and the fitted ones, and σi are the errors on the
experimental points.
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Figure 5.13(a) shows the spectra of the energy deposited in the crystal, as the
misalignment angle varies; the energy deposited in the PWO sample increases
as the misalignment angle approaches zero. On the other hand, the energy de-
posited in the calorimeter, whose spectra are shown in figure 5.13(b), behaves
in the opposite way as the misalignment angle varies, which is consistent with
the energy anticorrelation explained in subsection 5.2.1.

Furthermore, from figure 5.13 an anomalous behavior can be observed when
the misalignment angle is 28 Θ0, where Θ0 indicates the Baier angle (listed
in table 3.3). In fact, the mean energy, deposited in the PWO corresponding
to such an angle, is larger than the one deposited at smaller misalignment
angles (17 Θ0 and 8 Θ0). Equivalently, the mean energy deposited in the
calorimeter at 28 Θ0 is smaller than the one deposited at 17 Θ0 and 8 Θ0.
This fact indicates that, during the angular scan, the electron beam crossed a
crystal plane with a misalignment angle of 28 Θ0.

In order to analytically compute the enhancement of the energy deposited
in the PWO crystal, the spectra of the SiPMs are fitted for each misalignment
angle with a crystal ball function, and the calorimeter spectra with unnormal-
ized Gaussians. The mean values extracted from the fits are then rescaled
with respect to the values corresponding to the random orientation (70mrad),
and thus the enhancement factor (e.f.) is computed. The resulting values of
the e.f., with the associated propagated errors, are presented in figure 5.14;
as already mentioned at 28 Θ0 ∼ 28mrad, the energy deposit enhancement
shows an out-of-scale behavior due to the electron beam crossing a crystal
plane, thus leading to a raising of the crystal curve.

The maximum increase in the energy deposited in the PWO sample is
reached in axial orientation (0mrad) resulting in e.f. = 2.62 ± 0.16. As
explained in section 2.1, the depth of the maximum energy deposit of the e.m.
shower, developing within a crystal in axial orientation, is almost independent
on the incident particle energy (E0) at the GeV energy scale, while for a
not oriented crystal tmax ∼ log(E0/Ec). For these reasons, the e.f. factor
should scale as ∼ log(E0). Thus, the enhancement factor, as a function of
the incident energy, can be mathematically parametrized as follows:

e.f.(E0) = a log(bE0 + c) (5.4)

During the beamtest, only three runs, with 80-100-120 GeV electron
beams, were performed to investigate the enhancement factor as a function
of the incident energy. Since equation 5.4 has three parameters (a, b and c),
as well as the exploited beam energies, the fitting procedure would have zero
degrees of freedom. Thus, it has been decided to use simulated data for the
enhancement factor fit, whose extracted parameters are listed in table 5.1.
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(a)

(b)

Figure 5.13: Spectra of the energy deposited in (a) the crystal and (b) the calorime-
ter. The different energy spectra were acquired with different mis-
alignment angles, whose values are listed in the boxes in units of the
Baier angle. All the spectra, in both the figures, are normalized in
order to have unitary areas under the curves.
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Figure 5.14: Scatter plot of the enhancement factors of the energy deposit in the
crystal (light blue points) and in the calorimeter (red points), as a
function of the misalignment angle.

Figure 5.15 shows the fitted curve with both experimental and simulated data;
the latter are obtained reproducing the Gaussian energy spectra of the beam
and the experimental setup, including the axial and the random orientations
of the crystal (details in Appendix A). The fit reduced chi square is χ2 = 4.4.

Table 5.1: Enhancement factor parameters, extracted from the e.f. fitting proce-
dure with the function defined in equation 5.4.

a 1.79± 0.058
b 0.023 GeV−1 ± 0.0017 GeV−1

c 1.91± 0.034

As it will be explained in the next section, the fitting procedure of e.f.(E0)
allows to numerically compute the radiation length reduction factor as a
function of the incident energy. However, the introduced fit procedure of
the enhancement factor, as the slightly high value of the reduced chi square
(χ2 ∼ 4) suggests, is based only on a semi empirical argument. This fact,
and other technical aspects which will be explained in subsection 5.2.3, leads
to consider another simulation based approach to estimate properly the X0

reduction factor.
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Figure 5.15: Experimental enhancement factors (blue points) and simulated ones
(red points); the latter have been fitted with the function of equa-
tion 5.4.

