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Abstract
One of the most intriguing physics processes that remain untested is the pure photon
electron-positron pair production via quantum-vacuum fluctuations described by the
nonlinear Breit-Wheeler theory. These fluctuations generate virtual pairs that can be
turned into observable particles by applying strong electric fields above the Schwinger
critical limit of 1.3 × 1018 V/m [1, 2]. Despite the advent of high-intense lasers, the
critical limit is still far beyond achievable. However, such fields can be achieved on
the rest frame of the real particles after the collision of a high-energy γ-ray photons
with the laser beam.

To diagnose the created pairs, this thesis describes the design of a particle detection
system capable of successfully probing the single leptons created from strong-field
quantum electrodynamics (SF-QED) interactions at the upcoming SF-QED experi-
ments E-320 at FACET-II and FOR2783 at CALA. The designed detection system is
composed of tracking layers made of LYSO:Ce scintillating screens and a Cherenkov
calorimeter that, having their signals combined, can identify a positive event with a
confidence level above 99%.

At the E-320 experiment, electron beams generated by the FACET-II linear ac-
celerator with an energy of 13 GeV collide with an intense laser beam of a0 ≈ 10,
and nonlinear Breit-Wheeler pairs are produced in the nonperturbative full quantum
regime of SF-QED interaction (χe > 1 and a0 > 1). About 100 electron-positron
pairs per shot are expected to be created. According to Monte-Carlo simulations of
the experimental layout, the detection system will be placed on a region permeated
by a shower of x-rays and few-MeV γ-photons, however, a signal-to-noise ratio of
SNRσ ≈ 18 on the detectors is achieved.

On the other hand, the FOR2783 experiment is designed to probe the pair-creation
process via the nonlinear Breit-Wheeler process for the first time at the ATLAS
laser at the Centre of Advanced Laser Applications (CALA). In this experiment,
laser-accelerated electron beams with an energy of 2.5 GeV and charge of 10 pC
interact with a converter foil to produce bremsstrahlung γ-photons which interact
with a laser beam with an intensity of a0 ≈ 66. With such experimental conditions,
electron-positron pairs are produced in the non-perturbative, quasi-static strong-field
regime where a0 ≫ 1 and χγ ⩾ 1, and, a pair yield of about 0.22 pairs per laser shot
(≈ 80 pairs/hour) is expected. Monte-Carlo simulations of the full experimental layout
foresee a signal-to-noise ratio above 10 on the detectors.
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This successfully demonstrates that the detector system designed and built within
the scope of this thesis is capable of detecting single particles generated in the non-linear
Breit-Wheeler process in a high background noise environment.
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Zusammenfassung
Einer der faszinierendsten physikalischen Prozesse, der bis jetzt noch nicht experi-
mentell beobachtet wurde, ist die Erzeugung von Elektronen-Positronen-Paaren durch
Vakuumfluktuationen, die durch die nichtlineare Breit-Wheeler-Theorie beschrieben
wird. Diese Fluktuationen erzeugen virtuelle Paare, die durch das Anlegen eines starken
elektrischen Feldes getrennt und somit detektiert werden können. Dabei muss das
elektrische Feld das kritische Schwingerlimit von 1.3 × 1018 V/m [1, 2] übersteigen, das
trotz der Entwicklung leistungsstarker Hochintensitätslaser im Laborsytem immer noch
jenseits des Erreichbaren liegt. Im Ruhesystem der durch hochenergetische γ-Photonen
aus dem Vakuum erzeugten Elektronen-Positronen-Paare kann das Schwingerlimit
jedoch mit gegenwärtig zur Verfügung stehender Hochintensitäts-Lasersysteme erreicht
werden.

Diese Arbeit beschreibt die Entwicklung eines Systems zur Teilchendetektion,
das in der Lage ist einzelne Leptonen erfolgreich zu messen, die durch Starkfeld-
Quantenelektrodynamik (SF-QED)-Wechselwirkungen in den bevorstehenden Exper-
imenten E-320 an FACET-II und FOR2783 an CALA erzeugt werden sollen. Das
in dieser Arbeit entwickelte Detektorsystem besteht dabei aus mehreren LYSO:Ce-
Szintillatoren zur Nachverfolgung der Trajektorien der einzelnen Teilchen sowie eines
Cherenkov-Kalorimeters zur Messung derer Energien. Durch die Kombination beider
Messmethoden kann dieses System somit ein positives Ereignis, das heißt, ein erfol-
greich erzeugtes Elektronen-Positronen-Paar, mit einem Konfidenzniveau über 99%
detektieren.

Beim E-320 Experiment stoßen Elektronen, die vom Linearbeschleuniger FACET-II
erzeugt werden mit einer Energie von 13 GeV mit einem intensiven Laserstrahl mit
a0 ≈ 10. Dadurch werden nichtlineare Breit-Wheeler-Paare im nichtperturbativen
vollen Quantenregime der SF-QED-Interaktion erzeugt (χe > 1 und a0 > 1). Pro Schuss
wird dabei voraussichtlich eine Ausbeute von 100 Elektronen-Positronen-Paaren erzielt
werden. Mithilfe von Monte-Carlo-Simulationen wurde der gesamte experimentelle
Aufbau modelliert und die Stärke des Hintergrundsignals am Detektor abgeschätzt.
Dieses besteht aus Röntgen-Photonen und MeV-γ-Photonen und ergibt ein Signal-
Rausch-Verhältnis von SNRσ ≈ 18 am Detektor.

Das FOR2783-Experiment ist dafür konzipiert, die Paarerzeugung durch den nicht-
linearen Breit-Wheeler-Prozess zum ersten mal am ATLAS Laser am CALA zu messen.
Hier werden lasererzeugte Elektronen mit einer Energie von 2.5 GeV und 10 pC Ladung
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genutzt um mit Hilfe einer Konverterfolie Bremsstrahlungs-γ-Photonen zu erzeugen,
die wiederum mit einem Laserpuls mit einer Intensität von a0 ≈ 66 interagieren.
Mit diesen experimentellen Parametern werden Paare im nichtperturbativen quasi-
statischen Starkfeld-Regime (a0 ≫ 1 und χγ ⩾ 1) erzeugt und eine Paarausbeute
von circa 0.22 Paaren pro Laserschuss (≈ 80 Paare/Stunde) erwartet. Hier ergeben
Monte-Carlo-Simulationen des gesamten Experimentes ein Signal-Rausch-Verhältnis
von größer 10 auf den Detektoren.

Dies zeigt erfolgreich, dass das im Rahmen dieser Arbeit entworfene und gebaute
Detektorsystem in der Lage ist, einzelne Partikel, die im nichtlinearen Breit-Wheeler-
Prozess erzeugt werden, in einer Umgebung mit hohem Hintergrundrauschen zu
detektieren.
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1. Introduction

Testing the response of physical systems at extreme conditions has historically proven
to be one of the most productive avenues to extend our understanding of physics
and the accuracy of existing theories. Examples are high energy physics with its
extreme particle energies and at the other extreme superconductivity and Bose-Einstein
condensates at near zero temperature.

The recent advent of high-intensity laser fields in the next generation of laser
facilities, such as CALA [3], ELI [4, 5], Apollon [6], and Corels [7], provides the most
powerful electromagnetic fields with intensities up to 1023 W/cm2 in the laboratory [8],
corresponding to field strengths of approximately 1015 V/m. The strong electromagnetic
fields (EM) generated by such powerful laser sources has fundamental phenomena of
vacuum quantum electrodynamics (QED) and the largely unexplored regime of strong
field QED experimentally accessible.

The relation between the regime of strong field QED and other physics regimes can
be visualized using the so-called cube of theories introduced by Ref. [9] and illustrated
in figure 1.1. The cube of theories shows the relation between the different physical
theories of special relativity, quantum mechanics, and high-intensity fields with its
extremes representing theories subjected to tests. The cube is located in a space defined
by three orthogonal axes corresponding to special relativity c, quantum mechanics ℏ
and EM fields a0. Each of the vertices of the cube is related to physical parameters
and theoretical descriptions, for example, classical mechanics is found at the vertex
(0, 0, 0), relativity and high energy physics is represented at the vertex (c, 0, 0), and
quantum mechanics is located at (0, ℏ, 0) . The cube also represents the theories that
unifies two or more effects, such as classical electrodynamics at the vertex (c, 0, a0),
atomic, molecular, and optical physics at vertex (0, ℏ, a0), and quantum field theory at
the vertex (c, ℏ, 0). Note that, if high-intensity fields are added in the quantum field
theory, a physical regime known as strong-field quantum electrodynamics (SF-QED)
is located at vertex (c, ℏ, a0). Designing experiments to test physics in this extreme
regime is the aim of the work presented in this thesis.

The variable a0 represents the normalized amplitude of the electromagnetic field
and describes the interaction between a charged particle with the EM field. The value
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1. Introduction

c

ħ

a0

Classical
Electrodynamics

Special
Relativity

Quantum
Mechanics

Atomic, Molecular
and Optical Physics

Strong-Field
QED

Quantum Field
Theory

Classical
Mechanics

Figure 1.1.: Cube of theories adapted from Ref. [9]. The cube is located along the
axes representing special relativity c, quantum mechanics ℏ and high-
intensity fields a0. Each vertex of the cube represents a physical theory:
(0, 0, 0) is classical mechanics, (c, 0, 0) is special relativity, (0, ℏ, 0) is
quantum mechanics, (c, 0, a0) is classical electrodynamics, (0, ℏ, a0) is
atomic, molecular, and optical physics, (c, ℏ, 0) is quantum field theory,
and finally, (c, ℏ, a0) represents the strong-field quantum electrodynamics
(SF-QED) where phenomena that cannot be described by neither classical
or perturbative quantum theories are found.

of a0 is given, in SI units, as

a0 = e E
me c ω0

= e E λ0

2π me c2 , (1.1)

where e is the charge of the electron, E is the electric field amplitude, ω0 and λ0

stand for the angular frequency and wavelength of the laser light, respectively, c

is the speed of light in vacuum, and me is the rest mass of the electron. The a0

parameter can be interpreted as the energy gain of an electron over a distance of
one EM field wavelength in units of the rest mass me c2, i.e., ∆E = e E λ0 ≈ a0 me c2.
Hence, at a0 = 1, relativistic effects become significant in the interaction between the
charged particle and the EM field. In equation (1.1), one can substitute the the laser
wavelength by the Compton wavelength, λ0 −→ λ̄c = h/(2π mec) = 3.861 × 10−13 m,
where h = 6.626 × 10−34 m2 kg s−1 is known as Planck constant. Consequently, one can
obtain from equation (1.1) the electromagnetic field strength capable of performing a
work of me c2 over a Compton wavelength such that e Ec λ̄c = me c2 [9]. Therefore, the
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field strength required to perform the such work is given as

Ec = m2
e c3

e ℏ
≈ 1.32 × 1016 V cm−1 , (1.2)

where ℏ = h/(2π) is the reduced Planck constant. Hence, electric fields E with the
same order of magnitude of Ec, which is also known as the Schwinger critical field,
enables the study of novel physical processes found at the strong-field QED vertex of
the cube of theories.

As the field strength increases towards Ec, the strong-field leads to significant non-
linearities in the optical properties of vacuum. These nonlinearities can be dispersive,
e.g., vacuum birefringence, or absorptive, where the background field induces the
tunneling of electron-positron pairs out of the quantum vacuum - process known as
the Schwinger pair production, which is discussed in detail in section 2.3.3.

Although the peak intensity lasers can reach have significantly increased due to the
Chirped pulse amplification (CPA) technique to values up to 1023 W/cm2, it is still
orders of magnitude below the intensity given by the critical field of about 1029 W/cm2.
Therefore, a solution to achieve stronger EM fields is to collide the intense laser field
with high energy γ-rays or relativistic electron beams of Lorentz-factor γ ≫ 1 with a
collision angle θ between them. Such collision geometry is illustrated in figure 1.2. In
the electron’s rest frame, the relativistic particle will “see” an electric field Lorentz-
boosted by E∗ = γ E (1−cos θ) which can reach the magnitude of the Schwinger critical
field for realistic parameter sets, thus making strong-field phenomena accessible in
the laboratory. For example, assume a laser beam of intensity of 1021 W/cm2, which
corresponds to an electric field of approximately 1014 V/m, colliding with an 2.5 GeV
electron beam (γ ≈ 4892) at an angle θ = 180° (head-on collision). The Lorentz-
boosted electric field seen by the electron beam at its rest frame is E∗ ≈ 1018 V/m
which is at the same order of magnitude of the Schwinger critical field Ec.

Colliding
angle θ High-intensity

laser beam

GeV electron

Figure 1.2.: Collision geometry between an ultra-relativistic electron with a high-
intensity laser beam. The collision angle between them is given by θ. For
head-on collisions, θ = 180°.

Investigating the interaction between strong-fields and particles is relevant to un-
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1. Introduction

derstand astrophysical phenomena that were before not accessible, for example, the
electron-positron pair creation close to black holes’ event horizon [10–12], pair produc-
tion at the surface of magnetars [13–15], and the absorption of high-energy photons
as they propagate in the universe [16]. However, one of the many challenges while
realizing strong-field quantum electrodynamics (SF-QED) experiments under labora-
tory conditions is to detect the electron-positron pairs created during the processes
in an environment permeated by intense background radiation. Therefore, in this
thesis, a single-particle detection system with superior performance and capable of
substantially rejecting background radiation is designed and calibrated for being used
in the upcoming SF-QED experiments.

In this introductory chapter, the history of quantum electrodynamics (QED) and how
strong-fields were later incorporated in the QED theory are briefly explained. Further,
the current experiments proposed to test the predictions of SF-QED are introduced.
As already mentioned, the collision of relativistic electrons and high-intensity laser
fields is required to enable strong-field QED studies. Therefore, the generation of ultra-
relativistic electron beams using conventional and laser-driven plasma accelerators
followed by the development of high-intensity lasers are also discussed. At the end of
the chapter, an outline of the next chapters of this thesis is given.

1.1. The Birth of Quantum Electrodynamics (QED)

It was in 1926 that Schrödinger published his theory to solve the energy states of
the hydrogen atom [17]. However, the proposed theory was inconsistent with special
relativity and could not be used in situations where the particles were traveling close to
the speed of light or if interactions between them occur. Two years later, in 1928, Paul
Dirac proposed a new equation that incorporates the interaction between particles and
special relativity while searching for methods to calculate the spontaneous radiation
emission rate of atoms when undergoing a transition from a higher to lower excitation
states [18]. The equation also introduced the idea of creation and annihilation of
particles that allowed Dirac to find solutions for his new equation corresponding to
electrons with negative energies at empty spaces. This new set of solutions introduced
the concept of the Dirac sea with the vacuum being considered as a state where all
negative energy particles are located. If a hole is found in the negative energy state
of the quantum vacuum, it corresponds to an electromagnetic field that behaves as
if it were a positively charged particle. A hole in the sea is found to have the same
mass as an electron and therefore was initially called anti-electron. However, in 1932,
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1.1. The Birth of Quantum Electrodynamics (QED)

Carl Anderson, while performing experiments to investigate cosmic rays, observed
unexpected tracks of particles which later were attributed to anti-electrons, or, the
term he coined, positrons [19, 20].

The Dirac sea allowed electron and positron pair creation and annihilation by
radiation without introducing concepts of field quantization, later known as quantum
field theory (QFT). But years later, Furry and Oppenheimer demonstrated that when
quantizing the radiation field in Dirac’s equation, the creation, and annihilation of
particle and anti-particles are naturally incorporated in the theory [21, 22]. Introducing
QFT into the relativistic quantum theory of Dirac, charged particles could interact
between them by continuously exchanging radiation, namely photons, considered as
virtual particles. These new type of particles cannot be directly observed otherwise
the energy conservation law would be violated, but their effect is visible in many
observables.

Also in 1934, Gregory Breit and John Wheeler calculated the electron-positron
creation from the collision of 2 photons which creates a hole and an electron in the Dirac
sea [23]. Such process is considered the inverse of the electron-positron annihilation
of the Dirac sea and is named the Breit-Wheeler process. Experiments have been
proposed to investigate the pair creation through the Breit-Wheeler process [24, 25],
however, no successful results have been reported so far.

Up to now, quantum field theory has successfully incorporated the creation and
annihilation of matter and anti-matter. However, a major problem has already been
reported during its development in yearly 1930 by Oppenheimer while he calculated
the effect of quantum electromagnetic fields on the energy levels of atomic electron [26].
He found that is impossible to eliminate the interaction of the charge with its field
and energy shifts were predicted to be infinite. The same problems with infinite
energy levels were also later reported by Dancoff when calculating the scattering of
electrons [27].

Different ideas on how to solve the problem of infinities were proposed by different
authors [28–31], but the most accepted method was introduced by Weisskopf in
1936 [32] where the infinities were eliminated by redefining the physical parameters to
compensate the effects of self-interactions. The newly proposed method was named
renormalization. The first experimental evidence of the effect of the electron self-energy
initially proposed by Oppenheimer was successfully realized by Lamb and Retherford
in 1947 using microwaves to stimulate transitions between the hydrogen energy levels
2S1/2 and 2P1/2 [33]. But only a few months later a theoretical description of the effect
was announced by Hans Bethe where he used non-relativistic quantum mechanics
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1. Introduction

with the mass renormalization method to calculate the self-energy correction and the
hydrogen fine structure predicted by the Lamb and Retherford experiment [34].

It was in the late 1940s that three systematic formulations of QFT based on
previous theoretical work were proposed. These formulations, each independently
presented by Tomonaga (1946) [35], Julian Schwinger (1948) [36, 37] and Richard
Feynman (1949) [38–40], provide a method of treating the infinities however, the
method proposed by Feynman presented a unique set of rules that allowed to draw
diagrams representing how energy and momentum could flow through intermediate
states, namely through virtual particles. The rules established an easy calculation
algorithm to evaluate the probability of a process to occur and automatically ensures
the elimination of the infinities problem. The method proved so efficient and easy
that is nowadays taught in standard QFT textbooks, e.g., Refs. [41, 42]. The three
formulations were, in 1949, proved to be equivalent by Freeman Dyson [43, 44]
where graphical rules similar to the ones proposed by Feynman could be achieved
by the methods proposed by Tomonaga and Schwinger. The introduction of such
formulations is considered a big step to establish the theory that is known as quantum
electrodynamics (QED) which describes the interaction between light and matter and
it is in full agreement with quantum mechanics and special relativity. The importance
of such methods was recognized in 1965 by awarding the Nobel prize to Tomonga,
Schwinger, and Feynman for their contributions to the mass renormalization and
quantum electrodynamics.

1.2. Strong-Field Quantum Electrodynamics

Quantum electrodynamics is considered one of the most successful theory of physics [45].
It predicted the anomalous magnetic dipole moment (g-2) with high precision [46]
and the fine structure constant α ≈ 1/137 [47]. However, non-perturbative features
arise in the presence of strong background electromagnetic fields, and a new branch of
QED is derived, known as strong-field quantum electrodynamics (SF-QED) as already
introduced in the cube of theories in figure 1.1.

In the theory of strong-field QED, the electromagnetic field FSF−QED is divided into
two parts, a classical field F and a quantized radiation Frad, such that FSF−QED =
F + Frad. The quantization of the radiation leads to a definition of the vacuum
state without any real particle but containing fluctuations of virtual electron-positron
pairs when no external field is applied. By applying an external field, the virtual
pairs form dipoles aligned in the same direction of the external field, and vacuum
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1.2. Strong-Field Quantum Electrodynamics

anisotropy is observed. If the applied field is strong enough, above the Schwinger
critical field Ec ≈ 1.32 × 1018 V m−1, the virtual particles acquire energies above mec

2

over a distance of the Compton wavelength λc = h/(mec) = 2.426 × 10−12 m, where
h = 6.626 × 10−34 m2 kg s−1 is the Planck constant, me = 9.109 × 10−31 kg stands for
the rest mass of an electron and c is the speed of light in vacuum. If the field strength
overcomes the critical field, it deforms the Dirac sea, and a particle can tunnel from
the negative to the positive continuum through the energy gap creating real particle
and anti-particle pairs. This mechanism is named Schwinger pair production and it is
discussed in detail in chapter 2, section 2.3.3.

Furry picture

To evaluate the interaction between the external strong background field and the parti-
cles, an interaction picture, namely Furry picture, was developed by Wendell H. Furry
in 1934 [48]. This new interaction picture treats classically the applied background
field, i.e., the particle-field interaction leaves the field unchanged, and results in exact
solutions of the equations of motion.

The QED Lagrangian density in the Furry picture is represented by [49]

LFurry
QED = ΨFP(i/∂ − e /A

e − me)ΨFP − 1
4FµνFµν − eΨFP

/AΨFP , (1.3)

where /A is the quantized fields, i.e., the photon fields, ΨFP is the quantized fermion
states, /A

e is the external classical field, and e is the electron charge. One can obtain
a similar equation to the Dirac equation for the bound states ΨFP coupled to the
background field /A

e for ∂2A = 0 [49],

(i/∂ − e /A
e − me)ΨFP = 0 . (1.4)

Equation (1.4) was first solved exactly by Volkov by considering the external fields as
plane-waves and only one propagation direction [49, 50]. However, when the external
background fields are produced by a laser, they are considered as oscillatory fields and
infinite plane waves, and a faithful representation of the background field is required.
The best approximation up to now to solve the SF-QED problem is given by the locally
constant field approximation (LCFA) [49, 51–53], but attempts to provide corrections
on the approximations already have been proposed [54, 55].

Different processes can be studied by applying the SF-QED theory in particles
immersed in strong-background fields, for example, nonlinear (inverse) Compton
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scattering and nonlinear Breit-Wheeler pair creation [2], which are studied in detail in
chapter 2.

Important Parameters in Strong-Field QED Theory

Two important parameters in SF-QED theory are the quantum nonlinearity parameter
of a electron χe or χγ for a high-energy photon, where the particles are immersed in
a background field [2]. Assume the collision of a particle with a laser beam forming
a collision angle θ between them as already seen in figure 1.2. In the co-moving
frame (COM) of the electron, the particle “sees” a boosted electric field of the laser
of E∗ = γe E (1 − cos θ), where γe is the Lorentz-factor of the particle. The ratio χe

between the boosted electric field of the laser beam and the Schwinger critical field is
given as

χe = E∗

Ec
= γe

E
Ec

(1 − cos θ) = a0 γe
ℏωo

me c2 (1 − cos θ) , (1.5)

where γe is the Lorentz factor of the electron, ℏω0 is angular frequency of the back-
ground laser field assumed to be monochromatic with amplitude E in the laboratory
frame, me is the rest mass of the electron, and θ is the collision angle between electron-
laser beam (for head-on collision θ = 180°). As the boosted laser field E∗ approaches
the critical field Ec, the parameter χe ∼ 1, and the electron immersed in the strong
background field starts to emit photons with significant energies relative to its kinetic
energy, and radiation reaction effects on the particle must be taken into account in
the particle motion [2].

Similarly, one can define the parameter χγ which can be interpreted as the ratio
between of the boosted laser electric field in the co-moving frame of the created electron
and positron from quantum vacuum Eγ

∗ = γγ E (1 − cos θ) and the Schwinger field [2].
Hence, the definition of χγ is given as

χγ = Eγ
∗

Ec
= γγ

E
Ec

(1 − cos θ) = a0
ℏ2 ω0 ωγ

m2
e c4 (1 − cos θ) , (1.6)

where γγ = ℏωγ/me, ℏωγ is the energy of the high-energy photon, and ω0 is the laser
field frequency. Again, as the boosted laser electric field approaches the critical field,
the vacuum becomes nonlinear and electron-positron can be created.

