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Abstrakt

Laserem generované fotonové záření představuje díky svým unikátním vlast-
nostem slibný nástroj pro mnoho oborů. Nicméně spektrometrie takového záření je
náročná, neboť takové záření je vytvářeno v pulzech. Vzhledem k tomu, že běžné
metody fotonové spektrometrie nejsou pro tento typ záření vhodné, je nezbytné
vyvinout nový detektor. Tato disertační práce popisuje návrh takového spek-
trometru fotonů v laserem generovaných polích pulzního záření. Součástí práce je
kalibrace a validace tohoto spektrometru pomocí konvenčních zdrojů a také ex-
perimentální výsledky získané na zařízení ELIMAIA v ELI Beamlines. Z výsledků
je patrné, že vyvinutý detektor je vhodný pro fotonovou spektrometrii v pulzních
polích záření.

Abstract

Laser-generated photonic radiation represents a promising tool in numerous
scientific fields, because of its unique properties. However, spectrometry of such
radiation is challenging due to its pulsed nature. As common methods for photon
spectrometry cannot be used, there is a need for a novel detector. This dissertation
describes the design of such spectrometer of photons in laser-generated pulsed-
radiation fields. Moreover, calibration and validation of this spectrometer using
conventional sources is presented as well as experimental results from experiment
at ELI Beamlines ELIMAIA beamline. The results prove that the developed
detector can be used for photon spectrometry in pulsed-radiation fields.
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Introduction

Recent developments in femtosecond laser technology have enabled the produc-
tion of ultra-short ionising radiation pulses through laser interaction with matter
[1, 2]. Depending on the laser pulse properties and the target material charac-
teristics, such interaction can lead to generation of X-rays and γ-rays (and other
particles) in a form of ultrashort pulses, that find applications in numerous sci-
entific fields [3]. Additionally, the laser-driven sources can be deemed point-like,
given the small (few µm) focal spot on the target. As of the time of writing
this thesis, no conventional ionising radiation source has been able to produce
ultra-short X-ray pulses with comparable properties [4].

These unique characteristics of laser-generated X-ray and γ radiation make it
a promising tool in various applications. In research, it can be used to investigate
the properties of materials in very short time scales [5]. The ultra-short duration of
the pulses allows for the observation of ultra-fast phenomena, such as the dynamics
of chemical reactions [6]. Laser-generated radiation can also be employed for high-
resolution imaging, potentially even in medicine.

Because of these possible applications and since the generated photonic radi-
ation can provide insights into laser-matter interactions, it is essential to char-
acterise the generated radiation on a shot-by-shot basis. However, this task is
challenging, as standard methods for X-ray spectrometry, that rely on single-
photon counting, prove to be extremely difficult or even impossible to be applied
in high-flux pulsed radiation fields [7].

Several diagnostics for pulsed photonic radiation are available, however, these
are generally limited to integral dosimetric quantities (e.g. ambient dose equiv-
alent). Only a few of these diagnostics are able to provide spectral information.
These diagnostics typically exploit passive detectors, such as radiochromic films
[8]. However, in high-repetition rate environments, these methods provide only an
average spectral information, not a characterisation of each shot. Furthermore,
the preparation and readout of these systems require a substantial effort and can
be time-consuming.

In order to be able to obtain real-time spectral information for each individual
shot, an active detector is required. The active system described in this thesis
exploits the principle of a segmented electromagnetic calorimeter used in the field
of high energy physics [9]. A segmented calorimeter is a set of stacked scintillating
layers, enabling measurement of the energy deposited at different depths in the
material. In the context of high-energy physics, electromagnetic calorimeters are
used to determine the energy of a high-energy particle, in pulsed fields, it can be
used to characterise the spectrum.
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CONTENTS

The spectrometer of high-energy high-flux photonic pulses was designed and
fine-tuned using the FLUKA Monte Carlo code [10, 11]. The spectrometer com-
prises scintillator prisms of different sizes, a holder, an optical readout system,
and an unfolding software. Using simulated response matrices, the detector is
able to determine components of the impinging radiation, allowing to reconstruct
the spectrum of impinging radiation. The spectrometer was tested in several ra-
diation environments, calibrated and its function was validated.

The spectrometer was developed in collaboration between the Safety team (Ra-
diation Protection and Monte Carlo group) and the ELIMAIA team of the Extreme
Light Infrastructure, European Research Infrastructure Consortium (ELI ERIC)
[12, 13], mainly to be applied at the ELI Beamlines facility. The author of this
thesis has developed the principle of function of the spectrometer, significantly
contributed to both the hardware and software design of the spectrometer, as well
as to its calibration and validation using conventional sources of ionising radia-
tion. The author had minor contributions to the experiments in laser-generated
ionising radiation environments. Results of the design, calibration, validation,
and other experiments have been published in multiple articles [14, 15, 16, 17].
The spectrometer was patented [18], the author of this thesis is listed as the first
inventor.

9



Chapter 1

Extreme Light Infrastructure

The spectrometer developed in the frame of this thesis was designed to be used
mainly within the experimental areas of the Extreme Light Infrastructure, Euro-
pean Research Infrastructure Consortium (ELI ERIC), namely the ELI Beamlines
facility [19]. Thus, in order to describe the design considerations of the spec-
trometer, it is first necessary to describe in detail the environment, in which the
spectrometer would be deployed and the context of the whole project.

ELI represents the world’s most advanced civilian high-power laser infrastruc-
ture, focusing on application of high-power, high-intensity, and ultra-short pulsed
laser systems. One of the application of these laser systems is generation of ultra-
short pulses of high-energy ionising radiation.

In order to produce high-energy ionising radiation using a laser pulse, it is
necessary to achieve ultra-high laser intensities on a target material. Given that,
a large-scale laser system is needed. Operation of such large-scale cutting edge
laser systems requires a dedicated facility with extensive auxiliary systems, such
as vacuum distribution, vibration suppression and cleanrooms. The ELI Beam-
lines facility, located in Dolní Břežany, Czech Republic, houses all the required
technologies.

1.1 ELI Beamlines

ELI Beamlines is one of the facilities that form The Extreme Light Infrastruc-
ture. This particular facility is dedicated to producing pulsed ionising radiation
beams for user applications [20]. The layout of ELI Beamlines is shown in Fig. 1.1.
The Laser Building of ELI Beamlines hosts four large-scale laser systems on its
ground floor, each laser system being installed in a separate laser hall. Auxiliary
systems, such as power supply and cooling, are installed in the halls of the first
floor. The laser beams are transported into the experimental halls located below
the ground level using a beam transport system, that allows directing individual
laser beams into six experimental halls. Both the laser halls and the experimental
halls are equipped with vibration suppression systems and clean rooms, minimis-
ing disruption of the laser beams. Also, given the need of transporting the high
energy laser pulses in vacuum a central vacuum system is used to ensure the
vacuum quality within the laser beam transport system [12].

10



CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

Fig. 1.1: Overview of the ELI Beamlines facility. Large scale laser systems, beam
distribution and individual beamlines are highlighted. [21]

1.2 Laser systems

In addition to many small-scale lasers, ELI Beamlines hosts four large-scale
systems that facilitate the operation of individual beamlines. Each of these laser
systems provides different parameters, allowing variable laser beam parameters at
the experimental stations. [22]

These laser systems rely on the technology of optical parametric chirped pulsed
amplification (OPCPA) [23] that allows pulse compression so intense, that the
peak laser pulse power can reach extremely high values, that would be impossible
to achieve using continuous lasers. Such unprecedented laser pulse peak power
enables reaching extremely high laser intensities at the target material. The pa-
rameters of individual laser systems are described in the following sections.

1.2.1 L1 Allegra

The L1 Allegra laser system has been developed internally by an ELI Beamlines
team [24]. The goal of this laser is to deliver ultra-short laser pulses (20 fs) with a
high frequency of 1 kHz. This laser system exploits seven precisely synchronised
Yb:YAG amplifiers placed within the three main components: the front end, the
booster, and the main amplifier. The beam of the L1 Allegra laser system is
transported into the E1 Experimental hall located directly below the L1 laser hall
where the Allegra is installed. Unlike other laser systems, the L1 laser systems
was designed to be directed only into one experimental hall, the E1 [25].

1.2.2 L2 Duha

The L2 Duha laser system was designed to provide high-intensity laser pulses
of 100 TW at high repetition rate (50 Hz) for experiments, that do not require the

11



CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

peak power in the PW range [26]. Another feature of this laser system is that it is
capable of providing a wide range of wavelengths, hence the name Duha (rainbow).
Unlike the L1 laser system, the L2 can be directed into multiple experimental halls
[27].

1.2.3 L3 HAPLS

The L3 HAPLS laser system was designed to reach the PW level of laser pulse
power, moreover, unlike similar PW-class laser systems that are able to deliver
only tens of shots per day, it can operate at a high repetition rate of 10 Hz.
This laser system was designed and built in collaboration between ELI Beamlines
and the Lawrence Livermore National Laboratory. The system exploits Nd-doped
glass amplifiers, that are pumped using high power diode arrays [28]. The L3 laser
beam can be directed into any of the experimental halls with the exception of E1.

1.2.4 L4 Aton

The L4 Aton laser system is the most powerful laser system installed at ELI
Beamlines, reaching unprecedented peak laser pulse power of 10 PW [22]. It
exploits a chain of amplifiers based on different principles (including OPCPA) and
various compressors for each of the operation regime. In the 10 PW operation
regime, the full chain is used and a dedicated large-scale compressor placed in a
separate hall in the basement level (L4c). Once compressed, the laser beam can
be diverted into E3, E4, or E5 experimental halls.

1.2.5 Summary of laser systems

In summary, ELI Beamlines houses four main laser systems, each having differ-
ent parameters in order to enable experiments with different requirements. Char-
acteristics of pulses of individual laser systems at target are summarised in Tab.
1.1. Using these laser systems, it is possible to achieve extreme laser pulse inten-
sities on targets up to the level of 1024 W/cm2. Interaction of such laser pulses
with matter enables production of ionising radiation within individual beamlines,
that are described in the following section.

Laser system L1 Allegra L2 Duha L3 HAPLS L4 Aton

Pulse energy [J] 0.1 2 30 2000

Pulse duration [fs] 20 25 30 130

Repetition rate [Hz] 1000 50 10 0.02

Tab. 1.1: Overview of ELI Beamlines laser system’s beam parameters at target.
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CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.3 Beamlines

Individual beamlines and experimental stations are placed at the basement
level of ELI Beamlines. As each beamline serves a different purpose, each is
designed and configured to achieve required beam properties [12]. While some of
the beamlines are exploited for generating ionising radiation, ionising radiation is
present at all beamlines, as all the beamlines rely on the laser-plasma interaction,
during which the ionising radiation is produced inherently. Naturally, beamlines
that produce beams of high-energy radiation also produce secondary radiation
while interacting with other materials present inside the experimental halls. In
the following sections the beamlines producing ionising radiation (> 5 keV) are
described.

1.3.1 Plasma X-ray Sources

A set of plasma X-ray sources placed inside the E1 experimental hall exploit
both the L1 Allegra laser system and small-scale lasers to produce pulsed X-ray
beams of tens of keV at 1 kHz frequency. These lasers are focused on solid or liquid
targets of different materials (metals, e.g. copper as seen in Fig. 1.2, or water
[29]) in order to produce a spectrum that is desired for a particular experiment.
Given the relatively low laser intensity, the produced X-ray radiation is mostly
the characteristic radiation of target materials [30]. Using different materials, it is
possible to achieve for example 8 keV when using Cu target or 77 keV when using
Bi target. The length of X-ray pulse typically reaches hundreds of femtoseconds,
enabling high-resolution X-ray imaging that is essential for material research [31].

Fig. 1.2: Example of a PXS target station, in this case the laser beam is focused
on the copper tape. [19]
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CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.3.2 Betatron/Compton

The Betatron/Compton beamline is located inside the E2 experimental hall.
This beamline is dedicated to high energy X-ray generation, exploiting the PW
class L3 laser system. A laser pulse with a gas target, producing high-energy
electrons (up to 2 GeV). These electrons are accelerated by plasma wakefield and
then wiggled, resulting in a production of betatron radiation (see Fig. 1.3) in
the energy range of 1 keV – 100 keV. There is also an option to switch to other
operational regime of the beamline, during which a second laser is focused onto
the electron beam (see Fig. 1.4). This allows production of high energy X-rays
exploiting the inverse Compton scattering. The energy range of X-ray radiation
produced in this regime is estimated at 100 keV – 5 MeV [32].

Fig. 1.3: Betatron/Compton beamline in the Betatron configuration. [19]

Fig. 1.4: Betatron/Compton beamline in the Compton configuration. Notice the
second laser beam used to produce an electron beam. [19]
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CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.3.3 Plasma Physics Platform

The Plasma Physics Platform, located within the E3 experimental hall, is a
beamline not primarily dedicated to ionising radiation production, but to research
of the laser-plasma interaction and high energy density and plasma physics. It
allows for simultaneous use of multiple synchronised lasers systems (including the
most powerful L4 Aton laser system [33]) and thus creating extreme conditions on
the target.

This platform can be also set up into two modes, that are dedicated for gener-
ating ionising radiation. The short-focal length setup that is used for generating
X-ray and ion radiation, and the long-focal length setup, that is used for electron
acceleration. The expected energy range of generated X-ray is in the units of keV
to units of MeV region, while the electrons can be accelerated up to 1.5 GeV.