5.2.3 The radiation length reduction

Once introduced the enhancement of the energy deposit due to the Strong
Field effects, it is possible to compute the reduction of the radiation length
of the crystal under test. The energy deposit enhancement within the crystal,
when axially oriented, can be seen as the reduction of the PWO radiation
length or, equivalently, as the stretching of the PWO thickness. The two
points of view are closely related; in fact the radiation length reduction factor
is defined as

Xred
0 [%] = 100 ·

(︂Laxial − Lrandom

Lrandom

)︂
(5.5)

where Lrandom = 4.6X0 is the physical thickness of the crystal and Laxial

is the equivalent thickness, expressed in units of X0, which an impinging
electron experiences when aligned with the <100> PWO axis. It has to be
pointed out that this is only an estimation of the X0 reduction, which can be
accurately computed only by numerically integrating the equations of motion
of the impinging particle in the crystal lattice [77, 95].

The Xred
0 computation is performed using three different methods: a full

theoretical procedure, a hybrid method which employed both theoretical
aspects and simulated data, and a full simulation based approach. These
methods are summarized in the following:
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• Full theoretical approach
The first method employs the semi empirical model (s.e.m.) of the
electromagnetic shower longitudinal development. The energy deposited
in matter, as a function of the longitudinal depth, can be modelled as
follows [37]:

dE

dt
= E0b

a t
a−1e−b·t

Γ(a)
(5.6)

where E is the energy deposited in the target material, E0 the particle
initial energy, t the depth in X0 units, a and b are model parameters
depending on the target material and the incident particle type, while
Γ is the gamma function2.

When dealing with electrons, a typical parametrization of the model
parameters is [7]

a =
1

2

(︂
1 + log

(︂E0

Ec

)︂)︂
(5.7)

b = 0.5 (5.8)

with Ec the PbWO4 critical energy. Integrating equation 5.6, one gets
the energy deposit as a function of the target thickness (t):

E(t) =
E0

Γ(a)

∫︂ b·t

0

dz za−1e−z = E0γ(a; bt) (5.9)

where the regularized lower incomplete gamma function γ(a; bt) has
been introduced and defined. Thus, knowing the energy deposited
in the crystal (E), it is possible to compute the target thickness (t),
numerically inverting equation 5.9. Similarly, once the mean energy
deposited in the axially oriented PWO crystal is computed, it is possible
to compute its equivalent thickness (Laxial), as sketched in figure 5.16,
and thus the Xred

0 factor by means of equation 5.5.

However, this method assumes that the lateral development of the
electromagnetic shower is entirely contained in the target material. This
is an approximation far from reality, given the limited transverse size of
the PWO crystal sample. The theoretical energy deposit curve and the
simulated one, obtained reproducing the physical transverse size of the
crystal and increasing progressively the longitudinal one, are compared
in figure 5.17: the first curve clearly overestimates the energy deposit.

2The gamma function is defined as Γ(z) =
∫︁∞
0

dt tz−1e−t.
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Figure 5.16: Percent energy deposit fraction, computed with the semi empirical
model of equation 5.9 for a 120GeV electron, as a function of the PWO
thickness (in units of X0). The figure presents also the computational
procedure needed to obtain the Xred

0 factor, knowing the energy
deposited in the axially oriented crystal: numerically inverting the
energy deposit function, Laxial is computed, and thus the radiation
length reduction factor.
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To reduce systematic errors arising from the overestimation of the energy
deposit in the crystal, due to its finite transverse size, the second method
is introduced.

Figure 5.17: Comparison between the theoretical percent energy deposit curve
(light blue solid line) and the simulated one (red solid line); the former
overestimates the energy deposit, since it does not take into account
the lateral energy losses due to the finite crystal transverse dimensions.
Both the curves are referred to an impinging electron of 120GeV.