A third and useful parameter is the Lorentz invariant dimensionless amplitude of
the laser field given by a0 which have been previously introduced in equation (1.1). As
discussed, the parameter a0 can be interpreted as the energy gained by an electron
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in units of its rest mass me c2 over a wavelength when particle propagates in a linear
motion,

∆E = e E λ0 = 2π a0 me c2 . (1.7)

A further important interpretation of the parameter a0 is that it corresponds to
the energy absorbed by the particle over a Compton wavelength in units of the laser
photon energy. This interpretation of a0 will be discussed later in chapter 2 in the
context of Compton Scattering, section 2.2.

1.3. Strong-field QED Experiments

Achieving χe and χγ above unity to access SF-QED processes, is a formidable challenge
as they require both an ultra-relativistic electron beam (either for the interaction or as
source of high energy photons) and an intense laser. A number of experiments have been
proposed that allow ultra-relativistic electron beams to interact with high-intensity
tightly focused laser beams [3, 56–63].

The Experiment-144 (E-144) at SLAC was the first SF-QED experiment combining
intense laser fields and ultra-relativistic electron beams from an RF accelerator struc-
ture [57–59]. In this experiment, about 100 electron-positron pairs created through
the nonlinear Breit-Wheeler process in the perturbative regime (χe < 1 and a0 < 1)
were detected. The pair creation was achieved by colliding electron bunches with
energies up to 49.1 GeV with a focused laser field with a root mean square (RMS)
normalized field strength of aRMS

0 = 0.3 leading to a χRMS
e ≈ 0.3. The electron-laser

collision produced high-energy photons through Compton scattering and these photons
while still immersed in the laser field produced the electron-positron pairs by nonlinear
Breit-Wheeler - a two step process in this configuration.

Experiments have also been proposed to investigate SF-QED process through the
interaction of ultra-relativistic electrons in nuclear fields of crystals [64–66] or using all-
optical setups to produce GeV-class electron beams through laser wakefield acceleration
(LWFA) to interact them with high-intensity laser beams [60, 61, 67, 68]. The first
all-optical SF-QED experiment was performed at the Astra-Gemini laser system at
the Rutherford Appleton Laboratory (RAL), where electron beams up to 2 GeV
interacted with intense laser pulses of a0 = 10, and signatures of radiation reaction
in the non-perturbative moderate quantum regime were first observed (χe < 1 and
a0 > 1) [60, 61].

9
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Currently there are several projects internationally that aim to investigate SF-QED
effects in the non-perturbative full quantum regime (χe > 1, χγ > 1, and a0 > 1)
through electron-laser and photon-laser interactions. The generation of the ultra-
relativistic electron bunches required for the realization of these experiments can be
achieved by using linear accelerators with radio-frequency (RF) cavities as proposed
by the Experiment-320 (E-320) [62], and the LUXE collaboration [63], or by plasma-
based accelerators in all-optical setups as planned by the project FOR2783/E3 from
the Quantum Vacuum Research Unit [3]. In figure 1.3 a), the different regimes of
electron-laser interactions of several experiments are highlighted. For comparison, the
dependence of the parameter χγ on the γ-photon energy and the normalized field
strength a0 for photon-laser collision experiments is presented in figure 1.3 b). Note
that to achieve χγ > 1, the field strength a0 must be higher than the field strength
required to reach χe > 1 in electron-laser collisions.

Despite the advanced technology used to produce the ultra-relativistic electron
bunches required to collide with the high-intense laser beams, the number of particle
pairs expected to be created by the SF-QED interactions remains small. The design of
a detection system capable of detecting the few created pairs in an intense background
originated by the primary electron beam and γ-rays of the experiments presents a
challenge that will be further explored in this thesis.

1.4. Generation of Ultra-Relativistic Electron Beams

The first essential requirement to trigger SF-QED interaction in the laboratory is the
generation of ultra-relativistic electron bunches that will collide with high-intensity
laser beams. In the SF-QED experiments discussed in this thesis, relativistic electron
bunches are generated either by conventional or plasma-based accelerators. Hence, in
this section, these two methods of generating such relativistic electron bunches are
briefly introduced.

Conventional Particle Accelerators

According to the Lorentz equation of motion, charged particles are accelerated under
the influence of an external electric field potential gradient [69]. Based on this theory,
a number of different approaches can be taken to accelerate particles to high energy,
with the first particle accelerator demonstrated Cockcroft and Walton in 1932 [70, 71].
The Cockcroft-Walton particle accelerator used capacitor banks to generate electric
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Figure 1.3.: a) Electron quantum parameter χe for different normalized laser strength
a0 and incoming electron energies. To date, the regime χe > 1 is still
unexplored. The filled red markers indicates the already performed ex-
periments: (circle) Experiment-144 (E-144), 1997 [57, 59]; (square) RAL,
2018 [61]. The open markers shows the upcoming SF-QED experiments:
(down-pointing triangle) Experiment-320 (E-320), 2021/2022 [62]; (up-
pointing triangle) Experiment-320 upgrade, 2022/2023 [62]; (pentagon)
LUXE phase 0, 2024 [63]; (diamond) LUXE phase 1, 2026 [63]. The
Experiment-320 will probe the non-perturbative full quantum regime of
interaction (χe > 1 and a0 > 1). b) Dependence of χγ on γ-ray energy
and a0 for λ = 800 nm. The nonlinear Breit-Wheeler pair-creation from
pure quantum vacuum remain untested. The open circle marker indicates
the FOR2783 experiment, which is designed to probe such regime with
γ-photons of energy Eγ = 2.5 GeV colliding with an intense laser beam
of a0 = 66 (I = 9.5 × 1021 W/cm2) [3]. The pentagon open marker repre-
sents the LUXE phase 0, 2024 [63], and the open diamond marker shows
LUXE phase 1, 2026 [63]. Note that to achieve χγ > 1 in photon-laser
interactions, the field strength a0 must be higher than the field strength
required to reach χe > 1 in electron-laser collisions.
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field potential differences to accelerate Helium nuclei up to 3 MeV.

This basic approach remains in use to this current day (most prominently in Tandem
Accelerators), but has been superseded for higher energy particle beams. Technological
advances in the field of superconducting magnets and radio-frequency (RF) technology
allowed the construction of small RF-cavities capable of generating strong fields in
small spaces [72], and circular geometries for particle accelerators became accessible.
In circular accelerators, also known as synchrotrons, particle beams are accelerated in
closed-loop paths defined by magnets, and, due to the cyclic motion of the particles
and continuous transverse acceleration, radiation from the particles is emitted. The
radiation power emitted by an accelerated particle in a synchrotron is given by the
well-known Larmor formula PLarmor ∝ E4/(m4 R2), where E is the energy of the particle,
m is the mass of the accelerated particle, and R represents the bend radius of the
cyclic motion [69]. Thus, for the acceleration of particles to happen in a synchrotron,
the rate at which the particle loses energy should be slower than the rate of energy gain
through acceleration. Hence, to increase the limit that a particle can be accelerated,
the emitted radiated power PLarmor must be reduced by using heavier particles (protons
or ions) or by increasing the radius of the cyclic motion.

Circular accelerators are great devices to investigate different interactions between
particles through the collision of particles. For example, the Large Hadron Collider
(LHC) at CERN, a circular particle accelerator with 27 km circumference, was com-
missioned in 2008 to mainly study the generation of mass of elementary particles
by the Higgs mechanism via electroweak symmetry breaking by colliding relativistic
protons and ions [73–77]. Currently, an even larger circular accelerator, the Future
Circular Collider (FCC-hh) [78], with about 100 km circumference is envisioned to
reach center-of-mass collision energy of 100 TeV between hadrons, an increase of 7×
from the center-of-mass collision energy of 14 TeV of the LHC [see 79, page 801].
The FCC-hh is planned to investigate phenomena that the current Standard Model
does not explain such as the evidence of dark matter, the mass of neutrinos, and the
predominance of matter of anti-matter.

Different from hadron colliders, lepton colliders are also exciting platforms to inves-
tigate interactions between particles and their point-like interactions of fundamental
particles have been the driver of experiments to develop the standard model. Lepton
colliders are frequently linear accelerators and achieve smaller center-of-mass energies.
For example, the Stanford Linear Collider (SLC) was designed to study the Z-boson
by colliding electrons and positrons with a center-of-mass energy of about 80 GeV [80].
As the technology advances, future linear particle accelerator colliders of electrons

12



1.4. Generation of Ultra-Relativistic Electron Beams

and positrons have also been proposed, e.g., the Compact Linear Collider (CLIC)
and the International Linear Collider (ILC). Both linear accelerators are planned
to be longer than the original Stanford Linear Collider by about ten times which
enable center-of-mass collision energy of > 1 TeV making it possible to study, for
example, the coupling between the Higgs boson with fermions and bosons through the
Higgsstrahlung process, and to realize precision measurements of the top quark mass
through electron-positron collisions [81–83].

Laser-driven Plasma Accelerators

The upcoming particle accelerators and colliders enables the high-energy physics
community to perform particle colliding experiments with high center-of-mass energy
to study physics beyond the Standard Model. However, the construction of such
facilities becomes costly and large areas are required for their infrastructure. Plasma-
based accelerators offer an interesting alternative compared to conventional RF-cavity
accelerators to reach high-energy particles for collision at lower costs, smaller footprints,
and naturally synchronized too [84].

Laser wakefield accelerators (LWFA) generates electrons by propagating high-
intensity laser pulses in a plasma. The accelerating structure is formed by pon-
deromotive pressure which separates the electrons aside from the ions of the atoms
since the ions are much heavier than the negative charges and have more inertia. If
the duration of the laser pulse is short enough, the radiation pressure force ceases as
the pulse propagates through the plasma, and a restoring force between the electrons
and the background of heavy ions becomes responsible to accelerate back the electrons.
Now, the background electrons perform an oscillatory motion with a frequency given
by the plasma frequency, and a density wave travels behind the laser pulse, both
at the same velocity. The density wave generates an electric field, a so called laser
wakefield, which moves along with the laser pulse accelerating the electrons up to GeV
energies. This plasma acceleration method is known as laser wakefield acceleration
(LWFA) and was first proposed by Tajima and Dawson in 1979 [85]. The LWFA
method of generating ultra-relativistic electron beam is capable of achieving electric
field gradients on the order of ∼ 100 GV/m in plasma with densities of 1018 cm−3

which corresponds to about three orders of magnitude higher than gradients produced
by conventional RF-accelerators.

Figure 1.4 shows 2D particle-in-cell (PIC) simulations of a plasma wake driven by
propagating laser pulses with different intensities a0. As the intensity increases, the
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oscillation of the plasma wake increases until electrons become trapped and accelerated
as they ‘surf’ on the plasma wake. The white streamlines represent the motion of the
electrons in the co-moving frame of the system. For detailed reference on the laser
wakefield acceleration method for obtaining high-energetic electron beams, please see
references [67, 86–88].

The LWFA method has been successfully used to accelerate electron beams from
100’s of MeV up to few-GeV [89, 90]. However, much work is still in progress to
improve the quality of the beam, i.e., injection mechanism [91], emittance [92, 93],
energy spread [94].

1.5. High-intensity Lasers

The second essential requirement for enabling SF-QED processes is the generationg
of high-intensity laser pulses. The advent of the chirped pulse amplification method
increased the peak intensities of laser pulses exponentially from 1014 W/cm2 up to
> 1021 W/cm2 [95, 96] which is enough to reach quantum parameters χe and χγ larger
than the unity and access SF-QED phenomena by interacting the high-intensity laser
beam with GeV-particles.

To reach high intensities using CPA, an input pulse provided by a mode-locked laser
is stretched by gratings with negative group velocity dispersion (GVD). The negative
GVD promotes the higher frequencies components of the laser light to propagate
longer optical paths and therefore to exit the system after the lower frequencies, which
follows a shorter optical path. As result, the laser pulse is now stretched in time and
positively chirped. The stretched pulse propagates through an amplification medium
extracting the energy pumped and stored in the material. After exiting the medium,
gratings with positive GVD matched with the previous negative group dispersion
applied compress back the pulse1, and a high-intensity pulse is obtained. The steps of
the CPA method are illustrated in figure 1.5. The steps here described for the CPA
method were first introduced by Donna Strickland and Gérard Mourou in 1985 [97],
who were awarded the 2018 Nobel Prize recognition of the CPA method.

For the amplification to be successful, three main requirements need to be fulfilled:
(i) the amplification medium should have superior energy storage, (ii) the laser pulse
fluence should be large enough to efficiently extract the maximum energy stored

1A perfect matched GVD between the stretcher and compressor gratings is difficult to achieve and,
as consequence, the now amplified but uncompensated GVD laser pulse presents low-intensity
pedestals on its temporal contrast.
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Figure 1.4.: Particle-in-cell simulations of the plasma wake driven by the propagation
of a laser pulse with different intensities a0. As the laser intensity increases
from a0 = 2 to a0 = 10, the oscillations of the plasma wake also increase
until electrons are trapped and accelerated as they were ‘surfing’ on the
plasma wake. The white streamlines represent the motion of the electrons
in the co-moving frame of the system. The image was taken from Ref. [87].
For a detailed explanation of the laser wakefield acceleration method
(LWFA), please see references [67, 86, 87].
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Power Amplifiers

Mode-locked laser

Stretched pulse

Compressed
pulse

Strecher grating

Compressor grating

Amplified
pulse

Figure 1.5.: Basic sketch of the chirp Pulse Amplification (CPA) method. A mode-
locker laser generates a short duration and low energy laser pulse. The
pulse is first stretched by a grating (stretcher grating) for then to propagate
through a gain medium amplifier, for example, Ti:Sa crystals, where it
extracts the energy stored in the material. As consequence, the energy of
the stretched laser pulse is amplified. And finally, the long and energetic
laser pulse is compressed back retrieving its short duration characteristic
before exiting the CPA system. Image adapted from Ref. [98].

in the gain medium, and (iii) the pulse duration should be as short as possible to
maximize the peak power, i.e., the gain medium bandwidth should be broad enough
to accommodate the laser pulse spectrum [95, 96].

Typically, the laser systems used on the SF-QED experiments use the solid-state
material Titanium-sapphire (Ti:Sa) as amplification medium due to its superior energy
storage, and high damage threshold in comparison with other gain media, such as
alexandrite, Nd:glass, Yb:glass [99, 100]. The high energy gain extracted from Ti:Sa
medium by employing laser pulse fluences of about 1 J/cm2 at 800 nm [95, 96, 101, 102]
allows reaching laser peak powers above few-petawatt which is fundamental for enabling
SF-QED interactions.

In this thesis, the laser systems of the E-320 and FOR2783 experiments are based
on the CPA technique and have Ti:Sa as gain medium which means that its laser pulse
of duration of approximately 25 to 30 fs have a central wavelength of about 800 nm.
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1.6. Thesis Outline

This work focuses on designing a single-particle detection system for upcoming strong-
field QED experiments E-320 at FACET-II at the SLAC National Laboratory and
the FOR2783 at the Centre for Advanced Laser Applications (CALA). The detector
development presents the challenge of detecting single-particles while being insensitive
to the background radiation (composed of photons and particles) which is inherent to
experiments with high-energy electrons beams and a beam dump placed close to the
interaction and detection regions.

Chapter 2 presents a review of the theory required to understand the interaction
between light and matter. It starts by describing the relevant radiation mechanism
originated from particle-matter interactions, such as bremsstrahlung, scintillation
mechanisms, and Cherenkov radiation. Reviewing such mechanism allow understand-
ing the development of the detectors and the design of the SF-QED experiments.
Then, the interaction between particles and electromagnetic fields are briefly discussed.
The particle-light interaction is an important step in producing high-energy γ-photons
required to trigger pair production. Finally, a review of particle pair production is
given, specially the nonlinear Breit-Wheeler pair production process which is used
for generating the leptons to be diagnosed by the designed single-particle detectors
introduced in chapter 3.

Role of the author: In this chapter the underlying physical processes are described.
The derivations and plots shown in the chapter were performed by the author unless
stated.

Chapter 3 introduces the single-particle detection system designed to detect single-
particle hits of the pairs created via the nonlinear Breit-wheeler process in the
upcoming strong-field experiments. A calibration of the Cherenkov calorimeter and
the LYSO tracking layers is also provided. The design of the detector as well as its
calibration described in this chapter has been previously published by the author in
Ref. [103].

Role of the author: the single-particle detection system introduced in this chapter
was designed, simulated, and built by the author with valuable inputs of collaborators
from the Experiment-320 at FACET-II. After the construction of the single-particle
detection system, the author led an experimental campaign at the ELBE radiation
source at the Helmholtz-Zentrum Dresden Rossendorf to calibrate the response of
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the detectors. All data analysis of the calibration campaign have been analyzed and
interpreted by the author.

Chapter 4 presents the Experiment-320 at FACET-II at SLAC in detail. The
results of particle-in-cell simulations of the interaction between monoenergetic 13 GeV
electron bunches from the linear accelerator and the laser pulse with a0 = 10 are
shown. In this experiment, electron-positron pairs are produced in a two step process:
high-energy photons are emitted by the electrons after interacting with the laser
beam and, while the emitted photons are still immersed in the strong laser field,
they promote the creation of electron-positron pairs from the quantum vacuum.
The generated positrons will be diagnosed by the single-particle detection system
described in chapter 3. Using Monte-Carlo simulations, the background radiation at
the detectors is estimated, and systematic analysis of the signal-to-noise ratio of the
Cherenkov calorimeter and the signal expected from the LYSO tracking screens is
performed. The work described in this chapter has been previously published by the
author in Ref. [103].

Role of the author: in the Experiment-320 at FACET-II, the author was responsible
to coordinate the design of the single-particle detection system to be used in the
experiment. The author also performed the estimation of the signal-to-noise ratio and
the sources of background radiation on the single-particle detectors with the input
of the simulation results provided by M. Tamburini and Monte-Carlo simulations
of the complete experimental geometry performed by G. Sarri and N. Cavanagh.
Additionally, the author also collaborated on the design of the optical setup inside the
experimental vacuum chamber as well as the design and construction of components
that are essential for the electron-laser collision, such as the motorized off-axis
parabola mounts, common base plate for the setup, and target alignment holder.

Chapter 5 describes the upcoming FOR2783 experiment for probing the nonlinear
Breit-Wheeler in the non-perturbative regime at the Centre for Advanced Laser
Applications (CALA). A theoretical calculation of the expected pair yield is given
and, also using Monte-Carlo simulations, the background radiation and the signal-to-
noise ratio at the detectors are estimated. The work described in this chapter has
been previously published by the author in Ref. [3].

Role of the author: in this chapter, the author performed all the theoretical
calculations for estimating the pair production yield and the GEANT4 Monte-Carlo
simulations of the complete experimental layout at CALA. The results obtained from
these simulations as well as the expected signal-to-noise ratio on the single-particle
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detectors was evaluated by the author. Moreover, the design of the single-particle
detectors, experimental layout, and components was performed by the author with
valuable inputs from K. Grafenstein, Prof. Karsch, and Prof. Zepf.

Chapter 6 summarizes the conclusions of this thesis, including preliminary measure-
ments of background radiation at the E-320 experiment, and provides an outlook of
research opportunities that are possible with SF-QED experiments.
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2. Theory
This chapter briefly introduces the theory1 required for designing the single-particle
detection system and the upcoming SF-QED experiments E-320 and FOR2783.

We start by describing the radiation mechanisms originated from particle-matter
interactions that are relevant for this work. Bremsstrahlung radiation is an important
step to generate high-energy γ-photons required to trigger the nonlinear Breit-Wheeler
pair production process in all-optical experiments. Then, the generation of scintillation
and Cherenkov radiation is explained. Both radiation mechanisms are fundamental
for designing the single-particle detection system as will be seen in chapter 3.

After introducing the pertinent radiation mechanisms from particle-matter interac-
tions, the emission of high-energy photons through light-matter interactions is studied.
As mentioned already, high-energy photons are essential to trigger the nonlinear Breit-
Wheeler pair creation. Differently from the all-optical FOR2783 experiment where
γ-photons are generated via bremsstrahlung radiation, in the Experiment-320 at SLAC,
the required high-energy photons are created by interacting the accelerated electron
bunches from the FACET-II linear accelerator with a high-intensity laser beam. The
process that describes such interaction is known as nonlinear inverse Compton scatter-
ing (NICS). Nonetheless, to understand the NICS process, we start the chapter by
describing the scattering process between light and matter from a classical perspective
- known as Thomson scattering, where a low-energy photon collides elastically with an
electron initially at rest. Then, we slowly develop the scattering model by increasing
the energy of the incoming photon such that quantum mechanical effects cannot
be neglected anymore (Compton scattering). Since we are interested in generating
high-energy photons, we proceed by introducing the inverse process of the Compton
scattering, where, now, a low-energy photon interacts with a high-energy electron
(linear inverse Compton scattering). Finally, after we have laid the fundamentals of
how to generate high-energy photons using linear inverse Compton scattering, the
concept of the nonlinear inverse Compton scattering is introduced. In the NICS
process, a highly energetic electron is immersed in an intense laser background, and
multiple low-energy photons from the background field interact with the relativistic
particle. As consequence of this interaction, a photon with significant energy relative
to the kinetic energy of the incoming electron is emitted.

1The theory presented in this chapter uses rationalized natural units (ℏ = c = 1) unless otherwise
noted.
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After understanding the different mechanisms that generate γ-photons, we conclude
this chapter by introducing the different theories of pair creation mechanisms that
supports the explanation of the nonlinear Breit-Wheeler process. Pair production is one
of the most iconic predictions in quantum electrodynamics where light is transformed
into matter. Hence, learning how the pair creation processes works, allow us to
correctly predict the number of pairs expected from the SF-QED experiments and
the signal produced in the designed single-particle detectors as is shown in the next
chapters 4 and chapter 5.

2.1. Particle-Matter Interactions: Radiation
Mechanisms

In this section, we introduce three different radiation processes from particle-matter
interactions: bremsstrahlung, scintillation and Cherenkov radiation. All three process,
as already discussed, are essential for the design of the FOR2783 SF-QED experiment
and the single-particle detectors.

As an electron propagates through matter, it slows down through scattering, and
the particle can lose its energy mainly by emission of Cherenkov or bremsstrahlung
radiation, or deposition of energy in the material, or production of secondary particle
showers. The two common ways that an electron or positron loses its energy as it
propagates inside a material are the following:

(i) The moving particle can ionize the medium by removing a bound electron from
the medium’s atom or by exciting an atomic electron to a higher orbital or free
state. As the excited electron returns to its ground state, photons are emitted,
usually in the visible spectrum. Note that the ionization of the medium is not
limited to the primary incoming high-energy particle. In most of the cases, the
secondary particles2 created by the propagation of the high-energy particle inside
the material are the ones that mostly ionize the medium.

(ii) The free-moving particle can interact with the Coulomb field of an atomic nucleus.
As consequence, it slows down leading to a change in its propagation direction. The

2As a high-energy particle enters a material, the particle starts to interact with the matter. Photons
interact predominantly via Bethe-Heitler pair production [69] while charged particles, electrons
and positrons, interact via bremsstrahlung. Both processes, Bethe-Heitler pair production and
bremsstrahlung, continue to take place and lead to a cascade (shower) of particles of decreasing
energy until the processes thresholds are not satisfied anymore. These low-energy particles
originated from the cascade process are known as secondary particles.
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deceleration experienced by the particle leads to the emission of a photon. This
process is named bremsstrahlung and will be further discussed. In addition, the
bremsstrahlung radiation emitted inside the material can also generate electron-
positron pairs while still within the material by Bethe-Heitler process - these
particles are known as secondary radiation. These secondaries are likely to ionize
the medium the same way as described in the item (i) above, and, consequently,
scintillation light is also emitted.