The main component of the Plasma Physics Platform is the experimental vac-
uum chamber, one of the largest vacuum chambers constructed for civilian research
purposes. This vacuum chamber is approximately 3.5 meters high, with a radius
of approximately 2.5 meters [19]. The internal volume of the chamber can be
seen in Fig. 1.5. Similarly as in other beamlines, the target is placed within the
vacuum chamber to allow the laser beam propagation to the target.

Fig. 1.5: The experimental setup inside the P3 vacuum chamber. [19]
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CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.3.4 ELIMAIA

The ELIMAIA beamline, located in the E4 experimental hall (see Fig. 1.6), is
primarily used to produce ion beams by means of the L3 and L4 laser systems. It
consists of a chain of experimental chambers where the beam is created, followed by
an electromagnetic chicane that allows selection of desired beam energy and finally
the beam is focused at the dosimetric station to allow various user experiments.
[34]

The ions are accelerated thanks to the Target Normal Sheath Acceleration
mechanism (TNSA) [35]. The electrons inside the target material are accelerated
using the laser-plasma interaction, creating a strong electric field that accelerates
ions of the target material. Given the nature of this mechanism, these ions are not
monoenergetic, and thus the electromagnetic chicane is needed to select a desired
part of the spectrum, other ions are absorbed within the electromagnetic chicane
walls.

Ions transported to the dosimetric station can be used for various research,
e.g. laser-driven hadrotherapy, fusion research, laser-triggered nuclear reactions,
non-destructive testing (activation analysis) and others. The maximum energy of
generated ions is expected to be in the range of hundreds of MeV/u [12].

Fig. 1.6: The ELIMAIA beamline within the E4 experimental hall of ELI Beam-
lines. [36]
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1.3.5 LUIS

Similarly as the Betatron/Compton, the Laser Undulator Illuminating Source
(LUIS), placed inside the E5 experimental hall, exploits the electron acceleration in
order to produce pulsed X-ray radiation. Electrons in this beamline are accelerated
by laser-plasma interaction in a gas target, allowing them to reach energies up to
units of GeV. In case of LUIS, the X-ray generation is performed by means of
undulation. It is envisioned that in future this beamline would be upgraded to a
laser-driven free electron laser with intensity up to 1029 photons per shot [37].

1.3.6 ELBA

The E5 experimental hall houses also another beamline, the ELBA. This beam-
line serves as a laser-driven electron accelerator, exploiting the L3 HAPLS and L4
Aton laser systems. The laser pulses are focused on a gas target, accelerating
electrons by means of Laser Wake Field Acceleration (LWFA) to energies up to
tens of GeV. [38] The beamline is dedicated to optimising the electron accelera-
tion technology not only for user research, achieving high beam stability at high
electron energy and at high repetition rate [39]. Both LUIS and ELBA beamlines
are seen in Fig. 1.7.

Fig. 1.7: The E5 experimental hall with LUIS beamline (left) and ELBA beamline
(right). Notice the large number of technologies present within the experimental
hall. [19]
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CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.3.7 TERESA

The TERESA target area was built in the L2 laser hall mainly for testing and
development of target delivery systems and laser-plasma diagnostics [40], until the
other beamlines would be commissioned. Within the TERESA target area, it is
possible to produce ion and electron radiation as well as X-ray pulsed radiation.
Ionising radiation pulses are produced at the frequency of 10 Hz, since TERESA
uses the L3 laser system. TERESA consists of four interconnected vacuum cham-
bers, as seen in Fig. 1.8.

Fig. 1.8: Drawing of the TERESA target area within the L2 laser hall. Notice the
L3 HAPLS laser beam coming from the neighbouring L3 laser hall. [40]

While TERESA does not represent a large-scale beamline for user research,
this target area was available in the early stages of the spectrometer development,
allowing to test various components in the environment of a laser research facility
and to expose them to low-intensity laser-generated radiation. More information
on implications of this environment for the spectrometer design are outlined in
the next section.

18



CHAPTER 1. EXTREME LIGHT INFRASTRUCTURE

1.4 Considerations for spectrometer design

While each beamline is dedicated for specific scientific needs and production
of different ionising radiation beams, X-ray radiation is created at all mentioned
beamlines, either intentionally or as a side effect. X-ray radiation is generated
both within the laser-generated plasma and as a result of electromagnetic cascades
caused by interactions of the primary beam with other materials present in the
halls (e.g optics within the vacuum chambers, beamline components, shielding
materials, and other technologies).

The X-rays generated during the laser-plasma interaction are essential to be
characterised, as they provide insight into the laser-plasma interaction itself, al-
lowing monitoring of the laser-plasma interaction. Moreover, as at some of the
beamlines the generated X-rays are used directly for user research, it is needed to
monitor quality of the X-ray beam. Therefore, spectrometry of X-rays is beneficial
for all the above-mentioned beamlines at ELI Beamlines.

However, given the pulsed nature of generated X-ray radiation, no commer-
cially available detector is able to perform spectrometry of individual X-ray pulses.
Therefore, a collaboration was set between the ELI Beamlines Safety and ELI-
MAIA teams to develop and test a novel spectrometer of pulsed X-ray radiation.
The Safety Team having experts on radiation protection provided expertise on
X-ray detectors, conventional X-ray sources, and Monte Carlo simulations. The
ELIMAIA team provided expertise on laser-plasma interaction, generation of X-
ray radiation using laser pulses, and the TERESA and ELIMAIA beamlines for
testing.

The properties of laser-generated X-ray radiation and their implications on the
spectrometer design are described in detail in the following chapter.
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Chapter 2

Laser-generated X-ray radiation

Laser-generated X-ray and γ radiation has gained significant attention in var-
ious scientific, medical, and industrial fields due to its pulsed nature. The pro-
duction of such radiation is performed by focusing a femtosecond laser pulse on a
suitable target, leading to the creation of highly intense and ultra-short (few fem-
tosecond [41]) photonic pulses. The details of the processes leading to generating
photonic ionising radiation are discussed in this chapter.

As already stated, a significant objective of research in the field of laser-
generated X-ray radiation is to characterise individual X-ray pulses, specifically, to
measure their spectrum. However, spectrometry of pulsed X-ray radiation presents
greater challenges than that of continuous X-ray beams. As of today, experimental
results of spectra are scarce, and in some cases, only simulation results are avail-
able. These results together with possible methods of pulsed X-ray spectrometry
are also discussed in this chapter.

2.1 X-ray production by laser pulses

Laser-generated X-ray radiation originates from the motion of free electrons
that are generated inside the plasma created during the interaction of the laser
pulse with the target material. These electrons can produce X-rays through sev-
eral mechanisms, including characteristic radiation, bremsstrahlung, and inverse
Compton scattering [42]. To gain a comprehensive understanding of the character-
istics of laser-generated X-ray radiation, it is necessary to investigate the various
ionisation and acceleration processes induced by the laser pulse.

An ultra-short laser pulse can be treated as an electromagnetic wave. In order
to characterise the effects of interaction of this wave with a target material, it is
useful to consider the laser intensity, denoted by I and typically measured in
units of W/cm2 [43]. The behaviour of the laser exhibits significant variations
at distinct intensity levels, rendering intensity one of the pivotal parameter in
ascertaining the outcome of the laser-target interaction [3]. Following sections
provide brief insight into the interactions between the laser pulse and the target
material at different laser intensity levels.
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CHAPTER 2. LASER-GENERATED X-RAY RADIATION

2.1.1 Ionisation and electron acceleration by laser pulses

The processes that precede generation of photonic ionising radiation during
laser-target interaction are the ionisation and subsequent acceleration of electrons
of the target material. The individual processes of ionisation and acceleration are
described in the following sections.

Multiphoton and Field Ionisation

At the laser intensity level of approximately 1010 W/cm2, it becomes energeti-
cally possible for outer-shell electron to become free by a simultaneous absorption
of multiple photons of the laser pulse. This phenomenon is referred to as multi-
photon ionisation. With increasing laser intensity, the electric field of the laser
pulse becomes stronger, enabling distortion of the atomic Coulomb barrier. This
allows electrons to become free by means of quantum tunnelling.

As the laser intensity increases even more, the Coulomb barrier deformation
becomes so pronounced, that electrons are directly freed and accelerated by the
electric field of the laser pulse (see Fig. 2.1). This process is known as the field
ionisation. As the laser intensity increases, this process becomes capable of
freeing electrons from even the innermost atomic shells. Field ionisation becomes
the dominant process at intensities of approximately 1014 W/cm2. [44]

Fig. 2.1: Comparison of ionisation processes: a) single-photon ionisation, b) multi-
photon ionisation, and c) field ionisation. [44]

Collisional Heating

As the laser intensity increases to 1014 − 1017 W/cm2, the energy of free elec-
trons becomes high enough to induce further ionisation within the target material,
leading to a significant increase in the number of free electrons. The density of free
electrons and ions becomes so high that a collective behaviour of plasma must be
considered. This process is generally referred to as collisional heating or inverse
bremsstrahlung (as it involves energy transfer from photons to electrons) [45].
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Collective absorption

Once the laser intensity surpasses the threshold of 1017 W/cm2, the collective
absorption processes become evident. Plasma oscillations are created by electric
forces, whose frequency ωp can be calculated as

ωP =
√
ne · e/ε0 ·me = 5.7 · 104

√
ne(cm−3) Hz, (2.1)

where ne is the plasma density, e the electron charge, ε0 the vacuum permittivity
and me the electron mass. The frequency ωp is therefore dependant only on the
plasma density. A laser-generated plasma is not uniform, the highest density is
located in the centre of the plasma and decreases exponentially with increasing
distance from the centre. Therefore, it is possible to find a wide range of ωP

inside a laser-generated plasma. This also means that at some locations inside
the plasma, the plasma frequency ωP is equal to the one of the laser pulse ωL,
allowing a resonant transmission of energy [3].

This resonance enables generation of so-called superheated (or hot) electrons,
having temperature much higher than the one of the plasma. This phenomenon,
called collective resonance absorption or resonance heating, thus leads to a
bi-Maxwellian electron spectrum (low temperature from collisional heating, high-
temperature from collective absorption), as seen in Fig. 2.2 [46].

Fig. 2.2: A typical electron spectrum with two Maxwellian components, U is
the electron energy, f(U)du represent the relative number of electrons. Te is the
temperature of ”cold” electrons, Th is the temperature of ”hot” electrons. Result
of a PIC simulation, laser intensity I = 5 · 1016 W/cm2 [46].
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Relativistic acceleration

At the laser intensity of approximately 3 ·1018W/cm2 the magnetic component
of the Lorentz force becomes significant, as it causes electrons to accelerate in the
direction of the laser pulse, thus generating a population of hot electrons [3].
Energy of such electrons follows a Maxwellian distribution, the temperature can
be estimated using scaling laws, such as

T ≈ mec
2

[(
1 +

I · λ2

1.37 · 1018 W · cm−2 · µm2

)1/2

− 1

]
, (2.2)

where me is the electron mass, I the laser pulse intensity and λ the laser pulse
wavelength [46]. It should be noted that other scaling laws exist and can be used
depending on the experimental conditions [47, 48].

2.1.2 Characteristic radiation and bremsstrahlung

The free electrons generated by aforementioned processes generate X-ray ra-
diation through mechanisms similar to those exploited in conventional sources of
ionising radiation, such as X-ray tubes or linear accelerators. At low laser inten-
sities, the dominant process is the characteristic radiation emission produced
during electron recombination or relaxation. This process results in a production
of low energy X-rays with discrete energies [49].

With increasing laser intensity, bremsstrahlung production becomes the
dominant mechanism. The accelerated electrons emit bremsstrahlung as they un-
dergo momentum changes during interactions with the plasma, the target material
(particularly high-Z materials), and other materials in proximity. In contrast to
characteristic radiation, bremsstrahlung spectrum exhibits a continuous distribu-
tion, following a Maxwellian shape [49]. An overview of these processes is shown
in Fig. 2.3.
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Fig. 2.3: Overview of X-ray generation processes during electron interactions, 1–3:
bremsstrahlung production, 4: characteristic radiation production [50].

2.1.3 Inverse Compton scattering

Cutting edge laser systems have capability to achieve ultra-high intensities,
surpassing the intensity of 1020 W/cm2. These extreme conditions enable inverse
(or non-linear) Compton scattering, a process that generates highly energetic
X-ray and γ radiation [51]. During this phenomenon a high-energy electron in-
teracts with a low-energy photon from a laser pulse, resulting in the production
of a high-energy photon and a low-energy electron (see Fig. 2.4). The energy is
thus transferred from an electron to a photon (as opposed to standard Compton
scattering, where the energy is transferred from a photon to an electron).

Fig. 2.4: Diagram of inverse Compton scattering. Energy of a high energy electron
is transferred to a low energy photon. [52]
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2.2 Properties of laser-generated X-ray radia-
tion

The individual processes described in the previous sections can generate various
distributions of X-ray radiation, both in the energetic and spatial domain. As
detailed reliable experimental data are scarce, simulation results are shown when
the experimental results are not available.

2.2.1 Energetic distribution

When achieving the laser intensity within interval 1014−1017 W/cm2, multiple
experiments have confirmed production of X-rays [49, 53, 54]. A typical cumulative
spectrum shows a Maxwellian shape with characteristic lines as shown in Fig. 2.5.
It should be noted that the cumulative spectrum can only be measured in high-
repetition rate and stable environments, as to measure the spectrum, only one
X-ray photon must be detected per shot. However, if these requirements are met,
a standard detector can be used to acquire the cumulative spectrum.

Fig. 2.5: A measured X-ray spectrum for 2.6 · 1014 W/cm2 laser pulses focused on
a tungsten target. [49]

At higher laser intensities, the collective absorption process gives rise to the
generation of a population of hot electrons, thereby inducing a change in the X-ray
spectrum shape. The presence of these hot electrons contributes to the emergence
of a more energetic bremsstrahlung component [55], consequently resulting in a
bi-Maxwellian shape of the X-ray spectrum as seen in Fig. 2.6. It should also be
noted that the number of hot electrons is significantly lower than the number of
cold ones.