• Hybrid approach
The second method (e.f. method) exploits the fitted function of e.f.,
already shown in figure 5.15. In fact, the PWO equivalent thickness
featured in axial orientation (Laxial) is computed numerically solving
the equation

e.f.(E0) =
Eaxial

Erandom

=
γ(a; bLaxial)

γ(a; bLrandom)
(5.10)

where Erandom and Eaxial are the mean energy deposited in the random
and axial orientation, respectively, and e.f.(E0) is the enhancement
factor as a function of the initial beam energy (E0), whose parameters
are listed in table 5.1. Thus, the radiation length reduction factor is
computed using equation 5.5. This second method allows to partially
mitigate the systematic errors due to the not complete transverse energy
containment. As shown in the right hand side of equation 5.10, the Laxial

computation is based on the value of the ratio between two reduced
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gamma functions (γ(a; bLaxial) and γ(a; bLrandom)), which overestimate
the energy deposit in the PWO crystal both in axial and random
orientation.
Moreover, this hybrid approach, which uses the e.f. function obtained
with simulated data and the s.e.m. theory, allows to obtain a numerical
procedure to compute Xred

0 as a function of the initial particle energy,
as shown in figure 5.18.

• Full simulation based approach
The third method (G4 method) is fully based on Monte Carlo simula-
tions, that reproduce the energy deposit in the PWO crystal simulating
all the beam and setup features, except for the PWO thickness, which
was progressively increased in steps of 0.02 X0. The performed simula-
tions are three, with 80-100-120 GeV electron beams and with 10000
events for all the PWO thickness values. The energy deposit fraction
curve is computed for each beam energy value.
To determine the equivalent thickness of the crystal in axial orientation,
and thus the Xred

0 factor, it is sufficient to numerically solve the inverse
function problem for all the three energies, as already depicted in fig-
ure 5.16.
This method, which exploits a full simulation based approach, is consid-
ered the most reliable one, since it reproduces faithfully the transverse
energy losses.

In figure 5.18 all the results, obtained with the different methods, are
graphically summarized; discrepancies between the three methods are evident.
The simulation based model is considered the most reliable since it reproduces
the same transverse dimensions of the crystal and, therefore, the lateral
energy loss that occurs experimentally. The semi empirical model is the one
that differs the most from the G4 method, while the e.f. method features
a smaller discrepancy from the full simulation based approach, due to the
partial suppression of systematic errors thanks to the ratio of the right hand
side of equation 5.10. Moreover, as far as the e.f. method is concerned, it
has to be noticed that the predicted reduction length factor is different from
0% when the impinging energy approaches zero (figure 5.18). This is due
to the fact that the fitted curve of figure 5.15, based on a semi empirical
argument, predicts an enhancement factor different from 1 when the initial
particle energy is zero, thus pointing out that this model is not reliable in the
low energy range.

Table 5.2 summarizes the equivalent radiation length values obtained in
axial orientation (Laxial) and the radiation length reduction factors (Xred

0 ),
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Figure 5.18: Comparison between the three different methods used to compute the
Xred

0 factor: the G4 method points are represented in green, the s.e.m.
method ones in red while the e.f. method function is represented in
blue with its confidence level highlighted in light green.
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obtained with the G4 method; the computed values are in agreement with
the results reported in [6] (i.e. Xred

0 ∼ 35%, for a 120GeV electron beam).

Table 5.2: Main experimental results obtained for three different beam energies.

Parameters 80GeV 100GeV 120GeV
Laxial [X0] 5.97± 0.04 6.07± 0.02 6.2± 0.02

Laxial [mm] 53.15± 0.36 53.86± 0.18 54.93± 0.18

Xred
0 [%] 29.78± 0.87 31.96± 0.43 34.78± 0.43

Previous studies, performed in the framework of the AXIAL and ELIOT
collaborations, demonstrated that Xred

0 ∼ 65% for a 0.45X0 PbWO4 crystal
sample, as reported in [6], thus confirming that the shorter the crystal under
test, the greater the relative increase in the energy deposit and therefore the
Xred

0 factor. This fact is in perfect agreement with the theory, as explained
in section 2.1, because the secondary particles of the electromagnetic shower,
after the first radiation lengths, have angles extending beyond the SF angular
acceptance, and thus they are progressively less affected by the Strong Field
effects. However, this particular aspect must not be misunderstood: in the
next-generation oriented crystal based calorimeters, only the first radiation
lengths will be deeply influenced by the lattice-to-beam orientation, but this
is not in contrast with the fact that the crystal based technology will feature
better performances in terms of energy containment with respect to the not
oriented one.