The energy loss by the moving particle after penetrating the material is dependent
on its initial energy and target properties. To quantify the amount of energy loss, the
mass stopping power coefficient S (given in units of MeV cm2 g−1) is frequently used.
The coefficient S is given as the sum of the collision Sc and radiation Sr stopping
powers: S = Sc + Sr and accounts for the energy loss per unit length due to the
ionization and excitation of the atoms (case (i) above), whereas the radiation stopping
power quantifies the amount energy loss per unit length through the radiation emitted
by bremsstrahlung due to the interactions of the particle with the Coulomb field of
the material atoms (case (ii) above). Methods to calculate the stopping powers are
found in Refs. [104, 105], and are not explicitly discussed in this thesis. However, one
can easily obtain the stopping powers for different elements and materials using the
ESTAR NIST database [106].

Figure 2.1 shows the stopping powers for three different materials that are pertinent
for designing the experiments and the single-particle detectors described in this thesis:
Tungsten (density of ρW = 19.3 g cm−3), LYSO (ρLY SO = 7.15 g cm−3), and F2 lead-
glass (ρF 2 = 3.6 g cm−3). From the plots in figure 2.1, Tungsten is an excellent source
of γ-radiation due to its high radiation stopping power, which is explained by its higher
density compared to the other two materials (assuming that all materials have the
same thickness). On the other hand, LYSO and F2 lead-glass are materials with lower
densities and, therefore, have higher collision stopping powers which is advantageous for
depositing energies that later are transformed into scintillation light (in case of LYSO)
or for stopping the particle by dissipating its energy through Cherenkov radiation (in
case of the F2 lead-glass).

2.1.1. Bremsstrahlung Radiation

An important step in all-optical SF-QED experiments, such as the FOR2783 experiment,
is the generation of bremsstrahlung radiation (from German: “breaking radiation”).
Through bremsstrahlung radiation, the high-energy γ-photons required to trigger the
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Figure 2.1.: Stopping powers for three different materials: Tungsten (ρW =
19.3 g cm−3), LYSO (ρLY SO = 7.15 g cm−3), and F2 lead-glass (ρF 2 =
3.6 g cm−3). As seen in plots a) and b), Tungsten presents higher collision
and radiation energy losses due to its high density. As a consequence,
Tungsten is considered an excellent source of bremsstrahlung compared to
low-density materials. The total stopping power, which is the sum of the
collision Sc and Sr stopping powers, of the different materials is shown in
(c). Data is taken from the ESTAR NIST database [106].

pair production process via nonlinear Breit-Wheeler in the photon-laser collisions are
produced. Therefore, we study the bremsstrahlung radiation process in this section.

This interaction between a charged particle and the material through which it
propagates can be seen, in the classical picture, as the deceleration of the particle as it
passes through the Coulomb field of the material’s atoms. As the particle interacts
with the Coulomb field, it slows down and radiation is emitted. However, one can
also analyze it using quantum electrodynamics by calculating the cross-section of
the process using the diagram in figure 2.2. According to the diagram, an electron
transfers energy to a virtual photon from the Coulomb field before emitting a photon.
The cross-section of the bremsstrahlung process allows us to calculate the number of
photons Nγ emitted with energy ωγ by the process using the following equation [104],

dNγ

dωγ

= L

Lrad

1
ωγ

[︄
4
3 − 4

3
ωγ

E0
+
(︃

ωγ

E0

)︃2
]︄

, (2.1)
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where a particle with initial energy E0 propagates through a material of radiation
length Lrad and thickness L. The radiation length is a characteristic amount of the
material which indicates the mean distance that an electron propagates until its energy
is reduced to (1/e) of its original value E0. The method to analytically calculate the
Lrad of a material is given in details in Refs. [104, 107] and in Appendix C.

Figure 2.2.: Feynman diagram for bremsstrahlung. An electron transfer momentum
to a virtual photon from the Coulomb field of an atom before emitting a
photon. This diagram allows to calculate the bremsstrahlung cross-section
and estimate radiated spectrum as given in equation (2.1).

A useful simulation tool frequently used to predict the bremsstrahlung radiation
spectrum produced by an incoming particle is the GEANT4 framework [108–110].
Figure 2.3 shows a comparison between the theoretical spectrum using equation (2.1)
and the simulated results from GEANT4, both calculated for a collimated electron
beam of 2.5 GeV and 10 pC of charge interacting with a tungsten target with different
thicknesses. At first, we note a good agreement between the analytical and simulation
solutions, especially at low energies and thin material thicknesses. However, as the
material length increases, the simulation spectrum curve becomes rounded at the
high-energies due to the multiple scattering occurring inside the material that softens
the high-energy photons. Unfortunately, the analytical model does not include the
multiple scattering occurring inside the material unlike the GEANT4 simulations,
which capture the effect in detail.

2.1.2. Scintillation Mechanisms in Materials

As previously discussed, a high-energy particle propagating through a material gener-
ates a cascade of secondary particles that lose their energy by ionizing the medium.
As the excited atomic electrons return to their ground states, scintillation light is emit-
ted. In this thesis, we detect scintillation light originated by positrons and electrons
propagating through pixelated LYSO crystal screens which are a fundamental part of
the detection system designed for the upcoming SF-QED experiments.
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Figure 2.3.: Bremsstrahlung spectrum for a collimated electron beam of 2.5 GeV and a
charge of 10 pC interacting with a tungsten target with several thicknesses.
As the thickness increases, multiple scattering inside the material occurs
softening the high-energy photons emitted. The analytical model does not
include this effect, but the GEANT4 simulations captures the high-energy
photons softening in detail.

The ionization process is taken into account when calculating the collision stopping
power of the material meaning that energy from the particle is absorbed and later
reemitted as visible light, namely scintillation light, or converted to heat. Depending
on the material (scintillator) nature, organic or inorganic, different mechanisms of
emitting scintillation light are possible.

Organic materials are usually hydrocarbon compounds that present luminescence due
to transitions of free valence electrons between π-orbitals of the molecules [111, 112].
Organic scintillators are usually less costly than inorganic materials, and their optical
absorption and emission spectra are tuned easily [113]. In addition, most of the
organic scintillators offer faster decay times on the order of a few nanoseconds [114].
Often, organic materials are employed in the detection of neutrons, protons, and alpha
particles [115, 116].

The second type of scintillator, namely inorganic scintillators, is composed of crystals.
Inorganic materials present higher densities and, therefore, higher stopping powers
than organic materials. Higher scintillation yields than organic materials are also
possible using crystals. However, the usual decay time of the inorganic materials
is about 2-3 orders of magnitude higher than most of organic ones. Moreover, the
scintillation mechanism is also different from the organic materials. Two types of
ionization mechanisms are possible inside the inorganic materials: as a particle enters
the crystal, it ionizes the atomic electron from the valence band to the conduction band
producing a free electron and a hole; or an exciton is created by exciting an electron
from the valence band to the exciton band, and the electron/hole formed remain as
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a pair that can move within the crystal [111, 112]. Now, if a crystal incorporates a
dopant, the forbidden energy gap can contain electronic levels that act as luminescence
centers or impurity traps. If an electron finds its way to one of the holes of the
luminescence center and make the transition to its ground state, scintillation light is
emitted. Figure 2.4 illustrates the scintillation mechanism in the inorganic materials
in a simplified manner.

Figure 2.4.: Band structure of an inorganic crystal. An incoming particle, usually
secondary radiation originated from the primary high-energy particle,
ionizes the atoms and molecules of the crystal, and electron-holes pairs or
excitons are formed. Luminescence centers in the material are formed due
to dopants added to the material, and holes can migrate to such centers.
Excited electrons can fall into the holes in the luminescence centers and
make the transition to their ground states by emitting scintillation light.
Figure taken from Ref. [117, 118].

The ratio between the number of scintillation photons emitted and energy lost (also
referred to as energy deposited) by the incoming particle is commonly given as a
property of the scintillator named light yield with units photons/keV or photons/MeV.
In this thesis, three main scintillator materials are used to detect radiation are:
LYSO [119], Lanex (Gadox), and CsI:Tl [120, 121]. Table 2.1 presents the scintillation
characteristics of these three materials. LYSO and CsI crystals exhibit fast decay
times with high light yield, hence, being beneficial for detecting single-particle hits
using intensified charge-coupled (ICCD) gated cameras. On the other hand, Lanex
screens are widely used as the standard method to diagnose the charge and spectrum
of electron beams [122–124]. The applications of these scintillation materials on the
proposed particle detectors in this work are investigated in the later chapters.
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Material
Chemical

Formula

Density

(g/cm3)

Yield

(photons/MeV)

Decay Time

at 1/e (ns)

Emission

Peak

LYSO Lu1.8Y0.2SiO5:Ce 7.1 2.5 - 45 ×104 40 - 45 420 nm

CsI CsI:Tl 4.5 6.6 × 104 800 550 nm

Lanex Gd2O2S:Tb 7.3 6.0 × 104 106 545 nm

Table 2.1.: Properties of inorganic crystals (LYSO, CsI and Lanex) that are commonly
used in detect particles. LYSO and CsI crystals are commonly used to
detect single-particles hits due to their high scintillation yield. Lanex
screens are widely used to probe with high precision the spectrum and
charge of electron beams. Data from the table was collected from Refs. [119–
121, 125–134].

2.1.3. Cherenkov Radiation

Another important process due to the interaction of a relativistic particle through
a medium is the emission of Cherenkov radiation, which is widely used to diagnose
particles in high-energy physics experiments [135–139] and also implemented in our
detection system to determine the energy of the single-particle propagating through
the detectors.

The first observation of Cherenkov radiation was made by Čerenkov in 1934 while
investigating the emission of a weak blue-light in a solution of uranyl salt that was
irradiated by γ-photons from a radioactive radium source [140, 141]. At first, Čerenkov
assumed that the blue light emission was due to the interaction of the γ-photons
with the uranyl salt. However, subsequently, it was discovered that the light emission
occurred due secondary electrons generated by the irradiation of γ-photons on the
sample [141], and, the emitted light was polarized, propagating within a small cone in
the same direction as the secondary electrons.

A theory explaining the phenomena was derived a few years later, in 1937, by
Frank and Tamm [142], who presented a correct interpretation for the experiments
of Čerenkov. According to their theory, a charged particle propagating through a
dielectric medium can emit radiation if its velocity is greater than the phase velocity of
light in the medium - known as Cherenkov radiation threshold, i.e., vparticle ≳ c/n(ω),
where n(ω) is the refractive index of the dielectric medium dependent on the frequency
of the light. Alternatively, the Cherenkov radiation threshold can also be expressed in
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terms of the particle energy E required to produce the effect [143, 144],

E ≈ me

⎛⎝ 1√︂
1 − 1/n2

− 1
⎞⎠ . (2.2)

To understand how the Cherenkov radiation is formed, we follow the explanation
given by Jelley [144]. Localized dipoles are formed along the propagation path inside
the medium of a charged particle. As these atoms are depolarized, radiation is
emitted. Now, depending on the speed of the particle, the emitted radiation by
these localized dipoles can interfere constructively or destructively. For a low particle
velocity, i.e., vparticle < c/n, the polarized dipoles are distributed symmetrically around
the trajectory of the particle and its instantaneous position. Due to their symmetry
along the particle’s path, the radiation emitted after the depolarization of the dipoles
interferes destructively, and no radiation is observed. On the other hand, if the
particle velocity is larger than the speed of light inside the material vparticle ≳ c/n, the
polarization symmetry along the trajectory is broken and phase-matching between the
induced radiating dipoles is achieved. Consequently, the emitted radiation interferes
constructively giving rise to the so-called Cherenkov radiation.

By analyzing the location where the emitted wavefronts interfere constructively, one
notices that the Cherenkov light propagates within a cone defined by the half angle
θCh. Figure 2.5 shows how the Cherenkov cone is defined. The half angle θCh is given
as [141, 145],

cos θCh = 1
β n(ω) , (2.3)

where β = c/n, and it is analogous to the angle that a supersonic boom propagates
where the generated waves cannot propagate forward from the particle.

To evaluate the energy radiated per unit distance by the moving particle with charge
zq as it propagates in the medium, we employ the Frank-Tamm formula (here given in
rationalized natural units) [69, 142],

d Erad

d x
= (zq)2

∫︂
n(ω)>1/β

ω

(︄
1 − 1

β2 n2(ω)

)︄
dω . (2.4)

The Frank-Tamm formula in equation (2.4) can be rewritten in terms of the number
of photons radiated within a wavelength range. This way of expressing the formula is
particularly interesting when designing detectors that use the Cherenkov radiation
mechanism to diagnose single-particles. With the number of photons emitted, one
can predict the response of such detectors and evaluate, for example, the signal-to-
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θCh

Figure 2.5.: Formation of the Cherenkov radiation as a relativistic charged particle
propagates inside a medium. Along with the propagation of the parti-
cle, circular wavefronts (blue circles) traveling slower than the moving
particle are formed. These wavefronts interfere constructively due to
phase-matching and are confined to a cone (defined by the red lines in
the figure) that resembles a supersonic boom, where the generated waves
cannot propagate forward from the particle.

noise ratio expected for particle detection. The number of photons emitted within a
wavelength range is calculated as3,

d NCh

dx
= 2πα z2

∫︂ λ2

λ1

sin2 θCh

λ2 dλ . (2.5)

As an example, assume a relativistic charged particle (z = 1, β ≈ 1) propagating
through a medium with refractive index of n = 1.6 constant within the range 250 nm
to 500 nm. The Cherenkov half-angle is θCh ≈ 51°. By applying equation (2.5), the
number of photons per unit distance propagated by the particle is (dNCh/dx) ≈
920 sin2 θCh ≈ 555 photons/cm.

2.2. Light-Matter Interactions: Radiation Mechanisms

After describing the relevant radiation emission mechanisms from particle-matter
interactions in the previous section, we introduce now the generation of γ-photons
through light-matter interactions. Understanding how the emission of high-energy
photons by colliding electrons and laser beams occurs lets us explain how pairs are

3Note that equation (2.5) is given in SI units. Since the number of photons is closely related to its
detection in experiments, it is more intuitive to evaluate it in units that are easy to use in the
laboratory.
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created in the Experiment-320 at FACET-II. However, before we describe how the
emission of γ-photon takes place, we start by analyzing the elastic scattering of low
energy photons by a free electron at rest using classical electromagnetism. Then, we
increase the energy of the photon such that quantum mechanical effects cannot be
neglected anymore and should be included in the model, consequently, transforming
the collision between both particles becomes inelastic. This inelastic scattering process
is known as Compton scattering.

Nonetheless, we are interested in the emission of high-energy photons through the
collision between relativistic electrons and a laser beam, similar to the E-320 experiment.
Therefore, we proceed by reviewing the inverse process of Compton scattering, known
as inverse Compton scattering (ICS) process, in which an ultra-relativistic electron
transfers momentum to a low energy photon, resulting in the emission of a high-energy
photon. At last, we improve the ICS model to include the interaction and absorption
of many low-energy photons by the relativistic electron by analyzing electron-laser
interactions. This improved model is known as nonlinear inverse Compton scattering
and is the main mechanism used at the Experiment-320 at FACET-II to generate
high-energy photons that will trigger the nonlinear Breit-Wheeler pair production.

2.2.1. Thomson Scattering

As a particle initially at rest interacts with a low-intensity light beam, it accelerates
to velocities much smaller than the speed of light (non-relativistic motion). In this
particular case, the particle oscillates linearly in phase with the oscillating electric
field of the wave, and, consequently, the radiation emitted by the electron will have
the same frequency as the incident wave but remitted in a different direction. This
process is known as elastic scattering or Thomson scattering.

To evaluate this process, the non-relativistic equation of motion of a charged
particle4 is used to obtain the trajectories of the particle which are later plugged into
the Liénard–Wiechert potentials5 to calculate the radiation spectrum and its angular
distribution [69, 146]. Another way to characterize the process is through the concept
of cross-sections, i.e., the ratio between the scattered energy and the incident energy

4The equation of motion for a charged particle and its trajectories are shown in Appendixes A
and B.

5In a Lorentz gauge, the Liénard–Wiechert potentials are used to describe the classical electric and
magnetic fields generated by an accelerated charge in terms of a vector potential and a scalar
potential. For details, please see [69, 146].
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flux. The Thomson scattering cross-section of an electron with charge e is given as [69]

σ0 = 8π

3
α2

m2
e

= 1.7 × 10−15 eV−2 , (2.6)

where α ≈ 1/137 is the fine-structure constant. The Thomson cross-section in SI
units6 is σ0 = 6.65 × 10−25 cm2.

2.2.2. Compton Scattering

The Thomson scattering formulation previously presented is only valid for low photon
energies, i.e., low wave frequencies. As soon as the frequency increases, i.e., the
energy of the incident photons ωi becomes larger, on the order of the rest mass me

of the electron, quantum mechanical effects start to play a role, and the scattering
process should be now analyzed using the kinematics of the collision between a single
photon and the particle. In this case, the photon transfers energy to the particle and,
consequently, is scattered with lower energy. Hence, this type of collision is inelastic in
terms of momentum. This quantum mechanical view of the photon-electron scattering
is referred to as Compton scattering. From the kinematics evaluation of the collision,
the ratio between the final ωf and initial ωi photon energies is given by [69]

ωf

ωi

= 1
1 + ωi

me
(1 − cos θ) (2.8)

where θ is the angle between the incident and scattered photons.
By assuming that an electron initially at rest interacts with an unpolarized photon

with Lorentz-factor γp = ω/me, quantum field theory can be used to evaluate the
cross-section of the inelastic scattering process. By employing QFT, the cross-section
was first calculated by Klein and Nishina (KN) in 1929 [147], and is given by7

σKN = 3
4σ0

{︄
1 + γp

γ3
p

[︄
2γp(1 + γp)

1 + 2γp

− ln(1 + 2γp)
]︄

+ ln(1 + 2γp)
2γp

− 1 + 3γp

(1 + 2γp)2

}︄
.

(2.9)

6In SI units, the Thomson cross-section is calculated as:

σ0 = 8π

3

(︃
α ℏ c

me c2

)︃2
= 8π

3 r2
e = 6.65 × 10−25 cm2 , (2.7)

where re ≈ 2.818 × 10−15 m is the classical electron radius.
7For details on the calculation steps, please see quantum field theory textbooks, e.g., Refs. [41, 42,

148].
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The Feynman diagram that represents the Compton scattering process is illustrated
in figure 2.6.

Figure 2.6.: Feynman diagram for the Compton scattering process.

Note that if one takes the non-relativistic limit where γp ≪ 1, the Klein-Nishina
cross-section σKN is reduced to the Thomson cross-section σKN ≈ σ0 [42, 148]. On
the other hand, at high photon energies γp ≫ 1, the KN cross-section tends to
zero σKN → 0 showing that highly energetic photons are much less likely to scatter.
Figure 2.7 plots the ratio σKN/σ0 where the values of the cross-section at the γp limits
is observed.
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Figure 2.7.: Klein-Nishina cross-section for the interaction of a photon of energy
γp = ω/me with an electron initially at rest. In the non-relativistic limit
γp ≪ 1, the Klein-Nishina cross-section reduces to the Thomson scattering
cross-section. On the other hand, photons with high energies γp ≫ 1, the
cross-section tends to zero σKN → 0 which shows that highly energetic
photons are much less likely to scatter.

2.2.3. Linear Inverse Compton Scattering

In the previous section 2.2.2, Compton scattering with the transfer of momentum
from a high-energy photon to a particle initially at rest was introduced. However,
the transfer of momentum can also occur from a relativistic electron to a low energy
photon, namely inverse linear Compton scattering (ILCS), so that ωi + e− → ω + e−.
The modeling of the ILCS process is also possible using the kinematic method, where
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now we look into the rest frame of the electron. Assume an electron with initial energy
Ei and Lorentz-factor of γ = Ei/me and a low energy photon ωi propagating with an
angle θ with respect to the electron propagation direction. The photon experiences
a relativistic Doppler-shift in the rest frame of the electron so that its initial energy
becomes ω′

i = γωi (1 − β cos θ). The same boost to the electron rest frame can be
applied to its incident angles such that [149–151]

sin θ′ = sin θ

γ (1 + β cos θ) (2.10a)

and
cos θ′ = cos θ + β

1 + β cos θ
. (2.10b)

After boosting the incident angles of the photon to the rest frame of the electron,
the energy of the scattered photon can also be calculated using the same kinematics
method introduced for evaluating the Compton scattering condition in equation (2.8),

ω′
f

ω′
i

= 1
1 + ω′

i

me
(1 − cos α′)

, (2.11)

where α′ is the scattering angle in the rest frame of the electron depending on the
azimuthal angles ϕ′

i and ϕ′
f of incident and scattered photon also in the electron rest

frame,
cos α′ = cos θ′

i cos θ′
f + sin θ′

i sin θ′
f cos(ϕ′

i − ϕ′
f ) . (2.12)

The spectrum of the scattered radiation of the inverse linear Compton scattering is
given by the spectral emissivity I(ωf ) as given in Refs. [149, 150],

I(ζ) = 3σT

16 N(ωi)
[︄
2ζ2 ln

(︄
ζ

4

)︄
+ ζ2 + 4ζ − ζ3

2

]︄
, (2.13)

where N(ωi) is the number density of photons and ζ = ωf/(γ2ωi). Figure 2.8 plots the
emissivity as function of the α parameter. From the emissivity spectrum, one finds
that a photon can acquire the maximum energy of ωf, max ≈ 4γ2ωi in the laboratory
frame for head-on collision between the photon and the electron [149, 150]. Note that
the emitted photon suffers a Doppler shift and have a higher energy than the incoming
low-energy photon ωi by a factor ≈ 4γ2.

To illustrate the linear ICS process with parameters that are commonly used on
SF-QED experiments using electron-laser collisions, assume a laser photon of energy
1.55 eV colliding with a counter propagating (θ = 180°) electron of energy 2.5 GeV,
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which corresponds to a Lorentz factor of γ ≈ 4892. The initial energy of the photon
is first boosted to the rest frame of the electron such that ω′

i = 15.16 keV. Note that
ωi ≪ me, therefore, equation (2.11) can be simplified to ω′

f ≈ ω′
i. To find the photon

energy after the interaction in the laboratory frame of reference, a second Lorentz
boost is necessary such that ωf = γω′

f (1 + β cos θ′
f ) which now can also be simplified

to
ωf = 4γ2ωi , (2.14)

for a relativistic particle where β ≈ 1 and head-on collision. Hence, the energy of
the photon in the laboratory frame after interaction with the relativistic electron is
ωf = 148.4 MeV. Note that the maximum energy transfer between the relativistic
electron and the low-energy photon occurs at head-on collision, agreeing with the
maximum energy transfer previously predicted using the emissivity spectrum.
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Figure 2.8.: Emissivity of the inverse Compton scattering (ICS) process. The maximum
energy that a photon can acquire, ωf, max = 4γ2ωi, after the interaction
with a relativistic electron is only possible for head-on collisions between
both particles and axial re-emission.