As the inverse Compton scattering process emerges at ultra-high laser intensi-
ties, another population of high-energy photons is generated. Both inverse Comp-
ton scattering and bremsstrahlung processes create a Maxwellian spectrum of
X-rays [51]. Maxwellian temperatures of these distributions can be different for
the two processes (see Fig. 2.7), the combined photonic spectrum at high laser
intensities can have a bi-Maxwellian or even a tri-Maxweliian shape [57].
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Fig. 2.6: Measured X-ray bi-Maxwellian spectrum for laser of intensity I ≈
1018 W/cm2 focused on a titanium target (using the Timepix detector). [56]

Fig. 2.7: Simulated spectra for bremsstrahlung (BS) and inverse Compton scat-
tering (CS) for different laser intensities on target. [57]
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2.2.2 Angular distribution

As for the angular distribution of the generated radiation, simulations show a
difference between bremsstrahlung and inverse Compton scattering. The distri-
bution of bremsstrahlung is dependant on the target thickness, since the target
material can cause significant shielding [51]. For thin targets, the angular distri-
bution is approximately isotropic, see Fig. 2.8. The inverse Compton scattering
instead generates more directional radiation, the photons are more distributed in
the forward direction, at a sharp angle to the laser pulse [57], see Fig. 2.9.

Fig. 2.8: Simulation of bremsstrahlung angular distribution from a 5 µm alu-
minium target. [57]

Fig. 2.9: Simulated angular distribution of photons created by inverse Compton
scattering by a 1022 W/cm2 laser pulse on a 3 µm aluminium target. [51]
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2.2.3 Summary of laser-generated X-ray properties

In summary, the spectrum of X-ray radiation generated by a high-intensity
laser pulse has a multi-Maxwellian shape, while the angular distribution of com-
ponents generated by different processes can vary. The temperature and the max-
imum energy of X-ray radiation is linked to the laser intensity on the target, the
ionisation process and the prevalent X-ray generation processes. An overview of
prevalent processes and approximate expected maximal X-ray energies is shown
in Tab. 2.1. It is important to highlight that this is a very simplified overview, as
the energy of X-rays is influenced by various factors, including the properties of
the target material, the wavelength of the laser and numerous other variables.

I[W/cm2] > 1010 > 1014 > 1017 > 3× 1018 > 1021

Dominant
process

Multiphoton
and field
ionisation

Collisional
heating

Collective
absorption

Relativistic
accelera-
tion

Inverse
Compton
scattering

Max E 1 keV 10 keV 100 keV 1-10 MeV 100 MeV

Tab. 2.1: Estimates of maximal X-ray photon energies at different laser intensity
levels, based on information from [3].
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2.3 Pulsed X-ray spectrometry

Spectrometry of X-ray radiation is a well-established field, there are many de-
tectors on the market that enable precise measurements of the spectrum with a
very good resolution. Most of these methods rely on the single photon counting, a
precise measurement of energy deposited by individual photons inside the detec-
tor active medium [58]. However, while this method works well for conventional
sources of X-ray radiation, it is almost impossible to be used for spectrometry of
laser-generated X-rays.

The reason is the time-profile of the laser-generated X-ray pulse, that follows
the time scale of the laser pulse. This can result in X-ray pulses as short as tens
of fs. At this time scale it becomes extremely complicated (even impossible) to
distinguish individual X-ray photons, since all processes that are used for measure-
ments of energy deposition require much more time. Unfortunately, the speed of
these processes cannot be improved, since even light does travel only 3 μm during
10 fs.

Consequently, if multiple X-ray photons interact within the active medium of
the detector, the deposited energy is summed up and it is impossible to deter-
mine the original energies of individual photons. In high-flux environments as the
experimental areas of ELI Beamlines are, this approach can thus be only used
to estimate the beam intensity or dosimetric quantities, e.g. the ambient dose
equivalent rate. However, in order to measure the spectrum generated by each
laser shot, other methods that single-photon counting need to be exploited.

2.3.1 Single-photon counting adaptation

Before other possible techniques are discussed, it is necessary to note that it is
possible to use the single-photon counting method for laser-generated X-ray spec-
trometry under the condition that is assured that no more than 1 photon interacts
in the detector per shot. This can be achieved either by means of increasing the
distance between the detector and the source, by decreasing the size of the detector
medium or by collimation.

Secondly, as previously stated, this method can be used only at high-repetition
rate (such as 1 kHz) lasers that produce (approximately) the same X-ray spectrum
per each shot, since only 1 photon is counted per laser shot. Using this method,
the spectra shown in Fig. 2.5 and 2.6 have been acquired. The example of an
experimental setup is shown in Fig. 2.10.

In case of high-power large-scale laser systems, the conditions mentioned above
are not fulfilled. Most of the large-scale systems do not achieve high repetition
rates (e.g. the L4 Aton is able to shoot approximately once per minute [22]) and
there are large shot-to-shot fluctuations. A theoretical solution to this problem
would be to apply a large array of detectors that would enable to fulfil the condition
of only 1 photon interaction per shot. However, such array would need to be very
large and thus would be in real life impractical. This, therefore, raises a need for
adopting a different method.
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Fig. 2.10: An example of an experimental setup for X-ray spectrometry using
single-photon counting method with a semiconductor CdTe detector. The detector
together with its collimator is aligned with the laser-target interaction point, it is
possible to move the detector along this line to ensure that only up to photon per
shot interacts with the detector. [49]

2.3.2 X-ray diffraction method

One of the possible options for pulsed X-ray spectrometry is exploitation of
the X-ray diffraction on crystal. Using a pixalated X-ray detector, it is possible to
scan X-rays that have been reflected from the crystal with the angle that satisfies
the Bragg law. Since the angle depends on the X-ray energy, it is possible to use
this setup for X-ray spectrometry. Such detectors are called ”Johann-type spec-
trometers”. While the energetic resolution of such spectrometers is very good (up
to 1 eV), the energy range where they operate is extremely narrow (approximately
between 5 keV – 20 keV) [59]. These methods can thus be used only for this very
narrow part of the X-ray spectrum.

2.3.3 Compton scattering method

While the spectrometry of pulsed X-ray radiation is challenging, the spec-
trometry of pulsed electrons can be done using standard methods that exploit the
deflection of electron trajectory using a magnetic field. The detection of electrons
can be performed by both active and passive spatially sensitive detectors (e.g,
pixalated detector, image plates. . .). One option is therefore to convert the energy
of an X-ray photon to kinetic energy of an electron by means of interaction with
matter, more specifically by Compton scattering.

Experimental setup of one such device is shown in Fig. 2.11. This spectrometer
allows estimation of the maximum energy of X-ray radiation, the Maxwellian
temperature and the photon flux. The energy range of this specific device is 4 –
20 MeV, the energy resolution is 20 – 30 % [60]. While the principle of this device
seems promising, it greatly suffers from low sensitivity, since the converter needs
to be both very thin and also created from a low Z material. Moreover, this
particular setup uses image plates, limiting its usage only to low repetition rate

30



CHAPTER 2. LASER-GENERATED X-RAY RADIATION

environments.

Fig. 2.11: A diagram of an experimental X-ray spectrometer, that uses Be con-
verter and magnetic deflection of electrons in order to estimate energy of X-ray
radiation. [60]

Another option of exploiting Compton scattering is tracking individual elec-
trons using a pixelated detector, such as Timepix. The energy of individual X-ray
photons can be determined by the estimation of generated electron energy and
angle with respect to the photon beam, see Fig. 2.12. Experiments carried out
have shown that such device is able to perform X-ray spectrometry in the region
of 200 to 550 keV with a resolution of 20% [61].

Fig. 2.12: A diagram of an experimental X-ray spectrometer, that uses electron
tracking by a pixelated detector. [61]

2.3.4 Methods based on dose-depth profile

There are multiple designs of stack spectrometers that use passive detectors
(such as radiochromic films, TLDs or OSLs separated by absorbers) to determine
dose-depth profile in order to determine the spectrum of pulsed X-ray radiation.
While in some cases the absorber is made from a single material, for low energy
X-rays it is convenient to use multiple materials with different K-edges [62]. One
such experimental device is shown in Fig. 2.13.

The stack spectrometers have much higher sensitivity than the devices that
exploit Compton scattering. They can also be used at low-repetition rate laser-
driven radiation sources for a shot-by-shot analysis. However, preparation and
evaluation of these detectors is time-consuming and an online readout is not pos-
sible. Moreover, at high-repetition rate laser systems it is practically impossible

31



CHAPTER 2. LASER-GENERATED X-RAY RADIATION

to gain shot-by-shot data since it would be necessary to exchange the stack with
a high frequency.

Fig. 2.13: A passive stack spectrometer experimental, multiple absorber materials
are used. [62]

The problems of the passive stack spectrometers can be overcome by using
active X-ray detectors instead of passive ones. Such stacks are routinely used in the
field of high-energy physics in order to determine particle energy by fully absorbing
its electromagnetic shower, hence the name ”electromagnetic calorimeter”. Design
of these calorimeters can vary according to the experimental needs. They can have
one or many layers and none or many different absorbers, the active medium can be
a gas, a scintillator, or a semiconductor. One such calorimeter with semiconductor
active detectors and polyethylene absorbers will be used to monitor energy of a
γ-beam in ELI Nuclear Physics [63].

For the laser-driven experiments there is a tendency to prefer scintillators for
the active medium, since both gas and semiconductor detectors could be influ-
enced by electromagnetic pulses (EMPs) that are created during the laser-plasma
interaction. The magnitude of these EMPs can be extreme, at ELI Beamlines it
is expected that they can reach values up to 250 kV/m. Therefore, even when
scintillators are used, it is necessary to shield any electronic readout from the
influence of EMP. One option of EMP protection is a remote optical readout –
an EMP shielded camera. An example of a camera readout from a calorimeter is
shown in Fig. 2.14. In this case, the calorimeter is made of alternating layers of
EJ-208 and bismuth germanium oxide (BGO) scintillators, without any absorber.
The camera used for readout is Andor Neo (CMOS type).

Fig. 2.14: a) picture of the calorimeter taken by the Andor Neo CMOS camera,
b) camera image of scintillation light generated by a laser generated X-ray pulse
[64].
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While EMP represents a challenge for electronic readouts, it is possible to
mitigate its effects by shielding the whole spectrometer using conductive mate-
rials (e.g. copper tape). Prototype of such calorimeter with electronic readout,
was also previously developed and tested, this setup was using EJ-200 and PWO
scintillators [65].

2.3.5 Method of choice for the developed spectrometer

Given the X-ray radiation parameters at ELI Beamlines (high energy and flux),
the only feasible method from the options mentioned above is the one based on
dose-depth profile. Also, as each laser shot can produce a different X-ray spectrum,
it is necessary to be able to characterise X-ray radiation on a shot-by-shot basis.
Given the high repetition rate of the ELI Beamlines laser systems, it is necessary
to use active layers, as it would be impossible to exchange passive detectors within
the calorimeter setup. The conceptual spectrometer design that considers all these
requirements is discussed in the next chapter.
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Spectrometer conceptual design

The aim of this work is to develop a photon spectrometer to be installed in
the ELI Beamlines experimental halls. Given the operational environment and
the properties of the pulsed X-ray radiation described in the previous chapters,
the requirements on the spectrometer are:

Radiation type: photons
Energy range: approximately 100 keV – 100 MeV
Resolution capability: at least 2 Maxwellian temperatures

(typically different by at least one order of magnitude)
Radiation fields: ultra-short pulsed radiation fields
Operational regime: real-time, data acquired and evaluated on a shot-by-shot

basis at least with a 10 Hz frequency
EMP resistance: up to 250 kV/m

Considering these requirements on the spectrometer, a segmented active calorime-
ter consisting of stacked scintillators read out using a camera was chosen as a
suitable option from the methods described in the previous chapter. This type of
spectrometer requires following components to be designed:

1. the scintillators (materials, dimensions. . .),

2. the holder for the scintillators,

3. the optical readout,

4. the optical shielding,

5. and the evaluation software.

However, before the individual components are designed, it is first necessary to
describe the principle of function of the developed spectrometer.
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3.1 Principle of function

In order to design the individual components, it is necessary to understand the
driving principles of the developed spectrometer function. There are three main
steps in performing spectrometry with this system:

1. the experiment – measurement of the scintillation light during irradiation
and subsequent dose-depth curve evaluation,

2. the simulations – performing a set of Monte Carlo simulations in order to
generate the response matrix,

3. the spectrum unfolding – evaluation by means of comparing the measured
dose-depth curve with the response matrix and estimating spectrum param-
eters (e.g. energy).

3.1.1 Experiment

Prior to the irradiation, the calorimeter (i.e. scintillator stack) is aligned with
the radiation source to ensure that the radiation beam gradually passes through
individual scintillators. Also, a camera is aligned with the calorimeter to ensure
that all the scintillators are within its field of view and in focus. During the
irradiation, the radiation beam generates scintillation light inside the scintillators.
The scintillation light is collected by the camera in a form of an image, that is
subsequently processed and evaluated in order to obtain the dose-depth curve –
the amount of scintillation light collected from individual scintillators, that is
proportional to the energy deposited by the radiation beam (see Fig. 3.1).