These observations conclude the characterization of the Strong Field effects
in the studied PWO crystal samples.



Conclusions

This thesis work has been performed in the framework of the STORM
project, which aimed at investigating the Strong Field effects induced by
the PbWO4 crystalline structure. It is well known since the 1950s that the
crystal lattice may strongly modify both the pair production cross section
and the bremsstrahlung emission spectrum. In the first chapter of this thesis,
a comprehensive theoretical treatment has been provided on how the crystal
lattice influences the charged particles trajectory and on how the radiation
emission of electrons and the pair production processes of photons undergo
modifications in oriented crystals. It has been shown that, in the Strong
Field regime, the bremsstrahlung emission spectrum of an ultra relativistic
light charged particle (such as an electron or a positron) is strongly modified
by the lattice coherent effects and that its spectral features depend on the
impinging particle incidence angle. It has been demonstrated that electrons
(or positrons) impinging on a crystallographic direction with incidence angles
smaller than the Baier one (Θ0), emit synchrotron radiation peaked in the
hard part of the spectrum, thus leading to an enhancement in the energy
deposit with respect to the amorphous case.

The coherent effects induced by the lattice structures make the oriented
crystals technology appealing for the development of next-generation compact
electromagnetic calorimeters, which will exploit the e.m. showers acceleration
to improve the current-generation calorimeters performances in terms of
energy containment, as explained in the second chapter.

In order to estimate properly the acceleration of the electromagnetic shower
development, that can be seen also in terms of the radiation length reduction,
within a 4.6X0 PWO sample, efficient photodetectors reading out the crystal
scintillation light are needed. The photodetection system implemented during
the STORM 2022 beamtest was based on Silicon PhotoMultipliers, consisting
of four SiPM matrices model ARRAYC-60035-4P-BGA, as explained in the
third chapter. During the 2022 beamtest, which took place on the CERN
H2 extracted beamline, the PWO light output was studied as a function
of the lattice-to-beam orientation of the sample, monitored by means of
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a remotely controlled high-precision goniometer. Moreover, the particle
incidence angles were computed with a high accuracy thanks to the high
precision and high spatial resolution tracking system, composed by two
silicon microstrip telescopes with a spatial resolution of a few microns. The
energy deposited in the crystal sample was evaluated by means of the SiPM
readout system, while the downstream calorimeter, composed by 7 lead glasses,
measured the remaining energy.

Before characterizing the PWO behavior in the Strong Field condi-
tion, the main beam features, such as the angular divergence and the
beam composition, have been analyzed in the fourth chapter, as well as
the calorimeter performances in terms of energy resolution. The best an-
gular divergence values were obtained using the 120GeV electron beams
and their values are σx = 97.22 µrad ± 0.47 µrad along the x direction and
σy = 71.19 µrad ± 0.35 µrad along the y direction, which are one order of
magnitude smaller than the Strong Field angular acceptance (Θ0 ∼ 1mrad),
and thus suitable to perform the PWO characterization in the SF regime.

Finally, as discussed in the fifth chapter, the PWO behavior was analyzed
as a function of the lattice-to-beam orientation. In the first phase of the PWO
characterization, the sample alignment procedure was performed: it consists
in a first manual pre-alignment, which guarantees an angular accuracy of few
mrad, followed by a more precise software alignment, performed analyzing
the SiPM output as the goniometer angular degrees of freedom vary. This
offline analysis allows to compute the reference axis (<100> in this thesis)
angular coordinates. The SiPM output was studied also as a function of the
impinging particle misalignment angles; this analysis outlined the presence of
the crystal planes, included the skew ones.

The energy deposit in the PWO was studied during the transition from
the random to the axial orientation; this angular scan revealed the presence
of a plane corresponding to 28Θ0 of the misalignment angle.

The electromagnetic shower acceleration due to the Strong Field effects
was analytically quantified computing the reduction of the radiation length,
using three different approaches. The most reliable one was a full simulation
based approach, that exploited the energy deposit curve simulated using the
Geant4 toolkit [42], a Monte Carlo simulation tool which supported the entire
data analysis.