2.2.4. Nonlinear Inverse Compton Scattering

As seen in the previous section, the interaction of a single-particle with a single
photon was easily described by the kinematics of the process and by QFT to obtain
their corresponding cross-sections. Now, the question is: what happens if a single-
particle is immersed in an intense background laser field which contains many photons
similarly to the electron-laser collision in the E-320 experiment? In this particular
case, the relativistic electron traveling within this intense laser background field starts
to absorb many low-energy photons of energy ωL from the laser beam such that
n ωL + e− → ωf + e− giving rising to nonlinear effects on the electron motion. This
process is known as nonlinear inverse Compton Scattering (NLCS).
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The kinematics for the nonlinear inverse Compton scattering is similar to the linear
inverse Compton scattering process, and can be easily deduced by substituting the
incoming photon energy ωi in equation (2.11) by n ωi, ωi → n ωi, where n is the
number of incoming photons interacting with the relativistic particle. By performing
such substitution, we assume that all incoming photons have the same energy and
propagate parallel to each other. Then, the energy of the scattered photon in the rest
frame of the relativistic electron becomes,

ω′
f

ω′
i

= n

1 + n ω′
i

me
(1 − cos α′)

, (2.15)

One can boost back the energy of the emitted photon to the laboratory frame. By
doing so, the relativistic mass increase effect should be also taken into account by
replacing me → m∗ = me

√︂
1 + a2

0 [152–154]. Hence, the scattered photon energy in
the laboratory frame becomes [152–155]:

ωf

ωi

= 2 n γ2

1 + a2
0/2 + (γθ0)2 (1 − cos θ) , (2.16)

where θ0 is the emission angle, θ is the photon-electron collision angle, γ is the
Lorentz-factor of the relativistic particle, and a0 is the normalized field strength
defined previously in equation (1.1). Similar to the linear inverse Compton scattering
case, the maximum photon energy obtained from equation (2.16) is given again by
ωf, max ≈ 4γ2ωi, and is only possible for head-on collision where θ = 180° and on-axis
emission angle θ0 = 0. Any deviation from the collision or emission angle, the scattered
photon suffers a Doppler redshift to lower photon energies, i.e. lower frequencies.
For the case where a0 < 1 most of the emitted radiation goes to the fundamental
harmonic n = 1 [153], however, as a0 ∼ 1, the emission of harmonics starts to play a
role such that, at the limit where a0 ≫ 1, the emitted radiation is composed by several
harmonics that are redshifted due to the term a2

0/2 in equation (2.16). In addition,
at this limit of a0 ≫ 1, the total number of harmonics that contributes significantly
to the emission spectrum is proportional to ∼ a3

0, and the envelope over the emitted
spectrum becomes similar to a synchrotron radiation spectrum [152, 153].

The number of absorbed photons by the relativistic particle over a Compton wave-
length can be estimated by using the definition of the normalized field strength a0. To
this end, we first calculate the ratio between the laser wavelength λ0 and the reduced
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Compton wavelength λ̄c,

λ0 = 2π
me c2

ℏω0
λ̄c . (2.17)

Then, by substituting equation (2.17) into equation (1.7), one obtains the work
performed by the laser field over a Compton wavelength, i.e., the energy absorbed from
the laser field by the particle over a distance given the reduced Compton wavelength
to emit a high-energy photon:

∆Eabs = e E λ̄c = a0 ℏω0 . (2.18)

Note that, in equation (2.18), a0 can be approximated as number of absorbed photons
n from the laser field.

Although we can analyze the process in terms of its kinematic, the complete
description of the electron-laser interaction can be studied using the Furry picture
introduced in section 1.2 [48]. Using the Feynman diagram8 of the nonlinear inverse
Compton Scattering illustrated in figure 2.9, the differential scattering rate of the
process for a circularly polarized laser field averaged over the spin states of the electron9

is given as [2, 156],

dWn

dx
= αm2

e

4E

[︃
−4J2

n(z) + a2
0

(︃
1 − x + 1

1 − x

)︃ (︂
J2

n−1(z) + J2
n+1(z) − 2J2

n(z)
)︂]︃

,

(2.19)
where x = ωf/E is the ratio between the energy of the scattered photon ωf and the
energy of the electron E , a0 is the normalized field strength, and Jn(z) is the Bessel
function of first kind of order n with argument z given by,

z = 2a0√︂
1 + a2

0

√︂
x [nu − (1 + nu)x]

u(1 − x) ,

with
u = 4EωL

m2
e(1 + a2

0) .

The order n of the Bessel function Jn(z) represents the number of background
photons that are scattered with the particle. Therefore, the total scattering rate of

8In the context of the Furry picture in the SF-QED formalism, the double lines represent a particle
dressed by the background laser field.

9For linearly polarized differential scattering rate of the nonlinear inverse Compton scattering
process, please see Refs. [2, 156].
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the NICS process is given by the sum

dW
dx

=
∑︂

n

dWn

dx
. (2.20)

Figure 2.9.: Feynman diagram of the nonlinear inverse Compton scattering (NICS)
process. An electron immersed in a dense photon background is scattered,
and part of its momentum is transferred to a photon. The double line
represents an electron dressed in a dense low-energy photon background
field.

The scattering rate for the interaction of an electron with initial energy of E =
2.5 GeV colliding with a laser beam with frequency ωL = 1.55 eV of different a0 values
is shown in figure 2.10. Independently of the a0 values, the scattering rate rises up to
the first Compton edge (n = 1) where it falls sharply. As the interaction of multiple
photons occurs with the particle (n > 1), the emission of higher harmonics is observed.
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Figure 2.10.: Scattering rate for an electron with energy E = 2.5 GeV interacting with
a laser beam of frequency ωL = 1.55 eV and two different strengths,
a0 = (60, 70). The scattering rate increases up to the first Compton edge
(n = 1, dashed line) and then falls sharply. Moreover, the multiple photon
scatterings result in higher harmonics scattered photons as n > 1. With
the increase of the laser intensity a0 increases, the scattered radiation is
Doppler redshifted to lower energies as predicted by equation (2.16).
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2.3. Pair Production Mechanisms

To generate an electron-positron pair, high-energy photons are required to overcome the
energy threshold of the pair creation processes. As already mentioned, the generation
of γ-photons in the FOR2783 experiment is occurs by interacting an electron beam
with a converter target which results in a bremsstrahlung γ-beam. On the other hand,
at the E-320 experiment at FACET-II, the formation of γ-photons is done by the
nonlinear inverse Compton scattering process after the collision of the accelerator
electron beam with the intense laser beam.

Now that we understand how the production of the required high-energy photons
occurs, we can review the electron-positron pair creation processes. As seen in chapter 1,
section 1.1, in 1928 Dirac predicted the existence of two regions, the negative and
positive continuum. In both regions, the energy values of the electrons are continuous
and due to their finite rest mass me, the absolute energy of the particles in both
regions should be greater or equal to their rest mass such that |E| ≥ me c2. Therefore,
the negative continuum, also called the Dirac sea, has an upper energy limit of −me c2,
and the positive continuum has a lower energy limit of +me c2.

According to Dirac’s theory, the negative energy states are all naturally filled with
electrons making it impossible for an electron in the positive continuum to transit to a
negative energy state. However, electrons located in the negative continuum have a
finite probability of transiting to a positive energy state if energy above the threshold
of 2 me c2 is provided to overcome the potential barrier. As soon as an electron makes
the transition from a negative to a positive energy state, it leaves a hole in the negative
continuum with the opposite charge of the electron, but the same mass and energy.
The hole is interpreted as a real anti-electron, also known as a positron. Whenever
a positron that is located in the negative continuum encounters an electron in the
positive region, there is a probability for this electron to transit back to the hole
defined by the positron. If such transition takes place, energy is released in terms of
photons as the electron transits back to the hole in the negative energy state. This
recombination process is known as the Dirac annihilation process.

2.3.1. Dirac Electron-Positron Annihilation

The Dirac annihilation process is a process where an electron and positron pair
annihilate each other creating two photons:

e+ + e− −→ γ1 + γ2 .
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The diagram that describes the pair-annihilation process is shown in figure 2.11 a).
One can notice the similarity with the Compton scattering diagram already introduced
in section 2.2.2. Both processes are related by the so-called crossing symmetry property
where their diagrams have the same number of vertices and lines, but their incoming
and outgoing momenta sign and particles are different [42]. The annihilation process is
considered spontaneous, i.e., it can occur for any electron-positron pair independently
of their energy [157].

a

Figure 2.11.: Feynman diagrams of a) Dirac’s pair-annihilation process, and b) linear
Breit-Wheeler pair production. Both processes are related to each other
by crossing symmetry where the same number of vertices and lines are
presented, but the momenta of the particles are changed.

From the diagram, one can compute the total cross-section of the pair-annihilation
process [42, 148, 158],

σD = π
α2

m2
e

(1 − β̂)
4β̂

2

⎡⎣(3 − β̂
4) ln

⎛⎝1 + β̂

1 − β̂

⎞⎠− 2β̂(2 − β̂
2)
⎤⎦ , (2.21)

where α ≈ 1/137 is the fine-structure constant, β̂ =
√︂

1 − 1/s standing for the center
of mass velocity with the energy of the electron or positron at the center of mass given
by s = (Ee−/e+/me)2.

The annihilation cross-section is plotted in figure 2.12 a). At low particle energies,
the energy at the center of mass tends to unity s → 1. Consequently, the velocity of the
center of mass goes to zero β̂ → 0, and the cross-section to infinity σD → ∞ meaning
that the electron-positron pairs have an extremely high-probability of generating
photon pairs. Now, for high particle energies, the contrary behavior is observed: s → 0
and β̂ → 1, hence, σD → 0, indicating a low probability of the particles to create two
photons.
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2.3.2. Linear Breit-Wheeler Pair Production

The inverse process of the Dirac pair-annihilation is also possible. Photons can excite
the electrons from the negative energy state to the positive continuum creating a real
electron-positron pair. This inverse process is called linear Breit-Wheeler.

The calculation of the cross-section of the linear Breit-wheeler pair-creation process,
described by the Feynman diagram shown in figure 2.11 b), was first performed by
Breit and Wheeler in 1934 [23]. Different from the Dirac annihilation effect, the
pair-creation process is not spontaneous since electrons and positrons have non-zero
masses. Hence, the process features an energy threshold that determines if the photons
have sufficient energy to create a pair. The threshold for this process is given by:
ω1ω2 ≳ 2m2

e/(1 − cos θBW), where ω1 and ω2 are the photon energies, me represents
the electron rest mass and θBW is the collision angle between the photons (for head-on
collision, θBW = 180°).

The total cross-section of the pair-production process in the center of mass of the
collision calculated using the Feynman diagram in figure 2.11 b) is given as10 [148,
157, 159]:

σBW = π

2
α2

m2
e

(1 − β̂
2)
⎡⎣(3 − β̂

4) ln
⎛⎝1 + β̂

1 − β̂

⎞⎠− 2β̂(2 − β̂
2)
⎤⎦ = 2β̂

2
σD , (2.22)

where the we have the same definitions of β̂ =
√︂

1 − 1/s and s = ω1ω2(1−cos θBW)/(2m2
e).

In equation (2.22), note that the linear Breit-Wheeler cross-section is related to the
Dirac’s pair-annihilation cross-section σD given in equation (2.21) by a factor of 2β̂

2.
The maximum value of the cross-section is obtained for combinations of photon

energies that satisfy the condition where s = 2 and β̂ = 1/
√

2. Independently of the
photon energy combination, the maximum Breit-Wheeler cross section is approximately
σmax

BW ≈ 170 mb. The small cross-section of the linear Breit-Wheeler makes this process
one of the most difficult fundamental QED processes to be observed experimentally
on Earth.

2.3.3. Schwinger Pair Production

So far, Heisenberg’s uncertainty principle has not been included in the description of
the Dirac sea and the quantum vacuum. By doing so, the uncertainty of a photon
10Equation (2.22) results in cross-section values in units of eV−2. Therefore, we apply the conversion

factor of ≈ 3.9 × 1017 mb/eV−2 on the results presented here to get cross-section values in units
commonly used in high-energy physics.
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Figure 2.12.: Cross-sections for a) pair annihilation, and b) linear Breit-Wheeler pair
production. The cross-section of the pair annihilation process diverges
at low particle energies. Hence, low-energy particles have a higher
probability of creating photon pairs. This process does not have a
threshold to start. On the other hand, the linear Breit-Wheeler pair-
production is only possible to occur if the threshold of ω1ω2 ≳ m2

e is
achieved. The maximum of its cross-section of σmax

BW ≈ 170 mb is always
the same independently of the photon energy combination. Moreover,
the region for values of σBW = 0, the energy threshold condition of
the process has not been met yet. Note that equation (2.22) results
in cross-section values in units of eV−2. Hence, the conversion factor
of ≈ 3.9 × 1017 mb/eV−2 to obtain the cross-section values in units
commonly used in high-energy physics is employed.

and electron momenta (and energy) can overcome the pair creation threshold of
2 me c2 predicted by Dirac’s theory causing spontaneous transitions, known as vacuum
fluctuations, of electrons from the negative to the positive energy state. Note that
the spontaneous transitions are only possible over distances of the reduced Compton
wavelength λ̄c. These vacuum fluctuations generate virtual particles which can be
turned into observable particles by applying a strong electric field on them that is
capable of separating both particles apart. This process of turning the virtual pairs
from the quantum vacuum by separating them apart using an electric field is called
Schwinger pair production11.

According to Schwinger’s theory, the presence of a uniform electric field E in a
vacuum accelerates the virtual particle pairs. As the strength of the E-field increases,
the virtual pairs acquire energies larger than the pair creation threshold of 2 me c2

from the field, i.e., the binding energy between the pairs over the Compton wavelength,
and become real [162]. The field strength required to transform the virtual particles

11The Schwinger pair production was first investigated by Sauter in 1936 [160], followed by studies
from Heisenberg and Euler in 1936 [161], and later its production rates were computed by Schwinger
in 1951 [1].
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into measurable real electron-positron pairs was already introduced in chapter 1,
equation (1.2), and it is known as the Schwinger critical field Ec. To calculate its value,
one needs to evaluate the work performed by the slow varying but strong electric
field Ec on a virtual particle over the reduced Compton wavelength which is given as
e Ec λ̄c = me c2. by substituting the definition of the reduced Compton wavelength
λ̄c = ℏ/(me c) and rearranging the terms, one obtains the field Ec as

Ec = m2
e c3

e ℏ
≈ 1.32 × 1016 V cm−1 , (2.23)

According to the theory derived by Schwinger [1], the probability of the particles to
become real Pe−e+ is proportional to [1, 162, 163],

Pe−e+ ∝ exp
(︃

−π
Ec

E

)︃
, (2.24)

where E is the strength of the electric field applied to the quantum vacuum. Note
that the value of the critical field is extremely large, indicating that for very small
electric field strengths, i.e., E ≪ Ec, the pair creation effect is exponentially suppressed.
However, for fields E on the order of the critical field or larger, the Schwinger pair
production starts to become accessible.

The Schwinger pair production can be seen as the tunneling of an electron from
the negative to the positive continuum through the energy gap which is deformed by
the critical field Ec applied on the quantum vacuum [164]. Figure 2.13 a) illustrates
how the tunneling of an electron from the negative to the positive continuum via the
Schwinger pair creation mechanism occurs. Hence, the Schwinger pair production
effect can also be understood through an analogy with the atomic ionization process
predicted by Keldysh [165] since both phenomena describe the tunneling of particles
mediated by an electric field [162, 165, 166].

In the atomic ionization process, an alternating electric field E = E0 cos(ωt) acting
over an atom with biding energy Eb defines the tunneling frequency of the ionization as
ωT = eE0/

√
2meEb which defines the typical tunneling time of the interaction between

the particle and the potential. Keldysh predicted two physical regimes that are defined
by the Keldysh parameters [162, 165]:

γK = ω

ωT

= ω
√

2meEb

eE0
. (2.25)

For the case that γK ≪ 1, the electric field E is considered to be instantaneous,
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Figure 2.13.: a) Schwinger pair production mechanism is seen as the tunneling of
an electron from the negative energy state to the positive continuum
through the energy gap which is deformed by the critical field Ec. b)
Tunneling of an electron from the negative to the positive continuum via
the dynamically assisted Schwinger pair production process. Here, a slow
varying but strong background field deforms the energy gap between the
negative and positive continuum while the fast but weak field lifts the
electron from the negative energy state to a position within the energy
gap. Now, the tunneling length is shorter than the reduced Compton
wavelength, and, therefore, the pair creation probability increases.

and particle tunneling is permitted. This case is called the non-perturbative regime.
On the other limit, γK ≫ 1, the electric field varies quickly, and tunneling is not
possible anymore. Thus, ionization is only possible through the absorption of many
photons. Therefore, the regime is named the multi-photon ionization regime. Ionization
probabilities Pion were also calculated by Keldysh for each parameter γK limit[162, 165]:

Pion ∝

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
exp

⎛⎝−4
3

√
2meE3/2

b

eE0

⎞⎠ , for γK ≪ 1 (non-perturbative regime) ,

(︄
eE0

2ω
√

2meEb

)︄2Eb/ω

, for γK ≫ 1 (perturbative regime) .

(2.26)

The Keldysh method can be extended to pair-production as shown by different
authors [162, 166–170]. Starting with an oscillating electric field E = E0 cos(ωt) and
binding energy of Eb = 2me as the threshold condition, the tunneling frequency for
the pair-production becomes ωp.p. = eE0/me. And, analogously, one can define a
parameter γp.p. as,
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γp.p. = ω

ωp.p.

= me ω

e E0
= 1

a0
. (2.27)

Equation (2.27) has a similar form to the Keldysh parameter for atomic ionization
in equation (2.25). However, the parameter γp.p. is inversely proportional to the
normalized field strength a0 = e E0/(me ω). The two physical regimes possible with
this analogy are:

(i) As a0 becomes smaller than the unit, a0 ≲ 1, γp.p. ≥ 1, and the pair production
process occurs in the perturbative regime, also known as the multi-photon regime.
Here, multiple photons (usually optical photons with energy ω0) are required
to interact with a single high-energy photon (e.g. a high-energy bremsstrahlung
photon ωγ) to satisfy the threshold limit of the production process of (Nω0) Eγ ≥ m2

∗

to generate an electron-positron pair, where N is the number of low energy photons
of energy ω0 and m∗ = me

√︂
1 + a2

0/2 is the intensity-dependent effective mass of
the leptons [2, 171].

(ii) On the other limit, which a0 ≫ 1, the parameter γp.p. becomes very small, γp.p. ≪ 1,
and the pair production process is said to be in the non-perturbative regime. In
this case, the electric field is also considered constant and it is typically required
a large number of laser photons to deform the energy gap between the negative
and positive continuum to overcome the threshold of pair production [3]. The
probability rates for the non-perturbative regime are calculated using the SF-QED
framework and are strongly dependent on the χγ parameter previously given in
equation (1.6). The pair creation in the non-perturbative regime, namely the
nonlinear Breit-Wheeler process, is introduced in the next section.

2.3.4. Nonlinear Breit-Weeler Pair Production

The pair creation via the Schwinger mechanism is yet to be achieved in the laboratory
since the strong Schwinger critical field is orders of magnitude far from be reached,
even with the use of the upcoming intense lasers at facilities such as ELI [4, 5] and
Apollon [6]. To enhance the pair production probability of the Schwinger mechanism,
one can combine a slow varying but strong background field with a fast but weak
field to increase the pair production probabilities. This method is called dynamically
assisted Schwinger pair production [172–179].
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The slow varying but strong background field deforms the energy gap between the
negative and positive continuum while the fast but weak field lifts the electron from the
negative energy state to a position within the energy gap. Now, the tunneling length
is shorter than the reduced Compton wavelength as required by the Schwinger critical
field, and, therefore, the pair creation probability increases by orders of magnitude due
to its exponential dependence on the tunneling length [180]. Figure 2.13 b) illustrates
the dynamically assisted Schwinger mechanism.

The nonlinear Breit-Wheeler can be interpreted as an assisted Schwinger mechanism
where the strong varying but strong background field of a0 ≫ 1 is produced by an
intense laser, and the fast varying but weak field is obtained from a highly-energetic γ-
photon, which, in our case, is produced via bremsstrahlung in the FOR2783 experiment
and nonlinear inverse Compton scattering in the E-320 project.

As mentioned before, due to large value of a0, the nonlinear Breit-Wheeler is
considered a non-perturbative, quasi-static strong-field regime. In this interaction
regime, the electric field is treated as a constant, and the process evaluated with the
SF-QED framework. The diagram representing this effect is illustrated in figure 2.14
where a highly-energetic photon interacts with an extremely large number of laser
photons and an electron-positron pair is generated.

Figure 2.14.: Feynman diagram of the nonlinear Breit-Wheeler pair production. A
highly-energetic photon interacts with an extreme large number of laser
photons and an electron-positron pair is created. The double lines
represents the Volkov dressed states of the particles by the laser field.

Assuming a γ-photon of energy ωγ colliding with a laser beam of intensity I with
photon energy of ω0, the pair-production probability rate for the nonlinear BW process
is given, in rationalized units and for linearly polarized laser light, as [2, 3]

d P
d t

= −α m2
e χγ

16 ωγ

∫︂ ∞

z0
dz

8u + 1
√

z
√︂

u3(u − 1)
Ai′(z) , (2.28)

where z0 = (4/χγ)2/3, u = (z/z0)3/2, and χγ is the quantum nonlinear parameter
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introduced in equation (1.6). Integrating equation (2.28) over a laser pulse cycle,
the pair conversion probability per cycle P is obtained. At low values of χγ ≪ 1,
the probability exhibits an exponential suppression of P ∼ χγ exp (−8/3χγ) which is
similar to the ionization suppression introduced in equation (2.26). On the other limit,
χγ ≫ 1, the pair conversion probability rate scales as P ∼ χ2/3

γ which is considered
equivalent to the ionization over-the-barrier limit. Figure 2.15 a) shows the pair
conversion probability per laser cycle for different γ-photon energies as function of the
laser intensity. The exponential suppression is clearly seen at low laser intensities.
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Figure 2.15.: Pair conversion probability per laser cycle assuming ω0 = 1.55 eV: a)
for a head-on collision between different colliding γ-photon energies as
function of the laser intensity; b) for different colliding angles θ and a
constant laser intensity of I = 5 × 1021 W cm−2. Figure adapted from my
recent publication Ref. [3].

In figure 2.15 b), the influence of the colliding angle θ between the γ-photon and
the laser beam is also presented. At head-on collisions (θ = 180°), the pair conversion
probability presents its maximum value. However, by decreasing the angle to about
θ = 150°, the conversion probability does not reduce significantly. This fact gives
flexibility when designing nonlinear BW experiments as discussed in Ref. [3].
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3. Single Particle Detection System
for SF-QED Experiments

A precondition for SF-QED experiments is the collision of high-energy electron beams
with intense laser pulses to generate the high-energy γ-photons required to trigger the
pair production process via nonlinear Breit-Wheeler. Once the γ-photons are created
through bremsstrahlung or nonlinear inverse Compton scattering, the primary electron
beam is cooled down at beam dumps located close to the area where the detectors
are found. The cooling down of the electron beam at the dump produces a shower
of low-energy secondary particles with an energy of few-MeV that is backscattered
towards the detectors acting as background radiation. In the particular case of all-
optical SF-QED experiments, such as the FOR2783 experiment, the γ-beam produced
via bremsstrahlung becomes an additional source of background radiation when the
photons are also cooled down. Depending on the level of the background radiation that
reaches the detectors, the signal of a Breit-Wheeler particle cannot be distinguishable
from the background and therefore not detected.

In both experiments, E-320 and FOR2783, a small number of nonlinear Breit-
Wheeler process pairs are expected as to be seen in the following chapters. Therefore,
the detector development for SF-QED experiments presents the challenge of not only
being capable of rejecting low-energy background radiation but also it should be able
to detect single-particle hits.

Despite the challenges mentioned above, this chapter introduces the single-particle
detection systems designed for the upcoming SF-QED experiments, E-320 at FACET-II
(SLAC) and FOR2783 at the ATLAS-3000 laser system at CALA, that are successfully
capable of detecting single-particle hits with a high confidence level of > 99% while
being insensitive to the background radiation inherent to the SF-QED experiments.