Fig. 3.1: Concept of dose-depth curve measurement using the scintillator stack.
The different amount of scintillation light collected from individual scintillators is
indicated by different shades of grey.
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3.1.2 Simulations

The second necessary step is performing a set of Monte Carlo simulations
in order to determine the dose-depth curve shape for a selected parameter (or
a set of parameters of the beam), e.g. the photon beam energy. While it is
possible to directly evaluate the number of emitted scintillation photons from a
scintillator using simulations, it is sufficient to evaluate the deposited energy in
the scintillators instead. This is because the number of scintillation photons is
proportional to the deposited energy. The set of all evaluated dose-depth curves
form the response matrix (see Fig. 3.2).

Fig. 3.2: Concept of response matrix generation using a set of simulations with
different beam energy, in this case 100 keV and 1 MeV. The different energy
deposited (that is proportional to the amount of scintillation light) in individual
scintillators is indicated by different shades of grey. The dose depth-curves are
combined into the response matrix as indicated in the bottom part of the figure (in
this case only two dose-depth curves are displayed, in practice there are multiple
dose-depth curves present).
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3.1.3 Spectrum unfolding

With the experimental dose-depth curve acquired and the response matrix
calculated, it is now possible to compare the measured curve with the simulated
ones. The parameters (e.g. beam energy) of the simulated dose-depth curve
that differs the least from the measured one are then considered as the result of
the spectrometry (see Fig. 3.3). This process is typically called the spectrum
unfolding.

It is also possible to compare a linear combination of multiple simulated dose-
depth curves with the measured one, which is necessary if the radiation beam used
in the experiment consists of multiple components. In that case the result would
be a set of parameters. However, it should be noted this method does not allow a
measurement of an arbitrary continuous spectrum as it is only possible to search
for a limited set of parameters.

Fig. 3.3: Concept of the spectrum unfolding, the measured dose-depth curve (blue)
is compared to the simulated ones (purple and green). The simulated curve that
differs least from the measured one is used to determine the parameters of the
beam (in this case the beam energy).
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3.2 Conceptual hardware design

The primary spectrometer components are the scintillators and a real-time
scintillation light detector. A set of scintillators produces scintillation light when
exposed to an X-ray beam, this light is collected by a light detector. This setup
is surrounded by an optical shielding, in order to prevent ambient light from
reaching the optical detector. The data collected by this optical detector is then
evaluated by a connected PC. The diagram of hardware conceptual design is shown
in Fig. 3.4.

Fig. 3.4: Diagram describing the concept of the spectrometer hardware design.

3.2.1 Scintillator shape and dimensions

Given the need of an easy optical readout, a suitable shape of individual scin-
tillators is a prism. The front faces of scintillators were chosen to be identical,
because of the spatial constraints in experimental areas, the dimensions were de-
signed to be 2 cm × 2 cm. The overall length of the spectrometer should not
exceed 20 cm, also due to spatial constraints. The number of scintillators and
their individual thicknesses are subject to studies that are described below.
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3.2.2 Scintillating materials

As the required working energy range is wide, it is beneficial to assemble the
spectrometer using two scintillating materials with different density, a low-density
scintillator in the front part and a high-density scintillator in the back part. For
the low-density part, the choice fell on the EJ-200 [66], a commercially avail-
able plastic scintillator. This material provides sufficiently high light yield of
10 000 photons/MeV at a wavelength of 425 nm, which is well-suited for standard
optical detectors.

Two materials have been considered for the high density scintillator. The first
one considered is PWO (PbWO4), as its density is the highest among scintillating
materials (ρ = 8.28 g/cm3) and therefore is a common material for calorimetry
in high energy physics. The drawbacks of PWO are its low light yield of 15–25
photoelectrons/MeV and its high cost (caused by its limited production).

Keeping the requirement on the high density and the cost containment, the
material of choice became the BGO. While its density is slightly lower than the one
of PWO (ρ = 7.13 g/cm3), its light yield is much higher (8 200 photons/MeV).
Given the fact that BGO is a material commonly used in industry, its price is
also much lower than the one of PWO. Key parameters of chosen materials are
summarised in Tab. 3.1. A diagram of the conceptual design of the calorimeter
setup with its dimensions and materials is shown in Fig. 3.5.

Material ρ [g/cm3] LY [photons/MeV] λ [nm] t [ns] ε [cm]
EJ-200 1.03 10 000 425 2 14.4
BGO 7.13 8 200 480 300 2.1

Tab. 3.1: Key parameters of scintillating materials chosen for the construction of
calorimeter. ρ is the density, LY is the light yield, λ is the wavelength of maximum
emission, t is the decay time, and ε is the photon attenuation length at 1 MeV.
[67]

Fig. 3.5: Conceptual design of the calorimeter setup. First part is made of plastic
scintillator, the EJ-200, second part of the BGO scintillator.
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3.2.3 Optical readout

Numerous optical readouts can be used for collecting scintillation light, includ-
ing photomultiplier tubes (PMTs), silicon photomulipliers (SiPMs), and photodi-
odes. As the aim of the spectrometer is to work in high-flux pulsed fields, it is
also possible to use less sensitive optical detectors, such as charge-coupled device
(CCD) or complementary metal-oxide-semiconductor (CMOS) cameras.

The main challenge regarding the optical readout is the presence of extreme
EMPs within the experimental halls, as EMPs can influence the signal of the sen-
sitive electronics. For example, as PMTs require a stable electric field to operate
and are therefore extremely sensitive to EMPs [68]. Therefore, any sensitive elec-
tronics including the cables and power supply need to be properly shielded from
EMPs.

As the development team did not have extensive expertise with PMTs, SiPMs,
nor photodiodes at the time of development, but was more experienced with cam-
era readout, a camera (CCD or CMOS) was chosen as a readout method for the
spectrometer prototype. Also a significant advantage of the CMOS technology
is relatively resistant to EMPs [69] compared to other more sensitive electronics.
The use of a camera is in this case beneficial for several additional reasons, as a
camera is:

1. easy to use and to read out using a standard PC,

2. commercially available,

3. highly customisable (lenses, filters).

However, as a camera chip is sensitive to ionising radiation, it is necessary to shield
the camera from stray radiation during the experiment.
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3.3 Conceptual software design

As stated in the previous section, the designed spectrometer requires a pre-
calculated response matrix and a method for evaluating data. Therefore, the two
key elements of the software part of the spectrometer are:

• the response matrix generation using Monte Carlo simulations and

• the unfolding algorithm for data evaluation.

3.3.1 Response matrix generation

The response matrix for a given scintillator configuration can be calculated
by means of Monte Carlo simulation, a commonly used method that exploits
numerical simulations of a set of particle trajectories and their interactions with
objects present in the simulation geometry. A statistical analysis of the set of
simulations allows estimating various quantities, including the deposited energy.

For the purposes of this thesis the FLUKA Monte Carlo code [10, 11] was
chosen for the calculations as it allows simulation of energy deposition calculation
by photonic radiation needed for the response matrix generation. Additionally,
members of the development team are members of the FLUKA Collaboration and
have extensive expertise with this tool.

FLUKA

FLUKA represents a sophisticated general purpose computational tool for sim-
ulating the interaction of particles with matter. FLUKA is distributed by CERN
and thanks to its good reputation and reliability is a globally recognised tool for
various radiation calculations.

FLUKA enables simulating various physical processes including electromag-
netic and hadronic interactions, as well as transport phenomena such as energy
deposition and particle transport. This software prioritises the integration and en-
hancement of contemporary physical models, employing microscopic models when-
ever feasible and ensuring consistency, conservation laws, and validation against
experimental data. FLUKA features advanced capabilities for handling complex
use-cases, including tracking of optical photons generated during an energy depo-
sition within a scintillator.

Flair

FLUKA simulations can be prepared, run, and analysed using Flair, a graphical
user interface for FLUKA [70]. Flair provides a graphical tool to build and inspect
complex geometries, an interface to run FLUKA simulations various tools for
plotting the results of the simulation.
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Scoring

FLUKA allows calculating various quantities by means of statistical processing
of individual simulations – the calculation of such quantity is called ”scoring”
in FLUKA. The scoring used for the response matrix calculation is the energy
deposited in the scintillators, as the energy deposited is proportional to the amount
of generated scintillation photons. While it is possible to simulate directly the
generated scintillation photons with FLUKA, it is more efficient to use energy
deposition scoring for response matrix generation, as simulating the scintillation
requires substantially more computing power.

Example of a 2D projection of energy deposition created in Flair is shown in
Fig. 3.6. The response matrix can be created using a 1D energy deposition scoring
along the calorimeter axes using a fine binning of 1 mm. Such dense binning
enables usage of post-processing methods to further study the performance of a
given calorimeter segmentation, that will be discussed in the next chapter.

Fig. 3.6: Example of 2D energy deposition inside the calorimeter from a pencil-like
photon beam with a Maxwellian distribution. The quantity plotted is the energy
deposition density in GeV/cm3 per primary.

3.3.2 Unfolding algorithm

In order to get the spectrum parameters, it is needed to evaluate the calorime-
ter dose-depth curve, i.e. signal ~S (Si = energy deposited in the i-th scintillator)
by the unfolding algorithm. Considering the calorimeter being simultaneously ex-
posed to N1 photons with a Maxwellian distribution of a temperature T1 and N2

photons of temperature T2, the signal in scintillator i can be expressed as

Si = N1 · f(i, T1) +N2 · f(i, T2), (3.1)

where f is the interpolation function of the response matrix. The purpose of the
unfolding algorithm is to determine N1, T1, N2 and T2 using only the signal ~S and
the response matrix interpolation function f . Let N1, T1, N2 and T2 be guessed
parameters that form a guessed signal

Si = N1 · f(i, T1) +N2 · f(i, T2). (3.2)
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Then let χ2 function to be defined as

χ2(N1, T1, N2, T2) =
n∑

i=1

(Si − Si)
2, (3.3)

thus expressing the difference between the acquired signal ~S and a guessed signal
~S. The principle of the unfolding is then the minimisation of χ2 function, since

(N1 = N1 ∧ T1 = T1 ∧N2 = N2 ∧ T2 = T2) ⇐⇒ χ2 = 0. (3.4)

This minimisation can be done using various algorithms, the algorithm devel-
oped in the early stages of this spectrometer development is shown in Fig. 3.7.
The first step of this algorithm is a grid search, during which the χ2 function is
calculated for all combinations of a pre-selected set of parameters N1, T1, N2 and
T2. The combination that gives a minimum value of χ2 is then saved for the sec-
ond step, in which a fine χ2 minimisation is done using the the gradient descent
method, an iterative method where the next iteration of parameters is determined
using the direction of the highest descent of the χ2 function and a step size α.
Once the following iteration does not significantly reduce the χ2 function, the
parameter set is considered as the final one.

YES

NOΧ2	<	min?

Calculate Χ2

Save guess
min = Χ2

 Next guess

NO

YESLAST?

Saved guess
x = (N1, T1, N2, T2)

First guess
x = (N1, T1, N2, T2)

xk+1 = xk−αk grad Χ2 

YES

NOLAST?

Final
x = (N1, T1, N2, T2)

Fig. 3.7: Diagram of an unfolding algorithm that uses grid search as the first step
and gradient descent as the second step.
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3.4 Conceptual design summary

Summarising the principle of spectrometer function, the conceptual hardware
and software design, these are the main conclusions of the spectrometer function
and components:

• the designed spectrometer will consist of scintillating prisms of EJ-200 and
BGO,

• the transverse dimensions of these prisms will be 2 cm × 2 cm, the third
dimension is to be decided within the study described in the next chapter,

• the readout will be performed by a CCD or CMOS camera,

• response matrix will be calculated by FLUKA Monte Carlo code using energy
deposition scoring

• parameters of the spectrum will be evaluated using an unfolding algorithm
based on minimising the difference between measured and simulated dose-
depth curves.

Regarding the designed spectrometer capabilities, it should be noted that it is not
able to measure an arbitrary continuous spectrum, but rather several parameters
of the assumed spectrum (e.g. Maxwellian temperature). The next steps of the
individual spectrometer components design are described in the following chapter.
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Chapter 4

Spectrometer hardware design

Following the conceptual design, it is necessary to design, build, and fine-tune
the hardware part of the spectrometer. While for the purposes of this thesis the
hardware and software designs are decoupled, it should be noted that throughout
the spectrometer development, the software and hardware part were designed
simultaneously, one influencing the design of the other. The first step of the
designing process was the segmentation – the number and thicknesses of individual
scintillators.

4.1 Segmentation

As mentioned in the previous chapter, all scintillators share the dimensions
of the their front face (in the plane parallel to beam direction). However, the
thickness of individual scintillators in the direction of the beam and the overall
length are subject to optimisation. In order to decide appropriate scintillator
thicknesses and overall length for usage at ELI Beamlines, a through study was
conducted, consisting of following steps:

1. A simplified FLUKA simulation geometry was prepared for given lengths of
the EJ-200 part and the BGO part. For the simulation purposes the EJ-200
part was one geometrical body and the BGO part was the second geometrical
body, these were not divided at this stage into smaller scintillators (see Fig.
3.6).

2. A set of simulations was performed, scoring the energy deposited in 1 mm
bins along the beam axis for variable beam energy (Maxwellian tempera-
ture), essentially calculating the dose-depth curves as if the calorimeter was
composed of 1 mm thick scintillators.

3. In post-processing, adjacent scoring bins were grouped, summing energy
deposited in these, in order to evaluate the dose-depth curve for variable
scintillator thicknesses. This method allows for an efficient study of vari-
ous scintillator thicknesses, as there is no need to rerun the Monte Carlo
simulations for a different combination of scintillator thicknesses.