The main result of this thesis consists in the computation of the X0

reduction factor; it turned to be ∼ 35% in the case of a 120GeV electron beam,
which is consistent with the results reported in [6]. This result confirms the
acceleration in the electromagnetic shower development in oriented crystals,
thus validating the feasibility of the compact electromagnetic calorimeter
development.
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The future perspective of this work is the development of an electromag-
netic calorimeter prototype with a layer of oriented PbWO4 crystals for the
shower acceleration and the particle identification. These studies and data
analyses are being performed by the OREO collaboration, which anticipated
very promising results, despite they are not yet published.





Appendix A

Geant4 Simulations

The simulation of the energy deposit in the PbWO4 crystal was performed
using the Geant4 toolkit [42]; the FTFP_BERT physics list [96] was employed
for random simulations. However, the Strong Field effects are not included
in any Geant4 physics list, thus a different approach is needed to perform
the simulations in axial orientation. In order to achieve such a task, the
correction coefficients to the standard e.m. cross sections, taking into account
the lattice contributions to the electromagnetic processes, were computed
following the steps outlined by [6, 97], and the electromagnetic cross sections
were rescaled by these factors.

The simulated experimental setup featured a simplified geometry, repro-
ducing only the active areas of the detectors, without the mechanical supports
and the light-tight layers. On the other hand, the simulated geometrical beam
features, listed in table A.1, reproduced the experimental ones.

Table A.1: Geometrical features of the simulated beams for three different energies.

Parameters 80GeV 100GeV 120GeV
Transverse plane distribution Rectangular Rectangular Rectangular

Lx [cm] 0.5 cm 0.5 cm 0.5 cm
Ly [cm] 0.5 cm 0.5 cm 0.5 cm

Angular distribution Gaussian Gaussian Gaussian
σx [µrad] 126.74 121.18 97.12
σy [µrad] 86.72 77.95 71.22

As far as the simulated beam energy spectra are concerned, most of the
simulations were performed reproducing the shape of the electron part of
the calorimeter energy distributions, acquired during the calibration runs, by
means of the Geant4 hist command [91]. Moreover, 3% of the total number
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of events was composed by mono energetic negative pions. However, since the
limited number of calibration runs (6), the experimental electron part of the
energy spectra was available only for energies in the 20− 120 GeV range, in
steps of 20GeV. Thus, whenever it was necessary to simulate an energy scan,
it was chosen to use a beam consisting of only electrons, with a Gaussian
energy spectrum, featuring a σ/µ ratio of 2%.

The energy deposited in the crystal was simulated by reproducing the
energy loss physical processes, but, for simplicity, not the scintillation light
production and propagation, nor the SiPM readout chain. Figure A.1 shows
the experimental and the simulated spectra of the energy deposited in the
crystal sample, obtained with two different beam energies (100GeV and
120GeV), both in random and in axial orientation: in the former orientation
the simulated spectra reproduce faithfully the experimental ones, while in
the latter orientation the experimental and the simulated spectra are slightly
different. In order to quantify the discrepancy between the simulated and
the experimental energy distribution, the Kullback-Leibler divergences (math-
ematical details are provided in section 4.3) have been computed both in
random and axial orientation. The statistical divergence values are listed in
table A.2; for both the beam energy values the divergence computed in the
axial orientation is an order of magnitude larger than the one obtained in the
random configuration.

Figure A.1: Experimental and simulated spectra of the energy deposited in the
4.6X0 PbWO4 crystal sample with 100GeV and 120GeV impinging
electron beams, in (a) random orientation and (b) axial orientation.

The increasing statistical divergence in axial orientation is probably due
to the not perfect simulation procedure. In fact, axial simulations were
performed only rescaling the cross sections of electromagnetic processes by
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Table A.2: Computed Kullback-Leibler divergences for two different energies
(100GeV and 120GeV), in random and axial orientation.

Beam energy [GeV] Orientation K-L divergence
100 Random 0.0063
100 Axial 0.02
120 Random 0.0054
120 Axial 0.024

factors which take into account the lattice-to-beam alignment. Potential
future improvements of the simulation code would consist in:

• reproducing the crystal lattice and thus the interatomic potential wells,
and not only the correction factors to the standard e.m. cross sections;

• implementing the light generation and propagation processes, occurring
when a particle impinges on the crystal.
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