Both systems introduced here share the same construction features and detection
method. The systems comprise two LYSO pixelated crystal screens and a Cherenkov
calorimeter where most of the energy of the incoming particle is deposited inside and
converted into Cherenkov light that is detected by photomultiplier tubes (PMTs).
Finally, a calibration of the single-particle detection system performed at the ELBE
radiation source at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) is provided.
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3.1. Single-Particle Detection System for the
Experiment-320 at FACET-II

The detection system designed for the Experiment-320 at FACET-II comprises two
pixelated LYSO:Ce screens to provide high spatial resolution and tracking information
of the single-particle propagating trough the system, and a Cherenkov calorimeter
segmented into detection channels.

After an electron-positron pair (also referred to as signal particle from now on) is
created via the nonlinear Breit-Wheeler process, it propagates until a dipole magnet that
deflects the positron toward the single-particle detection system. The positron interacts
first with the pixelated scintillating screens and then the Cherenkov calorimeter. As
the particle propagates through the screens, scintillation light is generated and then
imaged by a highly-sensitive camera. The position of the scintillation light on both
screens allows us to retrieve the trajectory of the incoming particle and ensure that the
single-particle hit is indeed from a signal particle and not a high-energy background
radiation particle. After the positron has propagated through the screens, it reaches the
Cherenkov calorimeter, where its energy is fully deposited in one of the active channels
generating an electromagnetic shower of secondary particles that produces Cherenkov
photons inside the device. Photomultiplier tubes at the rear of each detection channel
of the calorimeter detect the Cherenkov photons.

The detection system is placed about 3.6 meters from the dipole magnet. The
screens are located in front of the calorimeter with a separation between them of about
33 cm and are imaged by an optical system made of a large plano-convex condenser
lens (PCX lens), image intensifier, and a single-photon sensitive Hamamatsu ORCA
FLASH4 camera [181]. Figure 3.1 a) presents the setup of the single-particle detection
system for the E-320 collaboration. A detailed view of the calorimeter is shown in
figure 3.1 b) where the incident particle range of 2.5 − 5.6 GeV expected to be deflected
towards the detectors is highlighted, please see chapter 4 for details on the particle
detection range and dipole magnet configuration.

3.1.1. Pixelated LYSO:Ce Tracking Layers

The pixelated scintillating screens used on the detection system are made of LYSO:Ce
crystals. These crystals are ideal to use in SF-QED experiments as tracking layers
due to its high scintillating yield of about 25 photons/keV and fast decay time of
approximately 40 ns which is beneficial to reject noise on the detectors originated from
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Figure 3.1.: a) Design of the single-particle detection system for E-320 at FACET-II.
The incident single GeV-positron travels through two pixelated LYSO
scintillating screens which provide particle tracking and high-resolution
spectral information before entering the Cherenkov detector at one of
its lead-glass detection channels where its energy is fully deposited. b)
Detailed view of the Cherenkov detector. The background reference
channels, where no signal particle is expected to strike, are shown in blue.
The central detection channel of the detector, in which signal leptons are
deflected, is illustrated in red. The Cherenkov photons produced inside
the lead-glass channel are detected by photomultiplier tubes (PMTs) at
the rear of each channel. The positron direction of dispersion is within
the yellow area with limits of 2.5 - 5.6 GeV.
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far away sources, for example, in the case of the E-320 project, the noise created by
backscattered radiation from the main beam dump which is located about 9 meters
downstream from the detectors.

An alternative to the LYSO screens is the use of silicon tracking layers which have
been widely used in high-energy physics experiments (see Ref. [182] for a review).
Silicon detectors are pixelated arrays resembling CMOS chips with pixel sizes on the
order of a few micrometers and thickness of 100’s-µm. They usually have nanoseconds
temporal resolution and are only sensitive to high-energy charged particles [25] since
high-energy photons have a very low probability of absorption due to the thin thickness
of the silicon layers. Despite the advantages of silicon tracking layers, one would
need large strips of silicon detectors in the E-320 and FOR2783 experiments to cover
the large deflection trajectories suffered by the signal particles due to the dipole
magnets. Hence, the use of large strips of silicon detectors would elevate the costs of
the detection system. In contrast, the LYSO pixelated crystal screens designed for our
single-particle detection system present an effective cost-benefit solution for tracking
layers in comparison with the silicon detectors due to their high-spatial resolution and
capability of providing single-particle tracking information.

Both LYSO scintillating screens used in the E-320 detection system have overall
dimensions of 40 mm×200 mm×4 mm with crystal pixel sizes of 2 mm×2 mm×4 mm
which is enough to provide a high spatial resolution and tracking information on the
single-particles propagating through the detectors. A pixelated screen is presented in
figure 3.2. To image both screens, a plano-convex (PCX) lens (diameter of 250 mm
and focal length of 400 mm) is placed about 800 mm distant from the screens, and an
image intensifier imaging the entire active region of the screens are placed 270 mm
after the PCX lens. The intensifier is essential in the imaging system to amplify and
gate the light signal of the screens. The output of the gated image intensifier is imaged
by a Hamamatsu ORCA camera with an f/1.4 macro-lens of 28 mm focal length. The
camera is placed about 250 mm after the intensifier to maximize the photon collection
and efficiency of the system.

Knowing the position of the components of the imaging system of the system, the
number of scintillation photons N1, 2

LYSO detected for each of the screens (screen-1 or 2)
is calculated as

N1, 2
LYSO = N1, 2

scin · CEPCX · Gint · CEorca · QEorca , (3.1)

where CEPCX is the collection efficiency of PCX condenser lens calculated as CEPCX =
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Figure 3.2.: LYSO screen designed for the E-320 single-particle detection system. In
a) the screen is placed in its holder and b) shows the screen dimensions of
40 mm × 200 mm × 4 mm with crystal pixel sizes of 2 mm × 2 mm × 4 mm.

(π · 1252)/(8002)/(4π) = 6.1 × 10−3, CEOrca is the collection efficiency of the camera
CEOrca = (π · 202)/(2502)/(4π) = 1.6 × 10−3, QEOrcas ≈ 0.4 is the quantum efficiency
of the ORCA-Flash camera at the scintillation light wavelength of 410 nm [181]. The
constant Gint = 103 represents the dual microchannel plate (MCP) gain of the image
intensifier applied. Note that the quantum efficiency of the intensifier is already taken
into account in the Gint value.

3.1.2. Description of the Cherenkov Calorimeter

The Cherenkov calorimeter, which is placed after the second LYSO screen, is made of
up to 7 detection channels of 50 mm × 40 mm × 400 mm Schott F2 lead-glass wrapped
in enhanced specular (ESR) foils to prevent cross-talk of the optical Cherenkov photons
between the channels. F2 lead-glass has been already used in several past experiments
as the choice of dielectric material for producing Cherenkov radiation due to its linear
response at measurements of particle energies between 1 GeV and 4 GeV and absence of
scintillation light [183, 184]. The lack of scintillation light favors our detection system
to reject low-energy background radiation which is unable to generate scintillation
light inside the glass and does not produce Cherenkov photons that can be mistaken
as the signal of a Breit-Wheeler GeV-particle. Moreover, the glass features a radiation
length of X0 = 3.14 cm and a Molière radius of RM = 3.4 cm in which about 90% of the
transverse secondary shower is contained within the material. The length of a 400 mm
of a detection channel is designed to contain the full longitudinal particle shower
produced by an incident GeV-signal particle. It means that the total path length of
the secondary particles of the electromagnetic shower is proportional to the energy
of the incoming signal particle, and, consequently, the total number of Cherenkov
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light produced inside the glass is proportional to the energy of the incident particle.
As an example, figure 3.3 shows a GEANT4 simulation of the longitudinal profile
of a particle shower produced by a 3 GeV particle hit centrally on an F2 lead-glass
detection channel. As observed, the lateral shower is well contained within the Molière
radius and the longitudinal shower within the 400 mm channel length.

Figure 3.3.: GEANT4 simulation of the longitudinal shower profile after a 3 GeV
positron hit centrally on a single detection channel of F2 lead-glass block
50 mm × 40 mm × 400 mm. The lateral electromagnetic shower is well
contained within the Molière radius (RM = 3.4 cm) and the longitudinal
shower within the 400 mm length of the channel. Each bin has an area
of 0.1 mm2.

The Cherenkov calorimeter designed for the E-320 project is divided into two main
regions: the background (reference) channels and the active area where the positrons
signal particles are incident. Both regions are shown in detail in figure 3.1 b). The
active area of the detector is composed by the central three detection channels which
sums up to a total area of 3 · (40 mm · 50 mm) = 6000 mm2. On the other hand,
the background channels are responsible for monitoring the background levels at the
detector on a shot-to-shot basis and for providing better discrimination of background
events against single hits on the active detection channels. Detection of the Cherenkov
radiation produced on each of the channels is achieved by a photomultiplier tube
(PMT) [185] connected at the rear of each lead-glass channel through an index-matching
gel (refractive index of about 1.5). The chosen PMTs are capable of single-photon
detection in the spectral range of about 300 nm to 550 nm with a maximum gain of
1 × 106 and rise time of < 3 ns. Such features are essential to detect the low Cherenkov
light produced in the channels and to allow rejection of the background noise by also
temporal gating the PMT signal acquisition.

The number of detected photons by the photomultiplier tubes (PMTs) Ndet is given
by the sum of the number of signal photons produced by a single-particle hit Nsig

plus the number of photons produced by the background noise Nbg and the expected

54



3.1. Single-Particle Detection System for the Experiment-320 at FACET-II

uncertainty <σdet >2= σ2
sig + σ2

bg,

Ndet = Nsig + Nbg± <σdet > . (3.2)

Hence, the number of signal photons produced Nsig is easily calculated by subtracting
the number of detected photons by the PMTs by the number of background photons
which are monitored on a shot-to-shot basis at the reference channels of the calorimeter:
Nsig = Ndet − Nbg± <σ > where its uncertainty is given by propagating the variances
such that < σ >2=< σsig >2 +2 < σbg >2. After calculating the number of signal
photons produced Nsig with its variance given as <σsig >=

√︂
Nsig. The energy of the

single-particle which hit the calorimeter is obtained by using the calibration curve
E = (Nsig/0.13)(1/1.04) which will be introduced later in this chapter in section 3.3.

3.1.3. Event Identification and Rejection

Now that the single-particle detection system and the signal expected from the
scintillation screens and the Cherenkov calorimeter have been introduced, we discuss
in this section how to identify a signal event that propagates through the system.

Identifying a positive event requires both scintillation screens, LYSO 1 and LYSO 2,
to record an event above the threshold that corresponds to a possible track originated
at the interaction point, and, in addition, the calorimeter channel on the corresponding
track must record an event. Consequently, the identification of a positive event has a
high confidence level of > 99%.

False-positive events are therefore only possible if the calorimeter measures a suffi-
ciently high signal above the background. Since the background is presumed to consist
of a bath of many low energy events, as will be seen in the following chapters 4 and 5,
monitoring the background radiation noise and comparing it with the signal channels
of the calorimeter prevent false positives from arising from the low energy background.

To evaluate the real false-positive rate, one needs to analyze the probability of giving
a matching false-positive on the Cherenkov channel, i.e., high energy events localized
on one detector (or split event). To quantify this probability, the background radiation
level of hard γ-photons in FACET-II and CALA needs to be known. Thus, background
radiation measurements will be performed at both facilities during the commission of
the experiments.
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3.2. Single-Particle Detection System for the FOR2783
experiment at CALA

Following the same design concept of the single-particle detector for the Experiment-
320 at FACET-II, the system designed for the FOR2783 project has also two LYSO
screens and a Cherenkov calorimeter behind the screens. However, here a coincidence
measurement between the electrons and positrons generated due to the SF-QED
interactions is possible due to the combination of separator and collimator magnets.
The arrangement of the detectors is shown in figure 3.4. The LYSO screens and its
imaging system are omitted from the figure for better visualization, however they are
an essential part of the detection system.

BW pairs and
gamma-beam

Collimator
Magnet

Collimator
Magnet

Cherenkov 
Calorimeter

Separator
Magnet

Cherenkov 
Calorimeter

Lead
shielding

Gamma-beam
dump

Figure 3.4.: Single-particle detection system for the FOR2783 project. A separator
magnet deflects the charged particles towards collimator magnets that
directs them to the detectors. The bremsstrahlung γ-beam continues
to propagate in a straight path towards the gamma-beam dump. Blue
trajectories are the electrons and red trajectories represents the positrons.

The Cherenkov calorimeter designed for the FOR2783 experiment is composed of
5 detection channels also made of Schott F2 lead-glass. Each lead-glass has dimensions
of 60 mm (height) × 50 cm (width) × 200 mm (length). Note that the length of the
calorimeter channels is half of the E-320 Cherenkov detector, but, despite the shorter
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length, the electromagnetic shower produced by an incident signal particle on the
detector is still contained within the lead-glass channel since the expected signal
particles have less energy compared to the signal expected from the E-320 project.

The pixelated LYSO screens used on the diagnostics have a larger overall dimension
of 60 mm (height)×20 cm (width)×4 mm (depth) with crystal pixel size also of 2 mm×
2 mm×4 mm. The screens are image by a single-photon sensitive camera 4Picos capable
of gating times down to 200 ps [186] attached to a f/1.4 macro lens placed about
870 mm away from the screens. Here, a combination of PCX lens and image intensifier
is not necessary since the camera is capable of amplifying the scintillation photon
signal due to an already built-in dual multi-channel plate (MCP). Calibration of the
4Picos cameras to be utilized in the experiment are presented in Appendix D.

In this case, the response of the LYSO screens can be calculated using the LYSO
crystal absolute light efficiency Yeff

LYSO (given in units of photons/sr/pC), and taking
into account the light collection solid angle Ω, the transmission efficiency of the lens
used on the 4Picos camera Tlens:

Nph, det = Yeff
LYSO · Ω · 1.602 × 10−19

10−12 · Tlens . (3.3)

Note that the term (1.602 × 10−19/10−12) represents the charge of a single electron or
positron given in picocoulombs.

The Cherenkov calorimeter is also arranged in a different configuration from the
detector proposed for the E-320 experiment. Here, the calorimeter is composed
of five Schott F2 lead-glass detection channels with dimensions 60 mm (height) ×
50 mm (width)×200 mm (depth) each. Note that the expected particle energy incident
on the calorimeter lies in the range between 300 MeV and 1.5 GeV (detailed explanation
given in chapter 5) therefore the length of each channel is shortened by half of the length
of the E-320 calorimeter since the incident particles are not required to propagate
any further to deposit its entire energy in the glass. Note that the active area of the
calorimeter is now also larger, given by 5 ·(50 mm ·60 mm) = 1500 mm2, and no channel
for shot-to-shot background level measurement is present. In this case, the background
noise is monitored constantly by turning off the collider laser after a set of shots to
inhibit the SF-QED interaction between the γ-photons and allow the bremsstrahlung
γ-ray to propagate directly towards the gamma-dump. Any produced background is
then recorded for the later data evaluation and quantification of false-positive hits on
the detectors. The detection of the Cherenkov photons at the calorimeter is also made
by photomultiplier tubes attached at the rear of each lead-glass using index-matching
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gel between the components.
The evaluation of the response of the Cherenkov calorimeter follows the method

presented in the previous section 3.1.2. The total number of signal photons produced
Nsig by a signal particle is calculated by subtracting the number of detected photons
Ndet on the PMTs by the number of background photons Nbg such that Nsig =
Ndet − Nbg± < σ > where the uncertainty is obtained by propagating the variances
as <σ >2=<σsig >2 +2 <σbg >2. Finally, the energy of the incident signal particle is
calculated using the calibration curve of the calorimeter.

To identify a positive event and to prevent false-positive hits, we follow the same
method previously explained in section 3.1.3. For a positive event to happen, the signal
obtained from the scintillating screens should be above the threshold consistent with
a possible track of a signal particle. In addition, the Cherenkov calorimeter should
also record a signal on the detection channel corresponding to the same particle track.
Thus, by performing this analysis, the confidence level of a positive event is above
> 99%.

3.3. Calibration of the Cherenkov Calorimeter Detector

The Cherenkov calorimeter of the Experiment-320 was calibrated at the ELBE radia-
tion source at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) using the linear
accelerator dark current. The calibration results obtained for a single detection channel
of the E-320 calorimeter are also valid for the detector designed for the FOR2783
project since they share the same construction features and detection principles.

The accelerator provides single monoenergetic 27 MeV electrons from its dark current
with an electron weighted average rate of (0.156 ± 0.005) electrons/RF cycle. The dark
current was irradiated into the central channel of the calorimeter which was placed
about 43.5 cm away from the 100 µm thick beryllium exit window of the accelerator.
The passage of the single electrons through the exit window does not produce significant
secondary radiation that can significantly influence the calibration measurements since
the total stopping power of the thin exit beryllium window is only about 36 keV for
27 MeV primary electrons. The dark current of the accelerator was characterized
using radiochromatic films (RCFs) [187], and the weighted average of two calibration
values was calculated. For details on the measurement of the dark current, please see
Ref. [103] published by the author.

Figure 3.5 shows the calibration setups of the Cherenkov calorimeter and the light
yield of the LYSO screens implemented at ELBE.
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Figure 3.5.: a) Calibration setup of the Cherenkov calorimeter with the dark current of
the ELBE accelerator irradiating over a detection channel. b) Calibration
setup of the LYSO crystal light yield using a 5.6 pC electron beam of
27 MeV to generate scintillation light imaged by a camera. The red arrow
represents the path of the electron beam, the green arrow shows the path
of the scintillation light of LYSO screen-1 after the accelerator exit window,
and the yellow arrow indicates the path of the light from LYSO screen-2.

For the calibration of the Cherenkov calorimeter, the gain of the photomultiplier
tubes was set to 4×106, corresponding to a voltage across the cathode and anode of the
PMT of 103 V, and a total of 104 events, i.e., signal traces of the PMTs, were recorded
using PicoScopes [188] digitizers at a high sampling rate. The evaluated number of
Cherenkov photons detected by the PMTs as well as the recorded decay times of the
signals are shown in the histograms in figure 3.6. An average of 4 Cherenkov photons
are recorded by the photomultiplier tube after a single 27 MeV dark current electron
hits a single detection channel, and, as seen in figure 3.6 b), the signal produced by
the hit of the single-particle produces a signal 1.8 ns long.

GEANT4 Monte-Carlo simulations were performed to compare the calibration results
with the designed calorimeter response and evaluate the photon detection efficiency
of the device that can later be used to estimate the number of detected Cherenkov
photons at different energies. For high fidelity on the number of detected photons,
the simulations include the full geometry of the calorimeter and description of the
material properties used on the detector. The typical quantum efficiency of the PMT
and the photon transmission of the lead-glass over 40 cm length, which are both
essential parameters of the calorimeter design and simulations, were included in the
Monte-Carlo simulations for the correct estimation of the number of detected photons.
Both parameter curves are presented in figure 3.7. The generation of optical photons
by the Cherenkov process was only considered in the range of 350 nm to 650 nm in
which the combination of the lead-glass transmission spectrum and the PMT quantum
efficiency (QE) allows the transport of the optical photons through the system. The
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Figure 3.6.: Calibration results of the E-320 Cherenkov calorimeter using the dark cur-
rent of ELBE accelerator at the Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) as source of single 27 MeV electrons. a) Number of detected
Cherenkov photons by the photomultiplier tubes of the Cherenkov calorime-
ter. An average of 4 photons per single electron is detected. b) Decay
time of the recorded signal. A single electron hit produces a signal about
1.8 ns long.

simulated distribution of detected photons after a single 27 MeV particle hit in a single
Cherenkov detection channel is shown in detail in figure 3.8 a). By fitting a Gaussian
curve on the simulated result curve, an average of 17 photons are detected by the
PMTs with a variance of σsim = 5.5 photons.
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Figure 3.7.: Typical quantum efficiency of the photomultiplier tube (PMT) employed
on the Cherenkov calorimeter and the calibrated transmittance of the
40 cm lead-glass. The gray shaded region shows the wavelength region
between 350 - 650 nm where both parameters were implemented in the
GEANT4 model of the detector to evaluate the number of photons hits
on the PMT.

Comparing the simulation results for a single 27 MeV particle hit and the calibration
results, we calculate a photon detection efficiency of η ± ση = (0.23 ± 0.13), where
η = 4/17.6 ≈ 0.23 and ση is evaluated using error propagation method as ση =
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η · ((
√

4/4)2 + (5.5/17.6)2)1/2 ≈ 0.13.

Based on the photon detection efficiency calculated for the calorimeter, new GEANT4
simulations with different primary single-particle energies in the range between 1 MeV
to 4 GeV were performed to predict the number of detected photons by the PMTs.
The estimated number of detected Cherenkov photons is presented in figure 3.8 b)
with an exponential fit of NSIG = 0.13 · E1.04, where E is the energy of the incoming
particle in MeV. It is predicted that about 537 photons are detected for an incident
3 GeV single-particle which is expected from the SF-QED experiment at FACET-II.
The spectral resolution of the calorimeter depends on the energy of the incoming
particle being a representative resolution achieved of 20% better than the 10% possible
at high energy range. Rejection of false-positive hits on the calorimeter is possible by
combining the reading from the high-spatial resolution provided by the LYSO screens
and the number of detected photons by the calorimeter.
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Figure 3.8.: (a) Simulated number of photons detected for a single 27 MeV particle
incident centrally on a Cherenkov calorimeter channel. About 17 photons
are detected with an RMS variance of 5.5 photons. (b) Calculated number
of Cherenkov photons detected per channel for a single incident particle of
different energies after the detection efficiency η of 23% and its uncertainty
were taken into account. The error bars indicate the standard deviation
which determines the energy resolution of the calorimeter. A single 3 GeV
particle results in 537 detected photons by the calorimeter. Hence, a
single GeV-particle incident on the detector is easily detected by the
calorimeter.

To guard against any unknown signal, background level, and non-linearity, calibration
of the Cherenkov calorimeter detectors designed for both E-320 and FOR2783 projects
are planned during the beamtime, and correction factors will be applied on the given
calibration curve in figure 3.8 b).
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3.3.1. In-Situ Calibration of the Cherenkov calorimeter detector

At the E-320 experiment, thin foils of high-density materials, for example, tungsten,
will be placed on the primary electron beam path. As the electron beam interacts with
the thin foil, secondary particles of lower energy than the primary 13 GeV electron
beam are produced inside the foil, including electron-positron pairs (mainly via the
Bethe-Heitler process). The pairs propagate along the beam path along with the
primary electron beam until they reach the main dipole magnet of the experiment.
The positrons with energies within the range of 2.5 - 5.6 GeV are deflected towards the
detectors producing signals on the scintillating screens and Cherenkov calorimeter. The
energy of the deflected positrons is obtained by imaging the screens and analyzing the
position where they hit the screens. The signal produced on the Cherenkov calorimeter
is compared against the calibrated values and correction factors can be applied to the
calibration curves.

A similar correction procedure on the calibration curve of the Cherenkov detectors
is performed in The FOR2783 experiment. However, in this case, the detector will be
calibrated using a thin back-converter target, e.g., Polytetrafluoroethylene (PTFE),
placed on the bremsstrahlung γ-ray path. As the γ-photons interact with the converter
target material, secondary pairs are produced via the Bethe-Heitler process. The pairs
propagate with the γ-ray beam on the same path as the signal pairs and are deflected
towards the single-particle detectors located inside a radiation bunker at CALA.
By adjusting the thickness of the PTFE converter foil, one can achieve single-pair
production by this method. The energy of the few particles is obtained by evaluating
the signal emitted from the scintillating screens, and it is compared against the signal
recorded at the calorimeter. By doing so, new correction factors can be calculated and
applied at the calibration curve in figure 3.8 b).