45



CHAPTER 4. SPECTROMETER HARDWARE DESIGN

4. Evaluated dose-depth curves were combined into a response matrix.

5. Performance of different configurations (defined by EJ-200 part and BGO
part lengths and the grouping of scored deposited energy bins) was evalu-
ated based upon the precision of determining the parameters of a test beam
consisting of multiple components using the respective response matrix.

These steps are described in detail in the following sections.

4.1.1 Simulation settings

The simulation geometry was set as in Fig. 3.5, the length of the EJ-200 and
BGO part was varied for several simulations. The primary particle was set to be
a photon, the beam spectrum was set as Maxwellian with temperature ranging
from 50 keV to 40 MeV (simulations were performed for each 50 keV up to 1 MeV
and for each 1 MeV in the range between 1 MeV and 40 MeV). The beam was set
for simplicity as a pencil beam (point source, no divergence).

The physics default were set as PRECISIOn [71] in order to allow a detailed
simulation of electromagnetic interactions. Additionally, the particle transport
thresholds for electromagnetic particles (photons, electrons, and positrons) were
lowered from default 100 keV to 1 keV in the EJ-200 part, in order to make
the dose-depth calculation more precise in this low-density material. Also, the
photonuclear reactions were activated to enable their simulation at high beam
energies. The deposited energy was scored using USRBIN [72] scoring, these
results were processed into a response matrix for a given geometry. The response
matrix of the preliminary configuration of 10 cm of EJ-200 and 10 cm of BGO is
shown for illustration purposes in Fig. 4.1. It can be seen that with increasing
temperature the shape of the dose-depth curve changes, the maximum deposition
moves further along the beam axis.

Fig. 4.1: Calculated response matrix for the configuration of 10 cm EJ-200 part
and 10 cm BGO part with a 1 mm binning. The left plot colour axis shows energy
deposition density in GeV/cm3 per primary. In the right plot the energy deposition
is normalised so that the maximum energy deposition along the calorimeter axis is
equal to 1. Given the scale, the energy deposited in the EJ-200 part is not visible.
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4.1.2 Performance evaluation

In order to evaluate the performance of a given geometrical configuration (using
the respective response matrix), it is necessary to define a test beam on which the
evaluation would be performed. As the spectrometer is designed for use at ELI
Beamlines, this test beam was set according to expectations on the radiation
produced at this facility, more specifically according to the cold and hot electron
temperatures estimated by scaling laws for the parameters of the L3 HAPLS laser
(maximum intensity I = 1022 W/cm2).

The test beam thus consists of two Maxwellian components that differ by more
than one order of magnitude. Given these considerations, the low-temperature
component was set to be approximately 200 keV and the high-energy one approx-
imately 20 MeV. Also, in order to further test the capabilities of the unfolding
algorithm, the temperatures were set not to be directly in the set of Maxwellian
temperatures used for creating the response matrix. This is because if the compo-
nents would be present directly in the response matrix, there would be a perfect
agreement with these, causing a possible skew in the performance evaluation.
Therefore, the low-temperature component was set to be T1 = 210 keV, and the
high-temperature one of T2 = 21.1 MeV.

Additionally a noise component proportional to the square root of the energy
deposited was added in order to simulate the noise present in the experiment. The
amplitude of the components was chosen to be different from each other in order
to test the ability of the algorithm to determine both amplitudes. Also, these
values was chosen outside of the numbers that would be directly set during the
grid search part of the unfolding algorithm, therefore values of 5.1 and 1.1 were
used.

In conclusion, the test signal (dose-depth curve produced by the test beam)
was calculated using FLUKA simulations with given Maxwellian temperatures and
further processed to set the given amplitudes and the artificial noise as

Si = 5.1 · f(i, T1 = 210 keV) + 1.1 · f(i, T2 = 21.1 MeV)+ (4.1)

+
√

5.1 · f(i, T1 = 210 keV) + 1.1 · f(i, T2 = 21.1 MeV)·
·randg(µ = 0, σ = 10−3)),

where f is the response function, i is the ordinal number of the scintillator within
the scintillator stack and randg is a random number from a Gaussian distribution.
This dose-depth curve thus simulates a measured signal to be analysed by the
unfolding algorithm.

For the purposes of the designing process, the first version of the unfolding
algorithm was developed according to diagram in Fig. 3.7. The performance of
a given segmentation was evaluated by means of the relative error of determining
each parameter of the test beam

δx =
|x− x|
x

, (4.2)

where x is the parameter of the test beam (amplitudes and temperatures) and x
is the parameter obtained by the unfolding algorithm.
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4.1.3 Uniform segmentation

The first tests for segmentation calculation have considered the simpler solu-
tion, a uniform segmentation, where all the scintillators are of the same length.
Firstly, the calculations were performed on the simple calorimeter with a 10 cm
EJ-200 part and a 10 cm BGO part. The scoring was grouped in order to simulate
a uniform thickness of all scintillators (2 mm, 4 mm, 10 mm, and 20 mm). Then,
the test signal was evaluated using the respective response matrix and the unfold-
ing algorithm, resulting in a set of evaluated parameters of the test beam. The
relative errors of evaluating these parameters for different scintillator thicknesses
are shown in Tab. 4.1.

Thickness of scintillators δN 1 δT 1 δT 2 δN 2

2 mm 8% 15% 3% 3%

4 mm 17% 15% 3% 3%

10 mm 38% 38% 3% 4%

20 mm 60% 75% 8% 8%

Tab. 4.1: Relative errors of evaluated test beam parameters (N1, T1, N2 and T2)
using response matrices obtained from a calorimeter with a 10 cm EJ-200 part
and, 10 cm BGO part and a given thickness of scintillators.

The results show that with increasing scintillator thickness the relative error
increases. This might suggest, that a very fine segmentation is required, however,
the results also show there is no major relative error decrease when using a 2 mm
segmentation compared to the 4 mm one. It should also be noted, that with
decreasing thickness, manipulation with BGO crystals becomes more difficult due
to their fragility. Therefore a reasonable compromise between the resolution and
practicality is needed. In case of a calorimeter with a 10 cm EJ-200 part and a
10 cm BGO part and a uniform segmentation, this would lead to a choice of ∼ 4
mm thick scintillators.

The following study focused on determining the geometrical configuration of
the calorimeter in terms of length of the EJ-200 and the BGO part, while keeping
the segmentation uniform. By varying the length of the two parts, the lowest
relative errors of evaluated parameters were achieved using a length of the EJ-200
part of 6 cm and the length of the BGO part of 14 cm, results of evaluation for
this configuration are summarised in Tab. 4.2.
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Segment thickness δN 1 δT 1 δT 2 δN 2

2 mm 8.5% 9.7% 3.3% 3.0%

4 mm 9.2% 10.0% 3.2% 2.9%

10 mm 15.6% 14.1% 3.9% 3.6%

20 mm 12.8% 23.1% 3.5% 3.3%

Tab. 4.2: Relative errors of evaluated test beam parameters (N1, T1, N2 and T2)
using response matrices obtained from a calorimeter with a 6 cm EJ-200 part and,
14 cm BGO part and a given thickness of scintillators.

4.1.4 Non-uniform segmentation

The profile of the response matrix shows (see Fig. 4.1) that the maximum of
dose deposition is located in the very first centimetres of the BGO part. As the
changes of the dose-depth curve are significant here, a more dense segmentation in
this location (while keeping less dense segmentation in other parts) could improve
the estimation of test beam parameters. Such more complicated, non-uniform seg-
mentation was thus subject to further studies, also the overall calorimeter length
was varied in order to see the effect of such changes.

An overview of parameter estimation relative errors of various non-uniform
segmentations is shown in Tab. 4.3. These configurations consisted of different
segmentation both in the EJ-200 part and the BGO part with a denser segmen-
tation in the frontal part and a less dense segmentation in the rear part.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 δN1 δT1 δN2 δT2

5 5 10 10 20 4 4 4 4 4 10 10 10 10 10 20 20 20 20 20 7.9% 21.6% 5.2% 7.0%
10 10 10 10 10 4 4 4 4 4 6 7 7 10 20 80 7.8% 21.8% 5.1% 6.9%
10 10 10 10 10 4 4 4 4 4 6 7 7 10 20 20 20 20 20 7.2% 20.7% 5.1% 6.9%
10 10 10 10 10 10 4 4 4 4 4 6 7 7 10 20 70 8.2% 14.0% 2.6% 2.3%
10 10 10 10 10 10 4 4 4 4 4 6 7 7 10 20 35 35 7.3% 13.6% 2.8% 2.5%
10 10 10 10 10 10 5 5 5 5 5 5 5 5 10 10 10 10 10 25 25 10.2% 13.5% 3.3% 3.1%
10 10 10 10 10 10 5 5 5 5 5 5 5 5 20 20 20 20 20 9.7% 12.2% 3.1% 2.9%
10 10 10 10 10 10 5 5 5 5 5 5 5 5 10 10 10 10 10 50 9.5% 10.3% 3.1% 2.8%
10 20 40 5 5 5 5 10 10 10 20 20 20 20 12,6% 13,0% 3,1% 3,0%
10 10 10 10 10 10 10 5 5 5 5 5 5 10 10 10 10 10 10 10 10 10 9.9% 11.4% 2.7% 2.5%

Tab. 4.3: An overview of 10 selected non-uniform segmentation calculations. Val-
ues in blue show the length of a EJ-200 segment (in millimetres), while the values
in green show the length of a BGO segment.

This study has shown that a non-uniform segmentation leads to a slightly
better performance of the spectrometer, therefore, the calorimeter would consist
of scintillators of different thicknesses. Given the variety of experiments in which
the spectrometer is supposed to be used and no configuration having significantly
better performance than the other ones, it is beneficial to keep the segmentation
variable.

Given these conclusions, it was decided to have multiple scintillators of different
thicknesses (5 mm, 10 mm, 25 mm, 50 mm) manufactured and the segmentation
could be changed regarding to the experimental needs. An example of a config-
uration with non-uniform segmentation is shown in Fig. 4.2. Once this step was
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completed, the next logical step was the design of the holder of the scintillators,
that is described in the next section.

Fig. 4.2: An example of non-uniform segmentation design Flair [70] geometry. It
consists of two scintillator types, the EJ-200 (purple) and the BGO (green).
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4.2 Scintillator holder

A dedicated scintillator holder is required to hold the scintillator stack in place,
to align it with the radiation beam and keep it aligned during the experiment. The
holder should also allow simple manipulation and should not significantly influence
the radiation field. The design of individual holder prototypes is described in the
following sections.

4.2.1 Provisional holder

The first experiments were performed using a simple provisional metallic holder
with plastic plates as seen in Fig. 4.3. This holder did not apply any force on
the scintillators and was therefore unable to keep the scintillators properly aligned
when exposed even to slight vibrations. Also, manipulation of the whole setup
was rather complicated as well as its alignment, given that no force was present
to keep the stack together.

Fig. 4.3: Provisional version of the holder consisting of a metallic bar and plastic
plates. This holder required the camera to be placed above the scintillators. A
black fabric is placed between the scintillators to prevent scintillation light crossing
between the scintillators.
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4.2.2 Polystyrene holder

For following tests the scintillators were placed inside an expanded polystyrene
holder (see Fig. 4.4) that was able to keep the scintillators aligned during the ex-
periment. This holder was practical for experiments outside ELI Beamlines, as the
expanded polystyrene provided protection of scintillators during their transport.
Also, being very light and compact, it allowed simple manipulation during the
experimental setup. However, as expanded polystyrene is not cleanroom compat-
ible, this holder could not be used at laser-plasma experiments and was thus used
only at experiments with conventional radiation sources.

Fig. 4.4: Second version of the holder consisting of an expanded polystyrene block.
This holder enables the camera to be placed from side. However, this solution is
not cleanroom compatible and thus was never used at laser-plasma experiments.

4.2.3 Aluminium holder

For the purposes of the laser-plasma experiments at ELI Beamlines a sophisti-
cated aluminium holder was designed in collaboration with the engineering team
of ELI Beamlines. Given the requirement on the cleanroom compatibility, alu-
minium was chosen as its material. The other benefits of choosing aluminium
were its relatively low density, allowing easy manipulation. Also, given the low
proton number of aluminium, the holder would not get extensively activated by
high-energy radiation during experiments like stainless steel would. A sketch of
the holder is shown in Fig. 4.5.
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Fig. 4.5: Sketch of the aluminium scintillator holder design. Scintillators would
be placed in the rails of the central part and compressed by the piston. The laser
system at the top of the holder is dedicated to keeping the calorimeter aligned.

This holder was designed to be placed on top of an optical breadboard and
secured with clams. Afterwards, central part would be aimed at the source of
radiation using a alignment laser beam and positioning screws. Then, the laser
alignment system would be placed at the top part to monitor the stability of
alignment. Scintillators would be placed into the rails and be compressed by the
piston. Nevertheless, this design was eventually abandoned, due to advances in
3D printing technology and a 3D printed holder being produced.
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4.2.4 3D printed holder

Thanks to the advances in 3D printing technology it was possible to design and
produce a 3D printed holder using a Prusa i3 MK3S 3D printer and a polyactic
acid (PLA) filament. This holder proved to be reliable in alignment, mechanically
resistant and cleanroom compatible. Alignment of this setup was performed using
a crossline laser. It should also be noted, that production of multiple of these
holders and their modification is very simple and cost-effective.

Fig. 4.6: Photo of the 3D printed calorimeter holder. Scintillators are placed in
prepared slots, they are separated by a 1 mm PLA layer. The circular holes in
the holder are used to attach the holder to other components (rods).