3.4. Characterization of the LYSO Crystals

Characterization of the LYSO crystal screens was also performed to determine the crys-
tal scintillation decay time and light yield. In the following sections, both calibrations
are presented.

3.4.1. LYSO Decay Time

Using a radioactive Sodium-22 as source of single event hits on the screens, the
scintillation light produced by these single events were recorded by photomutiplier
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tubes. A total of 1500 PMT traces were recorded and later a curve of the form

V = A

[︄
exp

(︄
−(t − t0)

τ

)︄
− exp

(︄
−(t − t0)

τp

)︄]︄
Θ(t − t0) (3.4)

was fitted on each captured trace. Here, the signal amplitude is given by A, the decay
time of the signal is represented by τ , τP stands for the signal rise time and t0 is time
shift of the signal in the argument of the step-function Θ(t) which determines where
the scintillation signal starts. A single captured trace from the PMT with a fitted
curve of the form given in equation (3.4) is presented as example in figure 3.9 a). In
addition, the temporal gating window of the screens imaging system and the arrival
time of the backscattered noise are also represented in the plot. From the figure, the
time window for capturing the LYSO scintillation light ends a few nanoseconds before
the arrival of the background noise and, therefore, the acquisition of the scintillation
photons without overlapping with the noise is achieved easily.

After analysing all captured traces, the histogram in figure 3.9 b) with all the decay
signals τ is plotted. Fitting a Gaussian distribution on the histogram, an average
decay time of 42.2 ns with full width at half maximum of 7.1 ns is obtained. Both
values are in agreement with measurements reported in the literature [119, 120].
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Figure 3.9.: Characterization of the decay time of the LYSO screens using a Sodium-22
as a single event radiation source. (a) Example of a trace captured by
the PMTs used to evaluate the decay time of the scintillation signal. The
gating window of the imaging system of the screens and the arrival time
of the backscattered noise are also plotted demonstrating that scintillation
photons can be captured without the influence of the background noise.
(b) Histogram distribution of the decay time after 1500 captured traces of
single events were analyzed. Performing a Gaussian fit on the distribution,
it is found an average decay time of 42.2 ns with FWHM of 7.1 ns is
calculated.
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3.4.2. LYSO Light Yield

The light yield of the LYSO screens was also characterized in the ELBE radiation
source. As shown in figure 3.10, the screens are placed in front of the accelerator exit
window and imaged by a Hamamatsu ORCA Flash4 camera attached to a macro lens
AF-S NiKKOR 28 mm f/1.4. A monoenergetic electron beam of 27 MeV and 5.6 pC
of charge irradiates the screens and the scintillation light captured by the imaging
system. In the post-processing of the captured images, only the data from the screen-1
were analyzed for estimating the light yield.

Figure 3.10.: Experimental setup built at the ELBE accelerator for characterizing the
light yield of the LYSO crystal screens. A 27 MeV monoenergetic electron
beam of 5.5 pC charge irradiates the LYSO screens which are imaged
by a highly-sensitive Hamamatsu ORCA Flash4 camera attached to a
macro lens of 28 mm focal lens and f/1.4. Only the images from the
screen-1 were analyzed for estimating the light yield.

A total of 500 events were captured for the calibration of the crystal light yield.
For each image, a region of interest (ROI) was selected and unwarped maintaining
the aspect ratio of the screen. An example of an image taken from the first screen is
shown in figure 3.11. After, the image counts of each pixel were converted into the
number of collected photons using the photon transfer curve of the camera provided
by the manufacturer. The absolute scintillation light efficiency of the crystal is then
calculated by integrating the number of photons in each pixel and dividing it by the
charge of the electron beam, collection solid angle, and transmission losses of the
imaging system. A detailed description of the method and the absolute light yield
calibration of different crystal screens also performed during the ELBE beamtime is
presented in detail in Appendix F.

The average calculated absolute light efficiency of the 500 captured images of the
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Figure 3.11.: Region of interest of the shot #45 of the LYSO crystal light yield
characterization. The scintillation light was captured by the ORCA
Flash4 camera with a macro lens of 28 mm focal lens and f/1.4.

LYSO crystal is about Yeff
LYSO = 9.08 × 1010 photons/sr/pC with standard deviation

of σYeff
LYSO

= 0.43 × 1010 photons/sr/pC. The evaluated light efficiency can also be
given in terms of the energy deposited by a single-particle in the crystal. For this
purpose, GEANT4 simulations were performed to estimate the amount of energy of a
single primary 27 MeV electron is transferred to secondary particles through ionization
(stopping power) and bremsstrahlung (radiative power) on the 4 mm LYSO crystal, see
figure 3.12 for the simulation results. About (ELYSO

dep, ioni ±σELYSO
dep, ioni

) = (1.98±1.41) MeV
are deposited due to the ionization process for later be transferred into scintillation
light and ELYSO

dep, brems = (11.34 ± 3.37) MeV is transformed into bremsstrahlung photons.
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Figure 3.12.: Simulated energy deposited by a single 27 MeV particle into a 4 mm
thick LYSO crystal. Approximately (1.98 ± 1.41) MeV are transferred to
secondaries that produce scintillation light, and (11.34 ± 3.37) MeV is
transferred into bremsstrahlung photons. The simulations were carried
out using GEANT4 for a total of 106 events.

The light yield is then calculated by converting the Yeff
LYSO into number of photons
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produced by a single-particle in a solid collection angle of 2π sr, and then dividing by
the deposited energy for ionization in the material,

YLYSO = 2π · Yeff
LYSO

ELYSO
dep, ioni

· 1.602 × 10−19

10−12 = 4.62 × 104 photons
MeV , (3.5)

where the factor (1.602 × 10−19/10−12) gives the electron charge in units of pC, and
2π is the solid collection angle of the scintillation photon transported to the imaging
system that is assumed to be connected directly at the rear of the crystals and capable
of detecting all light photons exiting that crystal surface without loss. The uncertainty
σYLYSO on the light yield of the LYSO screen YLYSO is calculated using error propagation
method as

σYLYSO = YLYSO ·

⎡⎣(︄σYeff
LYSO

Yeff
LYSO

)︄2

+
(︄

σELYSO
dep, ioni

ELYSO
dep, ioni

)︄2
⎤⎦1/2

= 4.62 × 104 ·

⎡⎣(︄0.43 × 1010

9.08 × 1010

)︄2

+
(︃1.41

1.98

)︃2
⎤⎦1/2

≈ 3.29 × 104 photons/MeV . (3.6)

3.5. Conclusions

This chapter introduced the single-particle detection systems designed for the Experiment-
320 at FACET-II and FOR2783 project at CALA that are successfully capable of
detecting single-particle hits. The proposed detection systems are composed of two pix-
elated LYSO screens providing high spatial resolution and particle tracking information,
and a Cherenkov calorimeter placed behind the second LYSO array.

Using the ELBE radiation source at the Helmholtz-Zentrum Dresden-Rossendorf, the
Cherenkov calorimeter was calibrated using the dark current of the ELBE accelerator.
Based on the calibration, about 537 photons are detectable for an incident 3 GeV
signal positron with a resolution of approximately 20%.

The pixelated LYSO screens, which are placed in front of the calorimeter, were
also characterized. The LYSO crystals presented a decay time of about 42.2 ns and
scintillation light efficiency of 9.08 × 1010 photons/sr/pC, which corresponds to about
46 photons emitted per keV deposited by the primary particle. The fast decay time of
the LYSO crystal is an important feature of the design of the tracking layers since it
allows performing temporal gating of the imaging system of the screens and neglects
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the noise created by the background radiation originating at regions such as beam
dumps.

To identify a positive event with a high confidence level of > 99%, it is required
that both scintillation screens of the detection system record an event above the
threshold that corresponds to a possible track of a signal particle, and the calorimeter
channel on the same track must also record an event. Consequently, false-positive
events are only possible if the calorimeter measures a sufficiently high signal above the
background. But, by constantly monitoring the background radiation on the detectors,
one can distinguish if the high signal is consistent with a signal particle or background
radiation.

In the next chapters, the upcoming SF-QED experiments and the expected sig-
nals on their respective single-particle detectors are discussed. Estimations on the
signal-to-noise ratio of the detectors are calculated based on Monte-Carlo simulations
demonstrating that single-particle detection above the noise from the background
radiation is possible.
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4. Experiment-320: Laser-Electron
Interaction in the Non-perturbative
Regime

Now that we understand how the nonlinear Breit-Wheeler pairs are created and a
single-particle detection system has been designed for detecting such signal particles
with a high confidence level, we introduce in this chapter the Experiment-320 (E-320)
at the Facility for Advanced Accelerator Experimental Test (FACET-II).

The E-320 is a two-step SF-QED experiment where electron bunches from the
FACET linear accelerator interact with a high-intensity laser beam. During the
electron-laser interaction, as the first step, high-energy photons are emitted due to the
nonlinear inverse Compton scattering process. These high-energy photons, while still
immersed in the strong laser field, are capable of producing pairs via the nonlinear
Breit-Wheeler mechanism as the second step.

To describe the Experiment-320 and predict the pair creation rate in addition to
the signal on the single-particle detectors with high fidelity, we start with a brief
description of the FACET-II linear accelerator and the high-power laser system used in
the experiment. Then, we present SF-QED simulations of the expected results from the
electron-laser interactions. Based on the results obtained from these simulations, Monte-
Carlo FLUKA simulations including the entire FACET-II beamline and structure to
estimate the background noise level at the single-particle detectors were performed.
By analyzing the Monte-Carlo simulations, the expected signal-to-noise ratio of the
designed Cherenkov calorimeter was calculated. The detection system is capable of
diagnosing single GeV-particles hits with a signal-to-noise ratio of SNRσ = 18 and
efficient rejection of background noise. The combination of the calorimeter signal with
the LYSO screens allows recording positron spectra with ∆E/E = 2% even for pair
production rates of ≪ 1 pair per shot.

It is important to remark that the E-320 is composed of collaborators from different
affiliations, and here is presented mainly the results obtained from the project for the
design of an efficient single-particle detector with a high signal-to-noise ratio. The
work performed by the collaborators and used on the detector design by the author is
properly assigned through the text. Moreover, the chapter contents presented here are
based on the work published by the author in Ref. [103].
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4.1. The FACET-II Facility

The Facility for Advanced Accelerator Experimental Test (FACET) is a linear accelera-
tor user facility located at the SLAC National Accelerator Laboratory (USA) [189] that
uses the mid-sector of 2 km of the old SLAC LINAC accelerator of 3.2 km. FACET
was first commissioned in 2012 to deliver 20 GeV electron bunches with a charge of
3 nC, but in 2016, the facility ended its operations for upgrades on its machinery and
for the construction of the upcoming free electron laser at SLAC, namely the Linac
Coherent Light Source II (LCLS-II).

After the upgrade, the facility (now known as FACET-II) will generate electron
and positron bunches with fs-duration and high-peaks on the order of 200 kA for use
in a variety of experiments such as plasma and dielectric wakefield acceleration and
strong-field QED [62, 190–194].

The linear accelerator starts with a photoinjector build in an off-axis injection lane
capable of generating electron bunches with up to 2 nC charge, bunch duration of
< 10 ps and emittance of less than 3 µm-rad. The electron bunches are later compressed
by three bunch compressors located along the accelerator beamline such that currents
up to 200 kA with energy of 13 GeV are achieved. For more specifications of the
FACET-II accelerator, please see Refs. [195, 196].

For the E-320 project, the accelerator will be operating in the single-bunch and
high-charge density mode where electron beams of 2 nC charge are accelerated to
13 GeV with energy spread of ∆E/E ≈ 0.1 %. The electron beams are expected to have
a root mean square (RMS) length of 250 µm with a Gaussian transverse profile of less
than σe < 30 µm and divergence of < 6 µrad. Such parameters are essential for the
realization of the E-320 experiment because they allow the electron bunches to complete
overlap the focused laser beam during electron-laser collisions and, consequently, to
maximize the production of pairs [62].

The high-intensity laser required for the SF-QED collisions is composed of a Vitara
oscillator, a Legend Elite regenerative amplifier, and two Thales SAGA pumps. The
laser schematic is shown in figure 4.1. After the last amplification and compression
stages, the FACET-II laser provides up to 20 TW of power with central wavelength at
800 nm, and pulse duration of τlaser ≈ 35 fs [195].
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Figure 4.1.: FACET-II experimental laser schematic. After the last amplification stage
and compression, the laser can provide up to 20 TW of power with central
wavelength at 800 nm and pulse duration of τlaser ≈ 35 fs. Figure obtained
from Ref. [197]. The transport beamline propagates the laser beam to the
tunnel where it is focused before the electron-laser interaction.

4.2. Electron-Laser Interaction Point

Now that the two main ingredients to produce pairs in the experiment were introduced:
electron beam from the FACET linear accelerator and the high-intensity laser, the
conditions for the collision between the electron bunch and the focused laser beam
can be explored. In the experiment-320, the laser beam has flat-top profile with
diameter of 40 mm and is focused by an off-axis parabola (OAP) of f-number ≈ 1.9
to an intensity of I = 1.3 × 1020 W cm−2, corresponding to an a0 ≈ 7.8. The focused
laser beam collides with the electron bunch inside a vacuum chamber at the position
named interaction point (IP) at an crossing angle of about 30° overlapping spatially
with approximately only 1 % of the electron beam [103]. With such electron beam and
laser parameters, a χe ≈ 1.5 is achieved. Hence, the E-320 is capable of probing pair
creation in the non-perturbative (tunneling) regime.

Figure 4.2 shows the arrangement of the optical components inside the vacuum
chamber where the IP is located. The components were developed and manufactured
by the thesis’ author together with colleagues from the E-320 collaboration. The laser
beam enters the vacuum chamber at the top left of the chamber and propagates until
the first off-axis parabolic mirror (OAP1) which focuses the beam at the interaction
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point. The electron beam generated by the FACET-II accelerator enters also from
the left side of the chamber and propagates downstream through the IP for colliding
with the focused laser. After the collision, the laser beam is recollimated by a second
parabola mirror (OAP2) to later be dumped inside the chamber. The laser beam
profile and pointing are monitored in real-time by near-, far-field, and interferometric
diagnostics. These laser diagnostics are an important tool to verify the position of the
focused laser beam and if the overlap with the electron beam remains correct during
the course of the experiment. In addition, to verify the quality and position of the
focus spot, an imaging system composed of a Mitutoyo microscope objective of 50×
magnification is installed at the E-320 setup.

Alignment targets
stage

OAP1
(focusing)OAP2

(collimating)

Common
baseplate for
E-320 setup

EOS: electron/
laser timing

Laser beam dump

NF/FF + 
interferometer
diagnostics

Incoming laser
(from compressor)

Microscope objective
(focal spot diagnostic)

Electron + Positron +
γ-ray beam diagnosticsElectron beam

Figure 4.2.: Experimental setup of the E-320. The collimated laser beam enters at the
top left side of the vacuum chamber and propagates until the first off-axis
parabolic mirror (OAP1) which focuses the beam at the interaction point.
The electron bunch also enters at the left side of the chamber, propagating
downstream towards the IP for the electron-laser interaction. After the
interaction, the laser beam is recollimated by a second parabolic mirror
(OAP2) and later dumped inside the chamber. The laser beam profile and
pointing are monitored in real-time by near-, far-field, and interferometric
diagnostics. Image of the experimental setup provided by Robert Ariniello
(CU Boulder).

The spatial overlap of the electron-laser beam is realized by imaging the focus spot
and the scintillation light produced by the passage of the electron beam through
a 5 µm-thick YAG:Ce screen placed at the focus position. The alignment of the
OAPs to each other is fine-tuned by imaging a 2 µm-diameter pinhole and a needle
with 5 µm-wide tip. The three alignment components, YAG:Ce screen, pinhole, and
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needle, are placed at the same alignment target holder that is fully motorized in XYZ
directions. Figure 4.3 shows the designed alignment target holder with the three
alignment components.

Figure 4.3.: Alignment target holder with the YAG:Ce screen for the spatial overlap of
the electron and laser beams, 5 µm-tip needle, and 2 µm diameter pinhole
for optical alignment of the focusing and re-collimating OAPs. Figure
(a) shows the front view of the holder with its dimensions in millimeters,
and (b) shows the exploded view of the holder with details on how the
components are mounted.

All the E-320 components required at the IP are placed over a common base plate
that offers motions in the x- and y-directions. The motion at the x-direction allows
retracting the entire E-320 setup clearing the electron beam path. On the other hand,
the vertical motion in the y-direction elevates the entire setup to match the laser and
electron beams’ heights. The common base plate helps to roughly spatially align the
electron beam with respect to the focused laser beam before a finer optimization is
performed using the mirrors and OAPs of the laser beam path.

4.3. Simulation Results from the Electron-laser
Interaction

In the previous section, the experimental setup of the interaction point of the E-320 was
introduced. The next step is to calculate the expected pair yield from the experiment.
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To this end, SF-QED Monte-Carlo simulations1 of the electron-laser collision were
performed to using the electron bunch and laser parameters2 previously presented.

Figure 4.4 shows the simulated electron bunch energy spectrum and divergence
after the electron-laser interaction. From the simulation results, one notices the
widening of the initial monoenergetic electron bunch with 13 GeV to the range between
1 - 13 GeV. The widening occurs due to the emission of high-energy photons by the
inverse nonlinear Compton scattering process previously introduced in section 2.2.4.
In addition to the energy spectrum widening, the divergence of the electron beam also
increases from < 6 µrad to about 25 µrad at full width at half maximum (FWHM) at
the direction of laser polarization which is consequence of the recoil of the electrons.

0 2 4 6 8 10 12 14
Energy (GeV)

100

102

104

106

108

Nu
m

be
r o

f e
le

ct
ro

ns

a)

-500 -250 0 250 500
x dispersion (µrad)

-50

-25

0

25

50

y 
di

sp
er

sio
n 

(µ
ra

d)

0.0
0.6
1.2
1.8
2.4
3.0
3.6
4.2
4.8
5.4

lo
g 1

0
(n

um
be

r o
f e

le
ct

ro
ns

)

b)

Figure 4.4.: Simulated electron bunch a) energy spectrum (10 MeV bin size) and b)
divergence after the interaction with the laser beam. The energy range
between 1 - 12.8 GeV (shown within the gray area) corresponds to the
energy spectrum used as input on the FLUKA Monte-Carlo simulations
presented in section 4.4 for estimating the background noise at the detec-
tors. The divergence of the electron bunch increases from < 6 µrad to
approximately 25 µrad at FWHM after the interaction. Figure taken from
Ref. [3].

The highly energetic photons emitted during the electron-laser collision have a
maximum energy of 12 GeV which is in agreement with the energy conservation law
since the maximum energy of the electron beam of 13 GeV limits the maximum photon
energy possible. Figure 4.5 shows the energy spectrum as well as the divergence of the
photon beam. Most of the photons have energy less than 2 GeV and low divergence.
In the x-direction, i.e., at the same direction of the laser light polarization, the photon
beam divergence is 134.35 µrad at FHWM. On the other hand, in the y-direction, the
FWHM divergence is three orders of magnitude smaller, about 0.64 µrad.

1Simulations were performed by our collaborator Matteo Tamburini (Max-Planck-Institut für
Kernphysik, Germany).

2The simulations parameters, which are based on the initial conceptual design phase of the experiment,
and the actual experiment parameters will most likely differ from the ones presented here.
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Figure 4.5.: a) Energy spectrum (10 MeV bin size) and b) divergence of the highly
energetic photon beam generated after the electron-laser collision. The
maximum energy reached by the photon beam is upper limited by the
energy of the initial monoenergetic 13 GeV of the incoming electron beam.
The divergence of the photon beam in the x-direction, i.e. same direction
of the laser polarization, is about 134.35 µrad at FHWM. On the other
hand, in the y-direction is much smaller, about 0.64 µrad. Figure taken
from Ref. [3].

While still immersed in the high density laser photon background, the γ-photons
emitted by the nonlinear inverse Compton scattering interact with the laser optical
photons and trigger the nonlinear Breit-Wheeler process generating pairs from the
quantum vacuum. According to the simulations, the positrons with energies between
1 - 9 GeV have higher probabilities to be created with an FWHM divergence in the
x-direction lower than 1 mrad. Note that the divergence in the y-direction is negligible
since it is perpendicular to the laser linear polarization. Figure 4.6 shows the simulated
positron spectrum and its divergence in the x-direction.

4.4. Expected Background Noise and Signal-to-Noise
Ratio

The next step in the Experiment-320 at FACET-II is to determine the sources of
background radiation that can influence the signal on the detectors which can give rise
to, for example, false positive events. To this end, we analyze the particle propagation
path downstream of the beamline towards the detectors and perform Monte-Carlo
simulations that help to identify the sources of background radiation by particles
striking mainly the vacuum pipes and supports of the beamline.
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Figure 4.6.: a) Energy spectrum (345 MeV bin size) and b) divergence of the positrons
created by the nonlinear Breit-Wheeler process due to the interaction
between the high energy γ-photons with the optical laser photons. The
detectable energy range by the proposed single-particle detectors between
2.5 - 5.6 GeV for the selected magnet kick of 87.2 MeV is represented by
the gray area on the plot. Details on the E-320 single-particle detection
system is given in section 4.4. Figure taken from Ref. [3].

4.4.1. Sources of Background Radiation at the Detectors

After the electron-laser interaction, the electron, positron, and photon beams propagate
through the FACET-II beamline until they reach a dipole magnet. At the dipole
magnet, the charged particles are deflected towards the detectors while the γ-photons
continue to travel in a straight path towards a beam dump. The low divergence of
the γ-ray beam allows the photons to propagate without any interaction with the
beamline walls over several hundreds of meters. Therefore, no background radiation on
the detectors originating from the photon beam hitting the beamline pipes is expected.

The dipole magnet has a nominal transverse kick of 87.2 MeV, which is equivalent
to a field strength of BL = 0.3 Tm. This setting allows deflecting positrons in the
range of 2.5 - 5.6 GeV towards the single-particle detectors which are placed about
3 meters from the magnet. The electrons are deflected within the range of 22 - 65 mrad
towards the electron diagnostics located in the electron detection chamber (EDC).
The high-energy electrons with 13 GeV that did not interact with the laser at the IP
continue to travel with a negligible deflection angle towards the beam dump and also
do not contribute to the background at the detectors. The setting of the magnet is
adjustable during the experiment, allowing to select the energy range in which particles
can be diagnosed. Figures 4.4 a) and 4.6 a) have the expected energy ranges that the
detectors are designed to diagnose indicated by a gray shaded area.

Figure 4.7 shows a slice of the FACET-II beamline with the position of the dipole
magnet, the single-particle detector for the few positrons, and the electron diagnostics.
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After the up-deflection of the positrons by the magnet, the particles propagate through
a large chamber named positron detection chamber (PDC) and exit it through an
aluminum vacuum exit window of 5 mm thickness before reaching the LYSO screens
and the Cherenkov calorimeter. As the particle propagates through the 5 mm thick
aluminum window, less than 5% of its energy is lost and, consequently, does not
significantly affect the signal at the detectors. The use of thinner exit windows to
have less energy loss by the propagating particle, for example, Kapton windows of
about 50 µm, were considered in the experiment. However, they can be easily damaged
becoming harmful to the vacuum system of the facility. The electrons are deflected
downwards and those in the range of 22 - 65 mrad are detected by a high-yield
scintillation lanex screen imaged by a high-resolution camera. Electrons deflected at
angles larger than 65 mrad strike the beamline supports and vacuum chamber floor
creating a source of background radiation that reaches the detectors and cannot be
neglected by using the temporal gating method.

LYSO
screen 1

LYSO
screen 2

Cherenkov
detectorDipole

magnet

Positron detection 
chamber (PDC)

Vacuum
pipe

Electron detection
chamber (EDC)

Positron deflection
2.5 GeV (35 mrad)

Electron deflection
4.0 GeV (22 mrad)

Gamma-axis

Figure 4.7.: Slice of the FACET-II beamline with the positioning of the single-particle
detection system. Positrons are deflected upwards (red trajectory indicates
a 2.5 GeV positron) propagating through the positron detection chamber
(PDC) before reaching the single-particle detection system. Electrons
are deflected downwards and are diagnosed in the electron detection
chamber (EDC) by a high-yield scintillation lanex screen imaged by a
high-resolution camera (blue trajectory corresponds to a 4.0 GeV electron).
The green trajectory represents the low divergence γ-beam. Figure taken
from Ref. [3].

About 8.6 meters downstream of the single-particle detectors, the photon beam and
the high-energy 13 GeV electrons are cooled down. The interaction of these particles
with the dump produces substantial secondary radiation backscattered towards the
detectors. The backscattered radiation is also highly energetic, so its suppression
is essential for avoiding false positive hits on the single-particle detectors, LYSO,
and Cherenkov calorimeter. The hits produced by these high-energy particles can
be neglected on the detectors by applying temporal gating on the detectors. The
large distance between the position of the detectors and the dump corresponds to
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a double-pass delay of 57 ns which is long enough to time gate the LYSO screens
(decay time of 42 ns) and the PMTs of the Cherenkov calorimeter. Therefore, the
only possible source of background noise on the single-particle detectors is upstream
radiation sources that propagate along with the main particle beam and secondary
radiation sources located very close to the detectors, such as chamber walls, which
arrive within the gating window.

To evaluate the background noise level at the single-particle detectors, FLUKA [198,
199] simulations were performed3 on the relevant part of the beamline that is shown
in figure 4.7. The simulated particle fluence around the detector region is shown in
figure 4.8. In the simulation, the electron spectrum presented in figure 4.4 is used as
input and only beamline components that contribute significantly to the background
noise on the detectors are included. Therefore, the backscattered noise originated at
the beam dump is intrinsically suppressed since it arrives on the detectors after the
temporal gating window. From the simulations, a shower of secondary particles is
created due to the interaction between the low energy electrons deflected at larger
angles > 65 mrad and the vacuum chamber floor and walls. Consequently, the shower
propagates towards the detectors and cannot be gated away from the signal due to
the short distance between their source and the diagnostics.

The calculations presented here are based on the nominal FACET-II design param-
eters. Imperfect beam transport or generation can lead to a co-propagating halo of
radiation resulting in higher backgrounds. See chapter 6 for preliminary data.

4.4.2. Signal-to-Noise Ratio at the Cherenkov Calorimeter
Detector

The FLUKA Monte-Carlo simulations also allow to estimate the particle spectrum of
the background radiation entering the Cherenkov calorimeter. Figure 4.9 plots the
background radiation energy spectrum at the Cherenkov calorimeter, and, as can be
seen, the noise is composed mainly by particles with energy lower than 25 MeV. Using
the calibration curve of the detector introduced in chapter 3, the particle spectrum
is converted into number of produced Cherenkov photons as provided figure 4.9 b).
Summing up all the photons, we find that a total of Nbg = 320 photons with variance
of σbg = 12 are produced in a calorimeter channel. Now, if we use the calibration
curve in figure 3.8 and calculate the number of photons produced for a single 3 GeV

3The Monte-Carlo FLUKA simulations were performed by our collaborators Niall Cavanagh and
Gianluca Sarri from the Queen’s University Belfast (QUB), but the interpretation of the data was
realized by the author of this thesis.
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Figure 4.8.: Monte-Carlo simulation of the expected particle fluence (gamma photons,
electrons and positrons) at the FACET-II tunnel region around the single-
particle detection system. Backscattered radiation from the beam dump
is neglected on the simulations since they arrive at the detectors outside
of the temporal gating window. Moreover, a shower of secondary particles,
considered as background noise, originated from the interaction between
the deflected electron beam with the chamber and vacuum pipe walls
propagates directly to the detectors. Figure taken from Ref. [3].

particle, which is the typical energy of an expected hit at the calorimeter, we obtain
Nsig = 537 photons. Hence, the signal-to-noise ratio (SNR) of the calorimeter for a
single-particle hit at a detection channel in terms of the averaged number of produced
photons is SNRp = Nsig/Nbg = 1.7. The SNRp > 1 indicates that single-particle hits
produces about three times more number of Cherenkov photons than the background
noise on the calorimeter.

An alternate definition of the SNR measurement SNRσ in terms of the ratio between
the signal and its variance <σ > can be introduced as

SNRσ = Nsig/ <σ > . (4.1)

This metric indicates how much it is expected the mean number of signal photons to
vary. A high SNRσ value means that the number of expected signal photons for an
particle hit do not vary within a large uncertainty range and individual particle hits
can be clearly separated from the background.

The variance of the 3 GeV signal of Nsig is given by <σsig >=
√︂

Nsig ≈ 23. Knowing
from the Monte-Carlo simulations that σbg = 12, the variance is calculated as <

σ >= (232 + 2 · 122)0.5 ≈ 29. And, finally, the alternate definition of the SNR
measurement is calculated as SNRσ = Nsig / < σ >= 537/29 ≈ 18. The value of
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Figure 4.9.: Energy spectrum of the background noise at a single Cherenkov calorimeter
channel: a) Background noise particle spectrum, majority of the noise
have energies under 25 MeV; b) Number of Cherenkov photons produced
per energy of incoming background particle, a total of 320 photons are
produced at the single Cherenkov calorimeter channel.

SNRσ ≫ 1 demonstrates that single-particle hits on the calorimeter detector can easily
be separated from the background.

4.4.3. LYSO Screens and Particle Spectra Measurements

From the previous section, the Cherenkov calorimeter exhibits a high signal-to-noise
ratio and therefore is capable of detecting single-particle hits in the E-320. The next
step is to estimate the signal expected from the LYSO scintillating screens and their
ability to diagnose single-particle events.

To diagnose the positrons spectra, the LYSO screens offers a higher spatial resolution
than the Cherenkov calorimeter of about 60 MeV at 3 GeV incident particle for the
nominal dipole magnet configurations. FLUKA Monte-Carlo simulations were also
performed4 to assess the energy deposited in both crystal screens by high-energy
positron propagating through the screens without considering the background noise.
The results of the simulations are shown in figure 4.10 and an exponential fit over the
simulation points is given.

A 3 GeV positron is expected to deposit about 5.5 MeV at the first scintillation
screen and 8.8 MeV at screen-2. The reason for a higher energy deposited at the second
LYSO screen is justified by analysing the energy distribution profile at both screens
for the single 3 GeV particle hit as given in figure 4.11. After the single-particle strike

4The FLUKA simulations of the energy deposited on each of the LYSO screens as well as the profile
of energy deposited by a single-particle and the background was performed by our collaborators
Niall Cavanagh and Gianluca Sarri from Queen’s University Belfast (QUB). And, again, the
interpretation of the data was realized by the thesis author.
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4.4. Expected Background Noise and Signal-to-Noise Ratio
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Figure 4.10.: FLUKA simulations of the energy deposited at each LYSO scintillating
screen per incoming single-particle. A shower of secondary particles at
the first screen is created towards the second screen increasing the energy
deposited on it. The typical uncertainty on the data points is on the
order of 3-5%.

a crystal at screen-1, a shower of secondary particles is created towards screen-2 and a
cluster of crystal pixels is observed, and a higher amount of total deposited energy at
the second screen.

The simulations of the energy deposited on each screen enable us to evaluated the
expected number of photons detected by the high-resolution low-noise cameras used to
capture the scintillation light of the crystals. At the first screen, the 5.5 MeV deposited
will produce about N1

scin ≈ 1.4 × 105 scintillation photons, however, only a fraction is
indeed detected by the proposed imaging system. According to the evaluation of the
imaging system of the LYSO screens presented in section 3.1.1, equation (3.1), the
number of detected photons of screen-1 N1

LYSO is calculated as

N1
LYSO = N1

scin · 6.1 × 10−3 · 103 · 1.6 × 10−3 · 0.4 ≈ 546 photons , (4.2)

for a collection efficiency of PCX condenser lens of CEPCX = 10−3, collection efficiency
of the ORCA-Flash camera of CEOrca = 1.6×10−3, quantum efficiency of QEOrcas ≈ 0.4
at 410 nm, and an image intensifier gain of Gint = 103. Therefore, one expects
about approximately 546 photons to be detected from the first LYSO screen. By
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b) LYSO screen 2
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Figure 4.11.: Simulation of a single 3 GeV particle hit on the LYSO screens at the
Experiment-320 without considering the background noise: a) LYSO
screen 1; b) LYSO screen 2. At the first crystal screen, about 5.5 MeV is
deposited in a single pixel at y = 9.4 cm. At screen-2, about 8.8 MeV
is deposited. The particle hits screen-2 at the pixel with y = 10.3 cm.
Note that the propagation angle of the particle can be estimated to be
28 mrad given the distance between the screens of 330 mm.
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4.5. Conclusions

applying the same calculation step for the second screen value of energy deposited,
the number of scintillation photons emitted is N2

scin ≈ 2.2 × 105 photons and about
N2

LYSO ≈ 858 photons are detected. The uncertainty of the number of detected photons
of each LYSO screen is determined by the collection and quantum counting efficiency
which are expected to be calibrated after FACET-II be commissioned in the upcoming
years.

Background rejection on the screens requires a valid event to follow a particle track
to within one pixel and threshold of 3σ of the expected signal level in each of the
three detectors, thus only above 99% of events are being considered and < 1% false
negatives hits are expected.

Background simulations on the LYSO screens to determine the noise level were also
performed. The background noise is shown in the profile of the screens presented in
figure 4.12. Most of the low energy deposited noise on both screens can be rejected
based on the energy threshold established. The hot pixels with energy deposited
> 6% shown on screen-1 can be neglected by analysing their tracked pixel and the
absence of cluster pixels with > 8.8 MeV deposited on screen-2. In addition, none of
the events shown on the screens meet the Cherenkov calorimeter threshold. Finally,
the measurement of false-positive events is only possible if the calorimeter measures a
sufficiently high signal above the background. However, the FLUKA simulations show
that the background noise consists of a shower of low-energy particles which allows
the combination of calorimeter reference and signal channels to prevent false-positive
events. Therefore, we expect to have zero false positive hits based on the inputs used
on the simulations, however, the real rate is yet to be quantified as soon as FACET-II
is commissioned and the number of hard background γ-photons is known.

4.5. Conclusions

In this chapter, the design of the Experiment-320 at FACET-II (SLAC) and the
implementation of the designed single-particle detection system were introduced. In
the E-320, the electron-positron pairs are created in a two-step interaction. First, as
the electron beam collides with the high-intense laser beam, high-energy photons are
emitted due to the nonlinear inverse Compton scattering. Then, while still immersed
in the strong background laser field, the γ-photons trigger the pair production via the
nonlinear Breit-Wheeler process.

The detection of the positrons created due to the interaction presents a real challenge
and a single-particle detection system with a signal-to-noise ratio above the unity is
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b) LYSO screen 2
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Figure 4.12.: FLUKA simulations of the energy deposited at the LYSO screens due
to the background noise at the detection region: a) LYSO screen 1; b)
LYSO screen number 2. Most of the background events, except the events
highlighted by a red circle on screen-1, can be rejected due to energy
deposited threshold per pixel on screen-1 or the absence of > 8 MeV pixel
cluster on screen-2. The highlighted pixel in the center of screen-1 and
area on screen-2 would be consistent with a > 1 GeV incident positron,
however, the calorimeter signal does not match a hit for a GeV-particle.
Hence, the hit can be rejected.
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4.5. Conclusions

required. Monte-Carlo FLUKA simulations were performed by the E-320 collaboration
to evaluate the expected performance of the detectors. From the simulations, the
background noise at the detectors originated from low-energy electrons striking the
vacuum chamber walls, and a shower of low-energy particles propagating directed
towards the detectors is generated. The short distance between the source of the
background radiation showers and the detector devices makes it difficult for these
background particles to be neglected by temporal gating the detectors since particles
arrive within the gating window. Differently, the background radiation originating
from the beam dump is easily rejected since they take about 57 ns to arrive at the
detectors after a signal particle hit.

Moreover, from the simulations, a signal-to-noise ratio of SNRσ > 18 is predicted
for the Cherenkov calorimeter in the Experiment-320. The high SNRσ indicates the
capability of the Cherenkov calorimeter in detecting single-particle events above the
background noise and its efficient rejection of the low energy background noise.

The LYSO screens performance is also studied, and a resolution of ∆E/E = 0.02 in
recording the positron spectra for the pair production rates of ≪ 1 pair per shot was
determined.
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5. Project FOR2783: Pair Production
in the Non-perturbative Regime

In contrast to the E-320, the FOR2783 experiment, which is part of the Research
Research Collaboration "Probing the Quantum Vacuum" [200], is an all-optical experi-
ment designed to probe electron-positron pairs created via the nonlinear Breit-Wheeler
process for the first time via purely photon and laser beam collisions.

The project FOR2783 is planned to investigate the nonlinear Breit-Wheeler pro-
cess at the ATLAS-3000 Petawatt laser system at the Centre for Advanced Laser
Applications (CALA) [100] through the collision of γ-photons and a high-intensity
laser beam, namely collider beam. In the experiment, electron bunches produced by
laser-wakefield acceleration (LWFA) [67, 85, 201] interacts with a converter foil to
produce bremsstrahlung high-energy γ-photons that collide with the high-intensity
laser beam at the interaction point (IP) of the experiment. Note that before the
IP, the primary electron beam is deflected outside the bremsstrahlung beam path to
guarantee a γ-photon and laser beam collision clean of any charged particle.

This chapter describes the setup and the design steps required to realize the first all-
optical nonlinear Breit-Wheeler experiment. We describe the generation of the primary
electron beam and the bremsstrahlung γ-beam created through the interaction of the
laser-accelerated electron beam and a converter foil. Then, we investigate the pair
production yield expected from the interaction of the γ-laser beams at the interaction
point. To improve the pair yield expected during the experiments, we analyse the
influence of the laser intensity in suppressing or enhancing the creation of the pairs.

To estimate the background radiation on the detectors, we perform GEANT4 Monte-
Carlo simulations with the complete layout of the experiment. And, by combining the
simulation results and the expected pair yield, the expected signal-to-noise ration on
the detectors is evaluated.

The contents of this chapter is based on the work published previously published by
the author in Ref. [3].

5.1. All-optical SF-QED Experiment Layout

All-optical experiments with lower laser intensities and electron beam charge than the
FOR2783 experiment have already been proposed to investigate SF-QED phenomena [3,
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5. Project FOR2783: Pair Production in the Non-perturbative Regime

24, 25, 68]. It was demonstrated that the key component for such type of experiments
is the magnet system which transports the pairs towards the detectors that are located
at a detection region with low background noise level. Another key feature important
for allo-optical experiment, such as the FOR2783, is the successful timing between the
γ-ray beam and the collider laser [202].

The schematic design of the FOR2783 experiment presented in figure 5.1 implements
such key components by following the basic layout of the Astra-Gemini SF-QED
experiments [24], but including additional improvements on the background radiation
level and on the single-particle detection system. As seen on the experimental schematic,
two laser beams are required: the LWFA driver and the collider lasers which are derived
from the ATLAS-3000 laser system at CALA. The ATLAS laser is a Titanium:Sapphire
(Ti:Sa) laser system with central wavelength at 800 nm capable of producing single
laser beams of 45 J of energy (from the the available 60 J) with a pulse duration of
τlaser = 30 fs, resulting in a total power of 1.5 PW. This single laser output is split into
the two required laser beams where the central part contains 9.5 J used on the tightly
focused collider laser beam for the SF-QED interactions, and in a ring-shaped beam
containing 30 J after losses that is weakly focused for driving the electron beams.

5.2. Generation of 2.5 GeV Electron Beams

The 30 J LWFA driver laser beam, which has a ring-shape with internal diameter
of 12.7 cm and external diameter of 28 cm, is focused by a f/40 parabolic mirror at
the LWFA target reaching powers capable of generating multi-GeV electron beam as
already discussed in previous publications [90, 203, 204]. First trial experiments at the
ATLAS laser have been performed with reduced laser energies of about 5 J using f/30
focusing mirrors with a 20 mm-long slit jet nozzle that produces a plateau electron
density of approximately 1018 cm−3. Applying a gas mixture of 96% hydrogen and 4%
nitrogen, electrons beams are commonly generated with peak energies of 1 GeV. A
typical spectrum of the this first trial is shown in figure 5.2 a). In this experiment,
ionization injection in the homogeneously doped gas jet of electrons is responsible
for the broad spectrum since the intensity of the driver laser beam was not sufficient
to reach self-truncated ionization injection and, therefore, the injection was over the
length of the jet [205]. Later, shock front injection [206] was implemented to trigger
localized injection events. First, a wire stretched across the nozzle induced a supersonic
gas flow which was originated by the hydrodynamic shock, however, again, a broad
spectrum was observed due to the fixed electron density step limited by the Mach
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5.2. Generation of 2.5 GeV Electron Beams

Figure 5.1.: Experimental layout of the FOR2783 experiment at the Centre for Ad-
vanced Laser Applications (CALA). Two laser beams are required for the
experiment. The ‘LWFA-laser’ beam is responsible for accelerating mo-
noenergetic electron beams that will interact with a converter target and
generate bremsstrahlung gamma photons. The electron beam is deflected
outside of the main experimental axis while the γ-beam interacts with a
second tightly focus (F/2) ‘collider’ laser beam. The γ-photon and laser
interaction triggers the creation of electron-positron pairs via nonlinear
Breit-Wheeler process. The γ-photons and the created pairs co-propagate
towards the detectors where a beam dump for the high-energy photons is
placed. A system composed of dipole magnets guides the particles to the
single-particle detectors.

number of the nozzle. The wire-generated electron spectrum is shown in figure 5.2 b).
Finally, an optically-triggered shock [207–209] was tested, and a narrow-band spectrum
was observed (figure 5.2 c). The optically-triggered shock injection method allows the
transfer of most of the plasma wave energy to the electron beam and a narrow-band
high-energy spectrum is achieved with matched charge density.

The energy of the observed electron beams approximately follows the theoretical
formula for matched acceleration in the bubble regime where the peak energy gain is
given by [86]

∆Emax [GeV] ≈ 1.7 · (P [100 TW])1/3 · (ne [1018/cm3])−2/3 · (λ [800 nm])−4/3 . (5.1)

At the design point of the FOR2783 experiment, the maximum power achieved
by the LWFA laser driver (energy of 30 J, pulse duration of 30 fs and wavelength of
λ = 800 nm) is about 1 PW. Hence, using equation (5.1), the maximum energy gain
experienced by an electron bunch is expected to be ∆Emax ≈ 3.6 GeV, for a matched
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Figure 5.2.: Electron spectra for different injection methods after first LWFA trials at
the ATLAS-3000 laser at CALA: a) broad spectrum due to the continuous
ionization injection, charge 28 pC above 1 GeV. b) Broad spectrum
produced by a wire-generated shock through shock-front injection method,
charge 21 pC above 1 GeV. c) Narrow-band and high-energy spectrum
produced by optically-triggered shock-front injection, charge 24 pC above
1 GeV. The beam divergence in all experiments is on the order of ≈
0.5 mrad. Figure provided by our collaborators at CALA, Katinka von
Grafenstein and Prof. Dr. Stefan Karsch.

plasma density of ne < 1018 cm−3. Electron beam energy of 2.5 GeV can be achieved
by varying the plasma density and the energy of the LWFA laser beam.

After generating the 2.5 GeV monoenergetic electron beam, the LWFA laser beam is
reflected out of the beam axis, for example, by a tape drive, while the electrons continue
their propagation. The reflection of the LWFA beam by the tape drive is important to
avoid ablating and damaging the bremsstrahlung target. As the electron continues its
propagation, it meets a bremsstrahlung converter target where high-energy γ-photons
are produced. These high-energy photons are essential for triggering the nonlinear
Breit-Wheeler pair creation processes by colliding them with the collider laser beam.

As seen in chapter 2, the bremsstrahlung radiation is composed of many 10’s to 100’s
MeV photons that are incapable of triggering pair creation due to their low energy,
however, they can still be detected by the designed Cherenkov calorimeter either by
direct photons hits on the detectors or by generating secondary particles inside the
calorimeter detection channel. Hence, the signal produced by these MeV-photons
represents an inherent background radiation in this type of experiment that should be
mitigated as much as possible.

A critical part of the experiment is to optimize the target length to obtain a high
γ-photon yield with photon energies Eγ > 0.9E which is capable of triggering the pair
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production process, where E is the energy of the primary LWFA electron beam, while
not significantly reducing the signal-to-noise ratio on the detectors by the few-MeV
photons inherently produced in the bremsstrahlung process.

5.3. Bremsstrahlung Conversion

The converter target is selected to be a high-Z material which allows achieving high
bremsstrahlung conversion efficiency. In the FOR2783 experiment, Tungsten (W,
XW

0 = 3.5 mm) was chosen due to its high radiation stopping power and yield as
already discussed in section 2.1.1 and in figure 2.1.

Monte-Carlo GEANT4 [108–110] simulations were performed for an incoming 10 pC
collimated electron beam of E = 2.5 GeV passing through tungsten foils of different
thicknesses (50 µm, 350 µm, 1 mm and 2.5 mm). In figure 5.3 a) the evolution of
the bremsstrahlung spectrum is shown for the different target thicknesses L. The
simulation results show that for energies above Eγ > 2.25 GeV, i.e., Eγ > 0.9E , a
softening of the spectrum is observed as the length of the target increases due to
the electron energy losses and multiple scatterings inside the material. In addition,
negligible yield increase is observed above 1 mm thickness.

As the target length increases and multiple scatterings inside the target start to
become significant, the full width at half maximum of the angular distribution (FWHM)
of the γ-photons also becomes larger as shown in figure 5.3 b). The increase on the
FWHM of the angular distribution of the γ-ray leads to a bremsstrahlung beam less
collimated, and a reduced photon flux at the interaction point (IP). The photon flux
of the hard-photons between 2.2 - 2.5 GeV at the IP is presented in figure 5.3 c) for
different target thicknesses. The γ-flux saturates for lengths of L < 0.4X0 due to
the increase of the divergence and spectrum softening as the target becomes thicker.
The simulated γ-flux distribution for the hard-photons between the energy range of
2.2 - 2.5 GeV for different converter target thicknesses is shown in figure 5.4 with the
increased divergence and the stochastic nature of the photon distribution.

From the simulation results presented in figures 5.3 and 5.4, the optimum tungsten
target thickness is found to be L < 1 mm due to the high yield of photon of energies
above Eγ > 2.2 GeV without saturation of the photon-flux.
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Figure 5.3.: GEANT4 simulations of a collimated electron beam of energy 2.5 GeV
and 10 pC charge interacting with a tungsten converter target. (a)
Bremsstrahlung spectrum, (b) angular distribution of the Bremsstrahlung
γ-ray for different tungsten converter target thickness (50 µm, 1.0 mm,
350 µm, 2.0 mm). As the converter target thickness increases, the yield of
γ-photons also increases and the full width at half maximum (FWHM) of
the angular distribution enlarges due to the multiple scattering inside the
target. (c) γ-photon flux for different target thicknesses at the focal plane
of the collider laser for hard-photons of energies between 2.2 - 2.5 GeV
within the 100 µrad of the bremsstrahlung emission cone. Saturation of
the photon flux is observed as the target thickness increases.