4.3 Readout

As the readout is to be done with a camera, there are several intertwined
factors that need to be taken into account during the readout fine-tuning. The
amount of optical photons emitted by a scintillator is relatively low, which poses
a requirement on the quantum efficiency of the camera. Also, it must be possible
to place the camera relatively close to the scintillators in order to maximise light
collection efficiency, while at the same time it must be far enough to have all the
scintillators within its field of view and to see the scintillators under a similar
angle to ensure a uniform response across its field of view.

The low amount of scintillation light thus poses a requirement on the sensitivity
of the camera. Generally, while more sensitive cameras produce better images,
they are significantly larger and more expensive (due to the size of the CCD or
CMOS chip and/or the cooling equipment). The same principle applies to camera
lenses: the larger the lens aperture, the better the light collection, the higher the
dimensions and the cost. Therefore, to find the most suitable solution, multiple
cameras and lenses that were available were tested during this study.
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4.3.1 Camera selection

The cameras tested were the Baser acA, Manta G-235B, and Andor Zyla 4.2.
The testing process is described in the next sections.

Basler camera test

The first tests of the calorimeter readout were performed using a Basler acA
industrial camera. The camera was tested with a 8 keV Cu X-ray tube with a
photon flux of 108 photons per second. The whole experimental setup was enclosed
within the X-ray hutch of the E1 experimental hall at ELI Beamlines (see Fig.
4.7). The X-ray hutch itself provided the optical shielding of ambient light for
this experiment The goal of this experiment was to determine, whether an already
available in-house camera is sufficient for the tests and readout. Unfortunately,
this camera proved to be not sensitive enough to be used for the readout as can
be seen in Fig. 4.8. Therefore, a more sensitive camera was needed.

Fig. 4.7: Experimental setup of the calorimeter using a simple holder, Basler
camera as readout and X-ray tube as a radiation source. Notice the camera is
placed above the calorimeter.
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Fig. 4.8: Images taken by the Basler acA camera prior to the irradiation and during
the irradiation. The gain of the camera and the exposure time is set to maximum.
The faint glow of the first plastic scintillator is seen in the right picture within
the yellow circle. It is evident that this camera does not have sufficient quantum
efficiency to be used for the spectrometer.

Manta and Andor camera test

The second experiment was performed using more sensitive cameras and a
much stronger radiation source, the high energy bremsstrahlung beam produced
by electrons accelerated at the conventional accelerator Mikrotron MT25 [73].
For this experiment, the scintillators were placed inside the expanded polystyrene
holder. The calorimeter was aligned using a laser cross, the whole setup was
shielded from scattered radiation using lead bricks and plates (see Fig. 4.9). The
cameras used in this experiment were:

• Manta G-235B

– resolution: 1936 × 1216

– sensor: Sony IMX174, CMOS type

– pixel size: 5.86 µm × 5.86 µm

– lens parameters: focal length = 8.5 mm, aperture = f/1.3 mm

– quantum efficiency: 60% at 425 nm, 70% at 480 nm [74]

• Andor Zyla 4.2

– resolution 2048 × 2048

– sensor: CMOS type

– pixel size 6.5 µm × 6.5 µm

– lens parameters: focal length = 16 mm, aperture = f/1.4 mm

– approximate quantum efficiency: 50% at 425 nm, 70% at 480 nm [75]
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Fig. 4.9: Diagram of the experimental configuration during the Mikrotron experi-
ment. Tested cameras were placed side by side, the distance between the cameras
and the calorimeter was approximately 20 cm. The experimental setup was placed
within a lead shielding bunker. The experimental area was dark, eliminating a
need for optical shielding.

An image taken prior to the experiment with the Manta G-235B camera is
shown in Fig. 4.10. An example of an image taken during irradiation (in this case
with electron beam energy set to 23 MeV and with the use a photon converter) is
shown in Fig. 4.11.

Both cameras were thoroughly tested, the quality of images acquired by these
cameras was comparable. The choice thus fell on the more compact, simpler, and
more affordable Manta G-235B camera. This experiment also verified the need
for a proper ionising radiation shielding of the camera, as ionising radiation can
cause noise while interacting with the CMOS chip.
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Fig. 4.10: Image taken by the Manta G-235B prior to the irradiation. Notice the
use of the expanded polystyrene holder.

Fig. 4.11: Image taken by the Manta G-235B camera during the irradiation. The
radiation beam is coming from the left, the plastic scintillators glow less than
BGO scintillators due to high γ beam energy.
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4.3.2 Camera to calorimeter distance

The distance between the camera and the calorimeter is subject to adjustment,
as it significantly influences the spatial requirements of the whole system. The
impact of increasing the distance between the camera and the scintillator was
tested using a Cs-137 radioactive source (E = 661.7 keV, A = 37 MBq) and
the Manta G-235B camera, focusing on the dependence of the pixel value (pv),
that is proportional to the amount of light collected by a pixel, on the increasing
distance. The radioactive source was moved alongside a single scintillator towards
the camera. Every scintillator type (material and thickness wise) was placed at
several distances and a signal was acquired by the camera.

The results have shown, that the pv does not change significantly with increas-
ing distance (as seen in Fig. 4.12). Nevertheless, the number of pixels that collect
light of the scintillation decreases with increasing distance, as the scintillator in
the picture gets smaller with increasing distance. This effect subsequently causes
higher uncertainty of the average pv, given the lower number of illuminated pix-
els. Long distances between the camera and the scintillators would also require an
impractically large optical shielding from other light sources in the experimental
setup, which would be difficult in laser-plasma experiments.

While a smaller distance between the camera and the scintallators would enable
a compact optical shielding, it would also cause a parallax effect. The parallax
effect would substantially complicate the readout of scintillators at the edge of
the camera view, away from the centre of the taken image. These considerations
have led to a compromise between the effects mentioned above, when the suitable
distance was found to be approximately 20 cm - 22 cm. At this distance, when the
centre of the calorimeter is aligned to the centre of the field of the camera view,
the maximum angle by which the far scintillators are seen is 17 degrees. At this
angle the parallax effect does not pose a significant issue as will be discussed in
following sections and shown in Fig. 6.2.

Fig. 4.12: Dependence of the average pixel value (normalised to the mean pixel
value for each scintillator type) on the distance between the camera and the scin-
tillator. No significant dependence can be seen. The errorbars are not visible, as
the error of the mean is low given the large number of averaged pixel values.
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4.4 Reflector and optical shielding

During the experiments dedicated to the camera selection, two issues have been
identified:

• Substantial amount of scintillation light was not collected by the camera
because no reflector was used. The low amount of light represents a problem
as it increases noise within the collected signal.

• Black fabric was used during the first experiments to separate the scintilla-
tors (see Figs. 4.3 and 4.7), however, it was proven that it was not perfectly
light-tight (using a laser beam) and thus enabled scintillation light to cross
from one scintillator to another. This also represents a problem, as it affects
the shape of the measured dose-depth curve.

4.4.1 Reflector

Given the low amount of scintillation light and limited quantum efficiency of
the CMOS chips, it is essential to maximise the amount of collected optical photons
in order to reduce the noise. One option to achieve this is to cover the scintillators
with a reflector, keeping one side uncovered to enable the readout. The choice fell
on the polytetrafluoroethylene (PTFE) tape, as it is simple to apply by wrapping,
its reflectivity is relatively high, it is commercially available and cost-effective.
The appropriate amount of PTFE to be applied on the scintillators was a subject
to a dedicated experiment, where the dependence of the pixel value on the number
of applied PTFE layers was studied using a Cs-137 source. The results showed
that it is possible to substantially increase the amount of collected optical photons
by applying the PTFE reflector, as seen in Fig. 4.13.
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Fig. 4.13: Dependence of the normalised pixel value on the PTFE wrapping thick-
ness. One PTFE layer is 0.09 mm thick.

In this figure, the very sharp increase in normalised pv can be observed in
the region of low number of PTFE layers. A thin PTFE layer could thus cause
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issues, as a small difference in wrapping of individual scintillators would cause a
different reflector thickness and would therefore lead to a significantly different
light output. On the contrary, a large number of reflector layers would cause
blockage of space while not significantly enhancing the light output (compared to
e.g. one of 5 PTFE layers). Given these considerations, the appropriate number
of reflector layers was determined to be 5, which is approximately 0.5 mm thick.

4.4.2 Optical barrier and shielding

As previously stated, the black fabric used in the first experiments was insuffi-
cient to prevent light crossing from one scintillator to another. While application
of the reflector managed to reduce the amount of light crossing, it was still not
able to completely reflect nor absorb all the light, so a fraction of the scintillation
was able to pass through it.

Therefore, an optical barrier was integrated into the 3D printed holder (as
seen in Fig. 4.6), using PLA layers of 1 mm. Such layer thickness completely
prevented the light from passing from one scintillator to another, while also aided
in keeping the scintillators at the correct position. Given the low density of PLA
(1.2 – 1.4 g/cm3), the presence of these barriers does not substantially influence the
dose-depth curve. Nevertheless, both separators and reflector were subsequently
included to the FLUKA geometry for further simulations and response matrix
generation.

For the optical shielding of the full setup, a black aluminium foil (thickness
50 μm was used. This proved sufficient for a majority of experiments, as it was
possible to switch off lights inside the laboratories and it was only needed to shield
light from LEDs of other instruments. However, for further experiments at ELI
Beamlines, a dedicated 3D printed optical shielding was created.

4.5 Hardware design summary

Following the considerations mentioned above, a prototype was produced with
following parameters:

• Segmentation: 5 EJ-200 (1 cm), 6 BGO (5 mm), 4 BGO (10 mm) scintillators

• Holder: 3D printed PLA, attachable to other components

• Camera: Manta G-235B (by Allied Vision)

• Lens: focal length = 8.5 mm, aperture = f/1.3 mm

• Reflector: 0.5 mm PTFE

• Optical barrier: PLA 1 mm

• Optical shielding: black aluminium foil 50 50 μm

Picture of the prototype is shown in Fig. 4.14.
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Fig. 4.14: Assembled prototype on an optical breadboard, consisting of 15 scintil-
lators covered in PTFE, 3D printed PLA holder, and Allied Vision Manta G-235B
camera connected to the PC for data taking. The optical shielding of the full
setup is not installed.
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Spectrometer software design

The software part consists of the fine-tuned simulations for the final hard-
ware configuration, the control software for the camera, and the data evaluation
consisting of image processing and the unfolding.

5.1 Response matrix generation

One of the key elements of the spectrometer design is the response matrix.
When the hardware prototype was completed, it was possible to prepare a detailed
simulation geometry and calculate the response matrix by means of performing a
large set of simulations for different beam energies. Moreover, the post-processing
of simulation results was refined for subsequent use in the unfolding method.

5.1.1 FLUKA simulations

The FLUKA geometry of the calorimeter prototype is shown in Fig. 5.1. Simu-
lations were run for a sequence of Maxwellian temperatures (as in the segmentation
study) and monochromatic energies (5 keV to 1500 keV with a step of 5 keV up
to 100 keV, 50 keV between 100 keV and 1000 keV, and 100 keV between 1000
keV and 1500 keV). As in previous simulations the transport thresholds were set
to 1 keV in EJ-200 to allow for a more precise calculation of energy deposition
and the simulation of photonuclear reactions was enabled.

Fig. 5.1: FLUKA geometry of the calorimeter, a 2D cut at the middle of the
calorimeter. EJ-200 scintillators are shown in purple, BGO scintillators in green,
PLA in black, and PTFE in yellow.

Unlike in the segmentation study, in this case the scored quantity was the
energy deposition in individual scintillators (as the scintillator size is already set
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and there is no need of grouping adjacent bins). There was also a difference in
the beam size, that was int this case set to 2 cm × 2 cm, in order to better
represent the situation when the radiation source is located sufficiently far from
the calorimeter and the radiation beam impinges on the full frontal scintillator
(with no collimation). This beam size setting is beneficial for general use of the
spectrometer, however, it is possible to recalculate the response matrix for given
experimental conditions (beam size, divergence, distance from the source) in order
improve the accuracy of the spectrometry.

Simulations were defined and launched using a custom script that allowed
parallel execution. A custom script was also used to process results of this set
of simulations. Further simulation results processing into a response matrix was
performed using a Matlab script.

5.1.2 Simulations results processing

Simulation results were normalised to GeV/cm3 and further processed into the
response matrix. For the following calculations it was also necessary to create
a response function, an interpolation of the response matrix using the Matlab
interp2 function [76]. The interp2 function is defined as

Vq = interp2(X, Y, V,Xq, Yq,method) (5.1)

where X and Y represent coordinates of points in value matrix V . In this case
X = 1, 2, , . . . , 15 represents the ordinal numbers of scintillators, Y represents the
temperature/energy vector corresponding to the response matrix and V is the re-
sponse matrix. Xq and Yq represents the query coordinates (ordinal number of
scintillators and temperature/energy for which the interpolation should be calcu-
lated). The spline method, that exploits piecewise polynomials for interpolation,
was used. This function was then wrapped using Matlab anonymous function [77],
using following code:

responseFunction =
(b,x)b(1).*interp2(
1:numberOfScintillators,
energyList,
responseMatrix.depositedEnergy,
x,
b(2),
’spline’

)’;

where b represents parameters (amplitude and beam temperature/energy) and
x represents the scintillator number. This function can therefore calculate the
energy deposition density at x-th scintillator of the calorimeter, when exposed to
b(1) particles with temperature/energy b(2).
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5.2 Image acquisition

The camera is controlled by the Vimba Viewer software by Allied Vision [78].
This software allows setting exposition parameters and trigger types that best suit
different operation modes - if the trigger is available from the radiation control
system, it can be used to trigger the camera. If it is not available, the camera
can be triggered manually, using a longer exposition time to ensure that all the
scintillation light is collected after the laser shot.

Fig. 5.2: Vimba Viewer interface settings of image acquisition, the tab Brightness
where it is possible to set the acquisition time is highlighted. [78]

The image acquisition is then performed using these steps:

1. A reference image is taken without the full optical shielding to ensure that
the camera is properly positioned and focused on the scintillators. The
reference image can also be used for region of interest (ROI) definition – the
area inside the image where the scintillators are.

2. A background image is taken with the optical shielding to ensure that the
setup is properly shielded from optical light and to determine the noise level,
that will be subtracted from the actual experiment images.

3. Experiment images are taken throughout the experiment, collecting the scin-
tillation light.
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5.3 Image processing

The experiment images acquired by Vimba Viewer are processed using Matlab:

1. The reference image is used to define the exact position and rotation of
images, all the images are then rotated using the same angle.

2. ROI is selected using the reference image. This can be done either manually
or using a dedicated Matlab code, that searches for the scintillators inside
the holder.

3. Background is subtracted to compensate for the CMOS chip inhomogene-
ity, then the average pv of a background region of an image taken during
irradiation is subtracted from all pvs to compensate for elevated background
level.

The ROI selection was a subject to study as due to a corner effect, some areas
of the scintillators are brighter than others. It was concluded that the most useful
way is to choose ROIs outside of these bright zones, as this ROI selection leads to
a most uniform area in terms of pixel value. Moreover, if the bright areas would
be within the ROIs, a small change of ROI definition could have a large effect on
the average pixel value.

Fig. 5.3: ROI selection is marked by the black rectangle, histograms of the pixel
values inside ROI are shown together with the mean of pixel values and the stan-
dard deviation estimate.
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5.4 Unfolding

Once an experimental image is processed, it is possible to perform the unfold-
ing. The final version of the unfolding was developed using Matlab function for
fitting nonlinear regression models fitnlm [79]

mdl = fitnlm(X, y,modelfun, β0), (5.2)

where X are the scintillator ordinal numbers, y are mean pixel values with sub-
tracted background in each ROI, modelfun is the response function as described
in section 5.1.2 (i.e. interpolation of the response matrix). β0 represents the initial
set of response function parameters (amplitude and temperature/energy).

As the choice of β0 significantly influences the results of the nonlinear model,
it is essential to test multiple combinations of these values. This is done prior
to the evaluation of the model, using the grid search algorithm enhanced by the
Matlab function parfor [80] for parallel computation. Once the values of β0 are
found using the grid search, it is possible to evaluate the model, which provides
not only the parameter values (amplitude and energy/temperature), but also the
statistical errors, p-values, R2, and R2

adj. These quantities are essential for the
spectrometer function as they provide a crucial information on the measurement
accuracy.

Moreover, the modelfun can be set as a linear combination of multiple re-
sponse functions, allowing for a search of multiple beam components, each defined
by its function. Theoretically, it is possible to estimate as many parameters as the
number of scintillators in the calorimeter, however, due to increasing statistical
uncertainty, it is only practical to have the modelfun set as a combination of up to
3 response functions (and therefore be able to search for up to 3 temperatures/en-
ergies).

5.5 Summary of software design

The spectrometer software consists of 3 main components:

1. FLUKA for obtaining the simulation matrix,

2. Vimba Viewer for image acquisition,

3. Matlab for simulation processing, image processing, and unfolding.

FLUKA simulations are completed prior to the experiments, Vimba Viewer is used
during the experiment, and Matlab can be used both during the experiment for
online measurement or after the experiment for offline processing. The software
architecture can be seen in Fig. 5.4.
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Fig. 5.4: Architecture of the spectrometer software. Simulations for response ma-
trix generation are achieved by FLUKA simulations, image acquisition by Vimba
Viewer, and other data processing is performed by Matlab.
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Spectrometer calibration and
validation

The next necessary steps of the spectrometer development are its calibration
and the validation of its function. The spectrometer requires a calibration to
multiple factors that affect the amount of collected light by the camera in order
to ensure that the dose-depth curve is measured accurately. Moreover, the spec-
trometer validation is needed to prove that the spectrometer is able to perform
spectrometry and to determine the quality of such spectrometry. Both calibration
and validation can be carried out using conventional sources of ionising radiation.

6.1 Calibration

The first step of the calibration process is the calibration of individual scin-
tillators in terms of scintillation light output. The second step is the calibration
of the scintillation light collection by the camera, that may be influenced by the
angle, by which the camera sees the particular scintillator in its field of view.

6.1.1 Scintillator calibration

Ideally, all scintillators of the same scintillator type and dimensions should
emit the same amount of scintillation light when exposed to an identical radiation
field. However, the light output of individual scintillators may be influenced by
the manufacturing process and the PTFE wrapping, that may differ for individ-
ual scintillators. In order to compensate for the differences in the light output,
a calibration of individual scintillators was performed using an in-house Cs-137
source.

Scintillators were individually placed at a fixed distance from the camera and
the radioactive source, exposing them to the same radiation field. The light output
was measured as a mean pixel value in the ROI. The results (see Fig. 6.1) show that
while the response of the EJ-200 scintillators is uniform with negligible standard
deviation and the mean pixel value of pv = 41±1, the standard deviation of mean
pixel values for BGO crystals reaches significantly higher values. For the 0.5 cm

69



CHAPTER 6. SPECTROMETER CALIBRATION AND VALIDATION

thick BGO scintillators, the pixel value results in pv = 120 ± 10, for the 1 cm
BGO it results in pv = 128± 8.

Therefore, in order to ensure an equal response of all scintillators of a scintil-
lator type to the identical radiation field, a set of correction factors for individual
scintillators was implemented. These factors are determined as the average pixel
values in ROI of all scintillators of a scintillator type to the average pixel value in
ROI of a given scintillator.
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Fig. 6.1: Average pixel value in ROI for individual scintillators when exposed to
the same radiation field. The errorbars are not visible due to the large number of
pixels in the ROI.

6.1.2 Angle calibration

The amount of scintillation light collected by the camera from a scintillator also
depends on the angle by which the scintillator is seen by the camera. This effect
was specifically studied in a dedicated experiment, that was realised by keeping
the source and the camera fixed and rotating the scintillator with respect to the
camera. The study was performed for angles in the range of 0° – 80°, however, in
the prototype setup the maximum angle by which the camera sees a scintillator
in the calorimeter is 17°.

Results of this study (shown in Fig. 6.2) show a dependence of the pixel value
on the angle, that only becomes significant for angles larger than 20°. Therefore,
it was decided that there is no need to apply a correction factor for the angle
by which the camera sees individual scintillators for the spectrometer prototype
(given the maximum angle in this case is 17°).
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Fig. 6.2: Dependence of the normalised average pixel value in ROI (to the average
pixel value in ROI at 0°) on the angle, by which the scintillator is rotated. In
the case of large angles (close to 90°), it is impossible to avoid adding the bright
line into the ROI, which is why the measurement was not done at this angle. The
errorbars are not visible due to the large number of pixels in the ROI.

6.2 Validation

The principal experiment of the spectrometer development is its validation
(the proof of concept of the whole spectrometer and its function). Moreover, this
experiment was also dedicated to estimating the overall uncertainties and limita-
tions of the spectrometer. The validation was performed at the Czech National
Institute for Radiation Protection (SÚRO) [81] using the OG-8 irradiator by VF
Nuclear, namely with the Cs-137 and Co-60 radioactive sources. This irradiator
provides a high flux of photons so that a sufficient amount of scintillation light
can be detected using the camera for the dose-depth curve measurement. The
Cs-137 provides a single γ line to be determined by the spectrometer, the Co-60
instead provides two close γ lines and thus represents a greater challenge for the
spectrometer.

The calorimeter was aligned with the centre of the beam using a laser cross.
The experimental setup can be seen in Fig. 6.3. The image of calorimeter as seen
by the camera is shown in Fig. 6.4. In Both these figures the optical shielding
is not present, however, during the irradiation the whole setup was insulated
from ambient light using a black aluminium foil. Moreover, the lights inside the
laboratory were turned off during the irradiation.
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Fig. 6.3: Experimental setup for the energy calibration of the spectrometer. The
irradiator is situated in the left. The image was taken prior to installation of the
optical shielding.

Fig. 6.4: Image of the calorimeter taken prior to irradiation. The image was taken
prior to installation of the optical shielding.
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6.2.1 Cs-137 irradiation

The raw image taken during irradiation using the Cs-137 source (661.7 keV) is
shown in Fig. 6.5, the rotated image (so that the scintillators are aligned with the
image axes) with highlighted manually selected ROIs is shown in Fig. 6.6. This
image was taken with fine-tuned exposition parameters – the exposition time was
set to 1000 ms, and the gain was set to 30 db.

Fig. 6.5: Raw image taken by the camera during the Cs-137 irradiation.

Fig. 6.6: Processed image taken during the Cs-137 irradiation, the ROIs together
with background ROI (top of the picture) are shown.

This image was processed using the developed software, correction factors for
each individual scintillator (as evaluated from the calibration of individual scintil-
lators) were applied, resulting in corrected mean pixel values as shown in Fig. 6.7.
The experimental value errorbars in this plot represent the standard deviation of
the pixel values calculated as

S =

√√√√ 1

N − 1

N∑
i=1

(pvi − pv)2, (6.1)
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where N is the number of pixels inside the ROI and pvi is the pixel value of pixel
i. Therefore, the errorbars in this figure do not represent the standard error of the
mean pixel value, because this value is very low (because of the large number of
pixels within the ROI) and thus the errorbars would not be visible.
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Fig. 6.7: Measured dose-depth curve (in terms of scintillation light) when exposed
to the radiation of the Cs-137 irradiatior, corrections discussed in section 6.1.1 are
implemented. The red line represents a simulated signal for the 1 energy unfolding,
the green line represents a simulated signal composed of 2 energies identified by
the unfolding when set to search for 2 energies.

1 energy unfolding

The unfolding algorithm, was firstly set to search for 1 monochromatic energy,
providing a result of

E = 570± 40 keV, R2
adj = 0.955. (6.2)

Notice that the value of R2
adj, the adjusted coefficient of determination, is close

to 1, indicating a good agreement between simulated and measured values. The
standard error of the energy evaluated as given by the non-linear model can be
used as an estimate of the detector uncertainty, as it corresponds to 1 σ resolution.
Nevertheless, it is clear that the spectrometer was not able to accurately determine
the energy of gamma radiation produced by the Cs-137 source, indicating a need
to search for more energies.
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2 energies unfolding

When set to search for 2 energies, the unfolding reached a higher value of R2
adj,

indicating a better agreement with the measured values, the determined radiation
energies were

E1 = 24± 1 keV, E2 = 660± 40 keV, R2
adj = 0.993, (6.3)

Simulated dose-depth curve for unfolded energies is also shown in Fig. 6.7 (green
curve).

In this case the spectrometer was able to determine the γ line of Cs-137 more
precisely than in the case of search for one energy, while also indicating a presence
of a low energy component. The relative uncertainty of the spectrometer can
be estimated as 6 %, using the estimation of the standard error of the unfolded
energy (uncertainty estimations for similar devices are not available in literature
as of writing this thesis).

The low energy component of 24 keV could be caused by multiple factors
or even their combination. The Cs-137 beside the main γ line also produces
low-energy X-rays (32 keV), stray radiation can also be produced as a result of
scattering within the irradiatior shielding. Such background produced by scat-
tering is clearly not monochromatic, moreover it would be difficult to determine
its spectrum and describe it using only several parameter. Given that, the result
of 24 keV line can be only considered as an indication of presence of low-energy
background.

6.2.2 Co-60 irradiation

The change to the Co-60 source was performed using the irradiator system,
thus all other parameters (experiment configuration) remained consistent with
the Cs-137 irradiation. The raw image when exposed to the radiation from a
Co-60 source (1173.2 keV and 1332.5 keV) is shown in shown in Fig. 6.8

1 energy unfolding

The corrected mean pixel values after the image processing are shown in Fig.
6.9. As in the previous case, the errorbars represent the standard deviation of the
pixel values, not the standard mean error. The unfolding algorithm, when set to
search for 1 energy gives a result of

E = 960± 160 keV, R2
adj = 0.884. (6.4)

As in the Cs-137 experiment, it is evident that a search for more energies is needed,
moreover, the value of R2

adj is rather low, indicating insufficient agreement between
the model and the measured signal.
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Fig. 6.8: Image taken during the Co-60 irradiation, the exposition time is 1000
ms, the gain is set to 30 db (same as during Cs-137 irradiation).
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Fig. 6.9: Calorimeter signal when exposed to the radiation of Co-60 irradiator,
corrections discussed in section 6.1.1 are implemented. The red line represents a
simulated signal for the 1 energy unfolding, the green line represents a simulated
signal composed of 2 energies identified by the unfolding when set to search for 2
energies.

2 energies unfolding

When the unfolding algorithm was set to search for 2 energies, it reached a
higher R2

adj value, giving

E1 = 23± 1 keV, E2 = 1160± 130 keV, R2
adj = 0.977. (6.5)

In this case when searching for two γ lines of the source, the unfolding returned
a value of 1160 keV with an uncertainty of 10 %. Given this value, it can be
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concluded that the unfolding is unable to resolve the two γ lines of the Co-60
source and instead treats them as one. As in previous case, there is also a low-
energy component, likely caused by the scattered radiation background. As in the
previous case, the energy value is only an indication of presence of a background.

A test to search for 3 spectra components using the unfolding algorithm was
also performed. however, it did not return any other component then the ones
found during the search for 2 components.

6.3 Calibration and validation summary

The calibration of the individual scintillators revealed that while the EJ-200
scintillators had a very similar response, the response of BGO scintillators was
different and thus a correction factor was applied. The calibration of the angle
revealed that no correction is needed given the angles of view in the spectrometer
prototype.

The validation experiment revealed than when set to search for two energies,
the spectrometer was able to determine the energy of the γ radiation of the Cs-
137 source with a relative uncertainty of 6 %. Instead, for the Co-60 source, the
spectrometer provided one value for the two γ lines, being unable to distinguish
the two even when set to search for more energies.

This experiment has thus validated that the spectrometer is functional and
can determine the energy of impinging radiation. A test of the spectrometer in a
laser-generated radiation environment is described in the next chapter.
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Tests at ELIMAIA beamline

Given the successful validation of the spectrometer using conventional sources,
the next step was a data-taking using a laser-driven radiation source. This exper-
iment was performed during the commissioning of the ELIMAIA beamline using
the L3 HAPLS laser system. The author of this thesis contributed to this experi-
ment as a consultant, mainly in the preparatory stages of the experiment.

7.1 New segmentation

In preparation for this experiment, more studies regarding the segmentation
have been carried out by the development team (with the author of this thesis
providing consultations in the early stages). The goal of these studies was to fur-
ther improve the spectrometer design for the data-taking at ELIMAIA beamline,
resulting in an updated segmentation.

The updated segmentation comprises 21 scintillators of lower thickness than
in the case of validation experiments, while keeping the design of frontal EJ-200
part followed by the BGO part. Detailed configuration can be seen in Tab. 7.1.
Also, two 10 mm thick lead absorbers were added to the design to attenuate the
high-energy part of the radiation spectrum. Beside the segmentation update, the
overall shielding from ambient light was changed using a dedicated light-proof
box instead of aluminium foil. Other components of the spectrometer remained
as described in the previous chapters. [82]

Scintillator no. [–] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Thickness [mm] 3 3 3 10 10 10 2 2 2 2 2 3 3 3 3 5 5 5 10 10 10

Tab. 7.1: The segmentation of the spectrometers used during the ELIMAIA com-
missioning. Values in blue show the length of a EJ-200 scintillator (in millimetres),
while the values in green show the length of a BGO scintillator. The lead absorbers
are placed between scintillators 19 and 20 and between 20 and 21. [82]
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7.2 Experimental setup

The experiment was carried out during the commissioning of the ELIMAIA
beamline, using the L3 HAPLS laser system at laser intensity approximately
I = 1021 W/cm2, the laser pulse power being approximately 0.3 PW. During this
experiment, most of the shots were carried out in a single-shot regime. Two identi-
cal spectrometers were placed outside the experimental chambers behind the glass
viewports in order to minimise the shielding effect of the experimental chamber
walls. First spectrometer was placed in the forward direction of the beam (forward
stack), the second was placed above the interaction point (top stack). The spec-
trometer placed in the direction of the beam was shielded from electron radiation
using magnetic fields (0.4 T). The experimental setup can be seen in Fig. 7.1. [82]

Fig. 7.1: Experimental setup of the spectrometers during commissioning of the
ELIMAIA beamline. [82]

Fig. 7.2: Example of a spectrometer signal compared with the unfolded signal
from one shot taken during the ELIMAIA commissioning. [82]
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7.3 Results

An example of acquired data compared with the unfolded signal is shown in
Fig. 7.2. As can be seen in this figure, more radiation was detected in the forward
direction of the beam than in the case of the top one. This is in agreement with the
information provided in section 2.2.2. As for the unfolded temperatures, they are
almost identical. These results are also in agreement with theoretical expectations,
as there should not be a dependence of high energy X-ray temperature on the angle
from the beam axis (see Fig. 2.8).

Another phenomenon that can be seen in the forward stack is a difference
between the measured and unfolded dose-depth curve in the frontal part of the
calorimeter. This is probably caused by electrons accelerated in the direction of
the beam, producing secondary radiation when interacting with other beamline
components. Therefore, for this spectrometer, the data from the plastic scintilla-
tors in the frontal part were not used for the unfolding. Results of the unfolding
are shown in Tab. 7.2.

T1 [keV] T2 [keV] N2/N1[−]

Forward stack 80± 6 2400± 110 0.33± 0.10

Top stack 70± 3 2450± 60 0.19± 0.10

Tab. 7.2: Example of unfolding results for the dose-depth curves show in Fig. 7.2.
T1 is the low Maxwellian temperature, T2 the high Maxwellian temperature, and
N2/N1 is the ratio of amplitudes of the two radiation components.

Throughout the commissioning, each shot was analysed in the same fashion,
the forward stack provided values of the high Maxwellian temperature mostly in
the range of 2.1 – 2.4 MeV, the top stack mostly in the range of 1.7 – 2.3 MeV.
These values are in good agreement with Beg’s scaling laws, that for the given
laser configuration predict electron temperature in the range of 1.5 – 3.0 MeV.
The typical measured values of low Maxwellian temperature were in the range of
60 keV – 85 keV. [82]

This experiment thus proved that the developed spectrometer can be used
for spectrometry of laser-generated X-ray radiation. The relative errors of the
unfolded temperatures determined by the unfolding software are typically below
10 %.
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Improvement tests and future
outlooks

The effort following the spectrometer validation focused on improving the re-
sponse matrix, in order to be able to distinguish the two γ lines of the Co-60
source. Multiple techniques were investigated, including a direct simulation of
scintillation light. Additionally, more possible future improvements are described
in this chapter.

8.1 Response matrix improvement

As described in previous chapters, the response matrix is created using a set
of simulation results for a set of beam energies/temperatures, the values of beam
energies/temperatures not directly present in the response matrix must be cal-
culated using an interpolation). Therefore, one possible option of improving the
spectrometer accuracy is to increase the number of energies/temperatures in the
response matrix by means of performing and evaluating a larger set of FLUKA
simulations.

Also, the quantity within the response matrix is the energy deposition inside
scintillators, which is not exactly the measured quantity (light collected by the
camera), The second option of improving the response matrix is therefore to ex-
change the scored quantity directly to the amount of scintillation light that would
reach the camera.

8.1.1 More dense response matrix

In order to determine whether increasing the number of simulations would aid
in enhancing the spectrometer resolution, simulations were performed with a step
of 5 keV for the full energy range (5 keV to 1500 keV). Moreover, these simulations
were executed using a large number of beam particles (primaries), resulting in
negligible statistical uncertainties of the simulation results. However, when this
response matrix was applied to the evaluation of dose-depth curves acquired during
the calibration using the Co-60 source, there was no improvement in determining
its two γ lines (the results were identical as presented in the validation experiment),
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nor any other improvement was observed. Therefore, a more sophisticated method
was investigated – a direct simulation of scintillation light using FLUKA.

8.1.2 Optical simulations

As FLUKA allows simulation of both production and transport of scintillation
light, the following attempts of improving the response matrix focused on deter-
mining, whether it would be possible to approximate the picture taken by camera
using FLUKA simulations and whether this would allow constructing a response
matrix not in terms of deposited energy, but rather the relative pixel values in
ROIs.

For this set of simulations, the production of optical photons within the scintil-
lators was defined using the OPT-PROD [83] cards. The scintillator and scintilla-
tion light properties were set according to the information in Tab. 3.1. Similarly,
optical properties (absorption coefficient, refraction index, reflectivity) of all ma-
terials present within the simulation geometry were defined using the OPT-PROP
[84] cards. Using these setting, the scintillation photons are simulated as secondary
particles emerging from the dose deposition inside the scintillators.

As the geometry of the lens and the camera is complicated, it was approximated
using a pinhole within an perfectly absorbent body. The CMOS chip was simulated
using a 2D USRBIN scoring of optical photons. A comparison of a simulated image
and a real image taken by the camera is shown in Fig. 8.1, showing a remarkable
similarity between the simulation and the image acquired during the experiment.

Fig. 8.1: Comparison of image taken by camera during the energy calibration (top)
and a simulated image using FLUKA using optical photon simulation (bottom).
Notice that the lines produced by the corner effect are visible in both images.

8.1.3 Optical response matrix

As the next step, a set of simulations was performed to obtain simulated camera
images for the energy range of 5 keV – 1500 keV with a step of 5 keV. The
resulting images were then processed to get the relative pixel values in ROIs –
to get average pixel values outside bright areas for each scintillator, forming a
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response matrix. However, when this response matrix was applied to the unfolding
of the calibration data, there was no improvement in determining the energy of
radioactive sources on the images acquired during the calibration (almost identical
results were obtained as in the validation experiment, E1 = 24 keV, E2 = 1150
keV).

It should also be noted that these simulations require a significant amount of
computation resources, due to the low probability of scintillation photons reaching
the pinhole representing the camera. Therefore, these simulations have been per-
formed over several weeks using the ELI Beamlines high performance computing
cluster ECLIPSE. This issue could be resolved by properly modelling the lens and
the chip of the camera, but this task was abandoned due to its complexity.

Nevertheless, the optical simulations allowed to model and explain several phe-
nomenons seen in the experimental data, such as the corner effect and allow to
model the picture seen by camera in different conditions (position, distance from
the calorimeter), providing insights for possible future spectrometer design.

8.2 Future outlooks

While the developed spectrometer was proven to be capable of performing
spectrometry of laser-generated radiation, multiple components of the spectrom-
eter can be further upgraded.

8.2.1 Scintillators

As one of the most important feature of the scintillators used in the developed
spectrometer is the light yield, it is envisioned to investigate a possible usage of
novel scintillating materials that provide high light yield. Also, it was discovered
that it is not beneficial to have all of the scintillator sides polished, but rather
have all sides but the front one finely diffused in order to maximise light collection
using the optical detector. Moreover, this modification would likely remove the
bright areas caused by the corner effect.

8.2.2 Readout

As a large number of uncertainties is caused by the CMOS camera readout
(e.g. corner effect, noise) other readout methods (e.g. photodiodes and SiPMs)
were considered. It is envisioned that a spectrometer with electronic readout will
be built and its performance would be compared to the one with CMOS camera
readout.

8.2.3 Software

As of writing this thesis, the spectrometer software is decoupled into the con-
trols of the camera and the image processing and unfolding. In order to simplify
the online usage of the spectrometer, it would be beneficial to have a unified soft-
ware that provides both controls of the readout and the subsequent processing.
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However, as the readout is also subject to enhancement, the software upgrade
is envisioned only after the readout enhancement is finished. Moreover, the un-
folding algorithm itself might be improved by exploiting advanced methods (e.g.
machine learning algorithms).

8.2.4 Proton spectrometry adaptation

While the spectrometer designed in the frame of this thesis was designed for
X-ray spectrometry, it is easy to adapt its design to perform proton spectrome-
try. Traditionally, proton spectrometry at laser-plasma beamlines was performed
using stacks of radiochromic films, however, as these detectors are passive, it was
impossible to use them in high-repetition rate environments.

A modified version of the spectrometer (see 8.2) was developed by the ELI
Beamlines team (the author of this thesis being a consultant) and tested at the U-
120 M Cyclotron at the Nuclear Physics Institute of the Czech Academy of Sciences
at Řež, using a proton beam of 33 MeV. The modified version of the spectrometer
was able to determine this energy and showed a very good agreement with the
traditional passive stack detector. It is therefore envisioned to use this detector
as a monitoring instrument at the ELIMAIA beamline [85].

Fig. 8.2: Adaptation of the spectrometer for the proton spectrometer. The scin-
tillators are placed in the small tile holder, the whole setup is enclosed in optical
shielding. [85]
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Conclusion

Laser-generated X-ray radiation can vary in its energy depending on multiple
factors, one of the main ones is the laser intensity. With increasing laser intensity,
the X-ray radiation also increases, reaching energies up to 100 MeV with current
laser systems. Spectrometry of laser-generated X-ray radiation is difficult due to
its pulsed nature and thus standard methods cannot be applied. However, there
are several options that can be used, one of them is the analysis of the dose-depth
curve.

The spectrometer developed in the scope of this thesis is based on such analysis.
It consists of a scintillator stack placed inside a dedicated holder. The optical
readout is performed by a CMOS camera. The measured dose-depth curve is
then compared with a response matrix generated by FLUKA simulations and
parameters of the spectrum are evaluated using an unfolding software. Therefore,
this system is able to provide several parameters describing the spectrum.

Hardware of the developed system was fine-tuned using simulations and ex-
periments, regarding the number of scintillators and their thicknesses, however,
the configuration can be altered for different experiments. The camera of choice
became the Allied Vision Manta G-235B, that proved to be cost-effective, com-
pact, sensitive, and simple to use. A reflector was applied to the scintillators in
the form of 0.5 mm PTFE. Scintillators were separated by a 1 mm layer of black
PLA.

The software consists of FLUKA for simulating response matrix of a given
configuration, simulations were adapted to be run in parallel to cover a wide
range of energies. The camera is controlled by Vimba Viewer, which serves to
set the camera parameters (e.g. exposition time, trigger type) and to acquire
images. Results are then processed using Matlab, where the spectrum parameters
are evaluated using non-linear modelling. This method allows to estimate the
standard errors of the evaluated parameters.

The whole system was calibrated using radioactive sources, each single scintil-
lator was calibrated in order to evaluate correction factors for different responses
caused by the manufacturing process or differences in application of the reflector.
Then a validation experiment showed that the system is able to evaluate energy
of impinging radiation with an uncertainty of approximately 10%.

The validation of the spectrometer and subsequent experiment at ELIMAIA
beamline commissioning demonstrated that the developed system represents a
functional spectrometer of photons in pulsed laser-generated radiation fields. There
are multiple possible options of improving the spectrometer performance, that are
planned to be investigated during further development of the spectrometer.
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