5.4. Photon-Photon Interaction and Optimal Laser
Intensity

After the generation of the γ-ray photons, both, electrons and photons, co-propagates
through a Tantalum collimator which shapes the γ-beam profile to match the entrance
of gamma-ray beam dump located downstream close to the detectors. Hence, the
collimator is designed to have a 10 cm length and inner radius of 1 mm (10 mm outer
radius). At the end of the Tantalum collimator, a permanent dipole magnet (magnet
1) of length 60 cm and field strength of approximately BL ≈ 0.32 T m is placed. The
dipole magnet cleans the now shaped bremsstrahlung γ-ray of any charged particle
by deflecting the primary electrons downwards towards a set of Lanex scintillating
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Figure 5.4.: GEANT4 Simulated flux of the γ-photons with energies within the spectral
range of 2.2 - 2.5 GeV as a function of the tungsten converter target
thickness: (a) 50 µm, (b) 350 µm, (c) 1000 µm. In the simulations, it was
considered as input a collimated electron beam with energy of 2.5 GeV and
10 pC of charge. The increased yield for thicker targets is primarily radiated
into larger angles and only increase peak flux slowly. The interaction laser
only subtends a focal spot area of ≈ 2.0 µm2 – much smaller than γ-spot
size. The peak flux of the gamma-beam in the considered spectral range is
1.7 photons/µm2 for a 50 µm thick target, 9.0 photons/µm2 for a 350 µm
thick target, and 16 photons/µm2 for a 1000 µm thick target.

screens used for diagnosing their energy spectrum and charge. At about the rear
of the dipole magnet it is located the interaction point (IP). Now, the next natural
step is to determine the optimal collider laser intensity required to reach the highest
pair-creation probability rate.

5.4.1. Optimal Collider Laser Intensity

At high laser intensities, the pair production probability rate given in equation (2.28)
approximately scales as P ∝ Iq, with q considered as an effective non-linearity parameter.
In figure 5.5 is shown the logarithmic derivative of the pair production yield q =
d(log P)/d(log I), i.e., the effective parameter q which represents approximately the
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slope of the curves already presented in figure 2.15 a). In the exponentially suppressed
regime, characterized by q > 1, the pair yield Npairs increases rapidly with the increase
of the collider laser intensity. As the laser intensity I increases, the parameter q reduces
significantly, and the pair production probability per cycle starts to exceed 10% per
incoming γ-photon requiring depletion of the γ-photon to be taken into account. As
soon as the parameter reaches values of q < 1, the pair yield Nγ as Npairs ∝ NγP
increases sub-linearly by raising the collider laser intensity. Hence, for this regime of a
parameter q < 1, a larger laser spot area, which leads to a higher number of γ-photon
flux, is more favorable to improve the pair production yield rather than increasing of
laser intensity.
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Figure 5.5.: Logarithmic derivative of the pair production yield, slope of the curves
in figure 2.15 a). The ideal laser intensity is found to be in the range
between 0.5 . . . 3 × 1022 W cm−2 for the accessible electron-beam energy
range of 1 . . . 3.6 GeV at the FOR2783 experiment for a constant density
of γ-rays in a spot size much larger than the laser spot size. The design
point of the experiment is chosen to be 2.5 GeV electron beam energy, and
a collider laser peak intensity close to 1022 W/cm2 leading to an effective
parameter q ≈ 1.

For the FOR2783 experimental parameters, the optimal collider laser intensity is
determined by the effective parameter q under the assumptions of a fixed high laser
power, large γ-ray spot area Aγ > Alaser in which the number of γ-photons scales
linearly with the laser area Nγ ∝ Alaser while the intensity decreases as I ∝ A−1

laser. Hence,
the ideal laser intensity is found to be in the range between 0.5 . . . 3 × 1022 W cm−2

for the accessible electron-beam energy range of 1 . . . 3 GeV. The design point of
the experiment is chosen to be: 2.5 GeV electron beam energy which, as previously
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discussed, is accessible at CALA with the LWFA laser beam (energy of 30 J, pulse
duration of 30 fs and wavelength of λ = 800 nm) to produce high-energy γ-photons
via bremsstrahlung capable of triggering the nonlinear Breit-Wheeler pair creation
process using a collider laser peak intensity close to 1022 W/cm2. The choice of such
parameters leads to an effective parameter q ≈ 1. The collision angle1 between the
γ-photons and the collider laser beam is set to 162◦ which, as seen in figure 2.15 b),
does not reduce significantly the par yield.

At the chosen design point, the pair yield is maximized by increasing the number of
high-energy γ-photons at the interaction point. To this end, the distance D between
the bremsstrahlung photons and interaction point (IP), as seen in figure 5.1, should
be minimized to improve the γ-photon flux at the IP, and therefore promote more
photons-laser collisions. In the FOR2783 experiment, the distance D is chosen to be
600 mm leading to an expected γ-beam spot of wγ ≈ 300 µm. The distance D is limited
by the dimension of dipole magnet (magnet 1) placed in between the bremsstrahlung
converter target and the IP. The length of the dipole magnet of 600 mm is the minimum
length required to deflect the 2.5 GeV electron beam outside the IP allowing only
photon-laser collisions and still having the electron beam be dumped inside the target
area without creating radiation background at the location at the detectors.

To match the collider laser intensity, an f/2 off-axis parabolic mirror focus the beam
in an Airy-shaped focus with diameter of the first minimum at q1 = 2.44·f/#·λ ≈ 4 µm
and an Airy FWHM diameter of FWHMAiry = 1.03 ·f/# ·λ = 1.65 µm. Approximating
the Airy focus to a Gaussian distribution, an effective waist of w0 = 1.4 µm and FWHM
diameter of 1.6 µm are obtained. The large γ-ray spot area in comparison with the
spot area of the focused laser makes the spatial overlap between them uncritical and
easily achievable using a YAG:Ce scintillation signal.

The temporal overlap, namely the timing between the γ-photons and the laser
beam, is also monitored interferometrically. To achieve the overlap of the high-energy
photons with the collider laser beam, the use the temporal overlap between the LWFA
and the collider as a baseline and compensate later the electron bunch delay inside
the LWFA bubble and its duration. Hence, at first, the time-of-arrival (TOA) of the
beams at the IP position of the LWFA and collider laser beams is measured using
a photodiode. The diode signal allows to roughly estimate the position of the delay
stage where the propagation distances of the light beams are matched, however, the
precision of this measurement is limited by the response of the photodiode which

1Head-on collisions with holed parabolic mirrors were considered, however, they present a source of
background noise indistinguishable from the nonlinear BW pairs generated at the border or inside
the OAP hole.
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corresponds to an uncertainty on the overlap of about a few 100’s of femtoseconds.
Then, interferometry between the beams is implemented for narrowing down the
overlap precision to a few 10’s of femtoseconds. An example of how to achieve spatial
and temporal overlaps between laser beams derived from the same light source is
shown in Appendix E. The example introduces the same technique planned to perform
the spatial and temporal overlap of the LWFA and collider beams of the FOR2783
experiment. Finally, the time difference between the LWFA driver pulse and the
electron beams is easily compensated using a delay stage knowing that the electron
bunches are a few-fs behind the LWFA driver laser pulse and have a duration of also
few-femtoseconds. The timing accuracy ∆τ is determined by the Rayleigh range of
the collider laser beam with ∆τ < πw2

0/(c λ) ≈ 30 fs which is well within the stability
of the system.

5.4.2. Expected Pair Yield and Spectrum

After defining the γ-photon flux at the interaction point and the optimal laser intensity,
the expected pair yield Npairs for the FOR2783 experiment can be evaluated as

Npairs = Φgamma · Alaser · θdiv · Ncycles · P , (5.2)

where Φgamma is the γ-photon flux from figure 5.3 for different target thicknesses and
a collimated 10 pC electron beam, Alaser is area of the collider laser focal spot, Ncycles

is the number of laser cycles and P is the average pair production per laser cycle. The
parameter θdiv represents the divergence loss of the bremstrahlung photon flux which
in our setup is dominated by the electron beam divergence θe of about 0.5 mrad. The
divergence loss constant is evaluated as θdiv = θ2

γ/(θ2
γ + θ2

e). In the limit of thin targets,
the divergence of bremsstrahlung gamma photons is determined by the Lorentz-factor
γe ≈ 5000 of the primary electron beam such that θγ = 1/γe = 0.2 mrad. Hence, the
divergence loss parameter evaluates to θdiv = θ2

γ/(θ2
γ + θ2

e) ≈ 0.14.
The expected pair yield for a laser repetition rate of 0.1 Hz and different converter

target thicknesses is shown in figure 5.6.
Based on our design point, primary LWFA electron beam of energy E = 2.5 GeV with

divergence θe = 0.5 mrad, collider laser intensity of I = 9.5 × 1021 W cm−2, converter
target thickness of 50 µm, and a charge of 10 pC of primary electrons, we can achieve
a maximum pair production rate of 0.22 pairs per laser shot which corresponds to
about 80 pairs per hour. Higher yields on the order of ≫ 1000 pairs/hour are possible
with thicker targets and higher primary electron bunch charges which could realistic
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Figure 5.6.: Pair yield rate per hour for different intensities (at constant laser spot size)
and converter thickness based on the following parameters: λ = 800 nm,
w0 ≈ 2 µm, pulse duration of 30 fs, monoenergetic LWFA electron beam
energy with 2.5 GeV and 0.5 mrad FWHM divergence angle. The optimal
experiment pair rate, based on our design point of I = 9.5 × 1021 W cm−2

and target thickness of 50 µm is 80 pairs/10 pC/h.

reach up to 100 pC per laser shot.

The evaluated pair yield assumes a constant laser spot size and γ-ray divergence
of approximately 0.5 mrad which is predominately set by the LWFA beam. For the
FOR2783 experimental conditions, the pair yield can be reduced by increasing the
collider laser spot size which decreases the laser intensity, or improved by reducing
the divergence of the γ-ray which increases the γ-photon flux at the IP. To decrease
the divergence of the γ-ray beam, and, consequently, increase its flux, one should
reduce the divergence of the multi-GeV electron bunch. Therefore, by adding a
collimating lens after the LWFA target, the divergence of the γ-ray would be reduced
to ≈ 1/γ = 0.2 mrad (with negligible electron beam divergence) leading to an increase
of approximately 7× of the γ-photon flux and the pair yield.

The expected pair spectra are also investigated and important for the construction
of the single-particle detectors. For a monoenergetic γ-ray beam of ωγ = 2.5 GeV, the
pair spectra, as seen in figure 5.7 a), is symmetrical and centered at ωγ/2 as expected
from the kinematics of the particle collision. For our experimental parameters, the
γ-beam is broadband due to the nature of the bremsstrahlung process with the highest
number of photons at low energies. Hence, for our experimental conditions, the pair
spectra are determined by the γ-beam spectrum as shown in figure 5.7 b) which is an
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asymmetrical pair spectra shifted towards lower energies.
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Figure 5.7.: Normalized spectra of produced pairs for different values of the normalized
vector potential: a0 = 30, a0 = 50, and a0 = 66.62: (a) a monoener-
getic γ-ray with energy of ωγ = 2.5 GeV produces a symmetrical pair
spectra centered at ωγ/2, and (b) for our experimental design point, the
bremsstrahlung spectrum expected from a 50 µm thick converter foil broad-
ens and shifts the pair spectra towards lower energies.

5.5. Single Pair Detection and Background Level

After the pairs are created at the interaction point through the collision of the few
high-energy γ-photons and the laser beam, they co-propagate with the remaining γ-ray
through a second collimator that shapes the gamma-beam profile again and a 10 cm
diameter tunnel inside a 5.6 m shielding wall that separates the ATLAS laser target
area and the detection bunker region as shown in figure 5.8. Inside the bunker region,
a combination of separator and collimator magnets deflect and re-collimate the leptons
towards the single-particle detectors while the γ-ray continues in a straight path
towards a gamma-beam dump placed about 1 m behind the detectors. The designed
arrangement of the separator and collimator magnets allows diagnosing particles in the
range of 300 MeV to 1.3 GeV where the highest pair production probability is obtained
as seen in figure 5.7 b). The timing between a single-particle hit on the detectors and a
backscattered noise from the beam dump corresponds to about 7 ns which is sufficient
for gating the calorimeter photomultiplier tubes and the LYSO imaging system.

The detection system used in the FOR2783 experiment was previously introduced
in chapter 3. In this experiment, coincidence measurements between electrons and
positrons are possible since the magnet system separates the pairs and transports
them to two different sets of detectors - one for each type of charged particle.
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Figure 5.8.: Detection bunker installed at CALA behind a 5.6 m radiation shielding
wall of concrete. The bunker is connected to the CALA target area by a
10 cm diameter tunnel.

For the entire pair rate considered at the experiment, we expect only single pairs
being produced during the photon-laser collisions. Consequently, the pairs are recorded
as single events and the signal of no more than one single-particle per detector element
in both LYSO screens and the Cherenkov calorimeter is expected. Therefore, the
signal does not depend on the converter target thickness or beam charge since a
Breit-Wheeler signal event on the detectors is well defined.

The challenge in detecting the single signal events is the reject the shower of 10’s of
MeV background radiation on the detectors that can significantly reduce the signal-to-
noise ratio. To prevent significant background radiation on the detectors, the CALA
facility offers a 5.6 m long radiation shield wall that allows separating the background
radiation generated inside the target area, where the IP and the primary electron
dump are located and the detection region where orders of magnitude lower radiation
levels are found. To estimate the background radiation level inside the CALA target
area and the detection bunker, GEANT4 Monte-Carlo simulations with the complete
experimental geometry as shown in figure 5.10 were performed. Note that a numerical
absorber is used to emulate temporal gating and avoid backscattered background from
the gamma-beam dump inside the radiation bunker.

The simulations indicate that only a small number of events are recorded by the
Cherenkov calorimeter for a 50 µm tungsten converter foil on both simulated cases in
which the temporal gating of the detectors is enabled or not. The recorded particle
spectra of the background noise in a single calorimeter channel are shown in figure 5.11.
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Figure 5.9.: Top view of the arrangement of the components inside the CALA bunker
with distances between components. The distance between the Cherenkov
calorimeter and the gamma-beam dump is about 1 m, which corresponds
to a particle double pass from the Cherenkov calorimeter of about 7 ns
which is sufficient for gating the devices and neglecting the background
noise. Blue trajectories are the electrons and red trajectories represent the
positrons. The detection system is designed to diagnose particles in the
range of 300 MeV to 1.3 GeV where the highest pair production probability
is obtained.

When temporal gating is not present, the number of noise particles is higher than the
situation when gating is applied and noise particles originating from the gamma-beam
dump are neglected.

To guard against any unknown source of background and to quantify probabilities
of false-positive hits, measurements of the background noise radiation level inside the
bunker are planned before the data set collection at the experiment.

According to the simulations, the background radiation on the detectors is mainly
composed of few γ-photons of energy less than 15 MeV originated at the γ-beam
dump that are backscattered towards the devices. The background radiation scales
linearly with the primary LWFA beam charge and the thickness of the converter target.
This is understood by considering the bremsstrahlung yield as previously presented.
The overall bremsstrahlung yield increases linearly with converter target thickness
for the range of interest of the experiment while the number of high-energy photons
saturates above 2.2 GeV for small converter target thickness values of L < 0.5X0.
As the yield increases with the thickening of the target, the number of background
photons backscattered striking the detectors also increases. Due to this reason, we
find that a converter target with L ≪ X0 is ideal for the FOR2783 experiment, since
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Figure 5.10.: Monte-Carlo simulations of the average γ-photon fluence at the target
area and detector region at CALA. (a) shows the photon flux across
the entire target area as well in the detection region, and (b) presents a
detailed view inside the detection region. The photon fluence is average
over 104 primary events where each event corresponds to a shot of
a collimated electron with an energy of 2.5 GeV onto the tungsten
converter target of 50 µm thickness. A numerical absorber is included
in the simulations to represent the temporal gating of the detectors and
mitigate all backscattered noise from the gamma-beam dump.

few hard γ-photons with energy above 2.2 GeV required for triggering the SF-QED
interactions are produced, and a lower number of MeV-photons, which only contributes
for generating background radiation inside the bunker, are cooled down at the γ-beam
dump. Hence, a tungsten foil of 50 µm thickness is chosen as the design point and it is
proven ideal for reduced background level on the detectors and significant pair yield
as demonstrated by the simulations previously presented.

Finally, using the simulations results given in figure 5.11 b), the signal-to-noise
ratio on the Cherenkov calorimeter can be evaluated. According to the simulation,
the number of Cherenkov photons detected by the calorimeter produced due to
background radiation entering the detector is Nbg ≈ 6 photons with uncertainty
of σbg =

√︂
Nbg ≈ 2.45 photons. Assuming that a signal lepton2 of 500 MeV hits

2A signal lepton pair of 500 MeV has a high probability of being created according to the pair
creation spectrum presented in figure 5.7 b).
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Figure 5.11.: Simulated background noise at a single Cherenkov calorimeter channel
(a) without employing temporal gating and (b) using temporal gating.
The backscattered noise originated at the beam dump is mitigated when
temporal gating is applied on the detectors and the only noise on the
detectors is forward particle noise from interactions upstream. The Monte-
Carlo simulations were conducted using GEANT4 with a collimated
primary monoenergetic 2.5 GeV electron beam with a charge of 10 pC
interacting with a 50 µm tungsten converter target.

the Cherenkov detector, about Nsig = 83 Cherenkov photons are detected by the
calorimeter with uncertainty of <σsig >=

√︂
Nsig ≈ 9. Thus, the signal-to-noise ratio

SNRp is given by SNRp = Nsig/Nbg = 83/6 ≈ 13.8. And, the alternate SNR definition
SNRσ = Nsig / < σ >= 83/9.6 ≈ 8.6, where < σ >= (< σsig >2 +2 · σ2

bg)0.5 ≈ 9.6.
On the other hand, an SNR < 1 is possible if thicker targets are considered due to
its background noise level increase as the bremsstrahlung yield is higher as well but
insignificant gains in the pair yield.

The response of the LYSO screens on the experiment can also be evaluated using
equation (3.3). The screens are imaged by 4Picos placed 870 mm away from the
crystal arrays and the cameras are attached to a f/1.4, 28 mm focal length lens
with transmission efficiency of about Tlens ≈ 19% at the LYSO peak wavelength.
Hence, the light collection angle is Ω = (π · 202)/(8702) = 1.66 × 10−3 sr, where
(π · 202) is the input area of the lens. Using the the calibration values of the screens
introduced in section 3.4 where an absolute light efficiency of the LYSO screens of
(9.08 ± 0.43) × 1010 photons/sr/pC is given, the number of detected photons by the
4Picos CCD sensor is

Nph, det = 9.08 × 1010 · 1.66 × 10−3 · 1.602 × 10−19

10−12 · Tlens = 4.58 photons (5.3)

with uncertainty of 0.21 photons calculated following the same method above.
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According to the calibration of the 4Picos cameras, please see Appendix D, the
number of photons per CCD counts at an average MCP gain of 1.35 kV is about
0.00259 photons/count which corresponds to about 386 counts/photon. Hence, the
4 photons expected to reach the CCD sensor of the camera will produce a signal of
4 · 386 = 1544 counts which is well above background level and easily distinguishable.
Note that higher count signals are also possible by increasing the ICCD gain voltage
of the camera. To avoid any unknown signal and non-linearity, calibration of the
LYSO screens using back-converter foils to produce lepton pairs is planned during the
FOR2783 beamtime.

5.6. Conclusions

This chapter presents a fully-evaluated all-optical setup to probe the nonlinear Breit-
Wheeler process via γ-laser interactions for the first time. Background radiation
is inherently generated for this type of experiment presenting a challenge to the
experimental design that has been addressed and successfully solved in the design
of the experiment. For this reason, GEANT4 Monte-Carlo simulations of the full
experimental geometry were performed to optimize the background radiation levels
at the detection region built inside the radiation bunker of CALA. According to
the simulations, the background scales proportionally with the few-MeV γ-photons
generated via bremsstrahlung that are dumped inside the radiation bunker and do not
contribute for triggering the pair production process, while the yield of hard photons
above 2.2 GeV required for the SF-QED interactions does not increase significantly.
Therefore, maximizing the signal-to-noise ratio at detectable signal rates by minimizing
the radiation background is an important requirement rather than maximizing the
signal rate itself.

To minimize the radiation background, the simulations shows that the trade-off
between signal rate and SNR is, counterintuitively, optimized for thin bremsstrahlung
converter target with thickness much less than the radiation length of the converter
material (L ≪ X0) for a moderate primary electron charge of 10 pC. Thus, a tungsten
converter target of 50 µm thickness was chosen for the experiment.

Optimization of the collider laser intensity is also another major requirement of the
experiment since the pair production rate scales exponentially with the laser intensity
P ∝ Iq at high laser intensities. On the FOR2783 experiment, due to the high laser
intensities, the parameter q < 1 and the pair yield increase sub-linearly indicating that
larger laser focal spot areas have more influence on the increase of pair yield than the
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laser intensity itself. Hence, the ideal laser intensity of the experiment is found to be
approximately I = 9.5 × 1021 W/cm2 assuming an primary electron beam of 2.5 GeV,
10 pC of charge and divergence of θe ≈ 0.5 mrad.

Finally, a SNR > 10 is possible for the chosen design point of the experiment,
and pair yields of 0.22 pairs per laser shot, i.e., about 80 pairs per hour at laser
repetition rate of 0.1 Hz, are achievable at the ATLAS-3000 laser system at CALA.
The increase of the pair yield is possible by introducing thicker converter targets but
still maintaining a controlled background noise level, or by inserting a plasma-lens stage
after the LWFA target to focus the primary electron beam to reduce the divergence
of the bremsstrahlung-ray and increase the number of high-energy γ-photons at the
interaction point.
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6. Discussions and Outlook
Electron-positron pair creation via quantum-vacuum fluctuation is one of the most
puzzling and fascinating theory that remain untested in the laboratory. With the advent
of high-power lasers, SF-QED process became accessible, and upcoming experiments,
such as the E-320 at FACET-II (SLAC) and FOR2783 at the Centre for Advanced Laser
Applications (CALA) projects, aim to experimentally investigate the pair-production
phenomenon.

The challenge of the SF-QED experiments is the detection of a single particle
above the noise produced by the background radiation composed of many x-rays and
low-energy γ-photons generated by the beam dumps placed close to the detectors. To
overcome this issue, this thesis presents the design and calibration of a single-particle
detector capable of successfully diagnosing single particles with a signal-to-noise ratio
of above 10.

A summary of the calibration of the designed detection system and the performance
expected for the SF-QED experiments is given in the next sections. Moreover, research
opportunities for SF-QED and areas beyond the scope of SF-QED are discussed.

6.1. Single-Particle Detection System

The single particle detector designed and calibrated in this work demonstrated that
single particle diagnosis is possible in the upcoming SF-QED experiments. The
challenge of this type of experiment is to reduce the background noise level on the
detectors through clever radiation shielding geometries and by temporally gating the
detectors to reject any type of background noise to achieve a signal-to-noise ration > 1
on the calorimeter.

The Cherenkov calorimeter is a high-performance device able to diagnose single
signal particle hits with incoming energy in the range of a few MeV to GeV with
high rejection of low energy background radiation generated from beam dumps in
the experiments. The fast response of the photomultiplier tubes (PMTs) responsible
to detect the Cherenkov light enables to temporally gate the signal and, therefore,
neglect any noise originating from sources of secondary particles far from the device.

The LYSO scintillating screens of the designed detection system provide a high
scintillation yield and fast decay time of the scintillation light of the LYSO crystal. Both
features combined with a superior imaging system composed of image intensifiers or
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ultra-fast ICCD 4Picos cameras, which contain built-in microchannel plate intensifiers
(MCPs), enable the detection of low photon signals from a single particle hit on the
scintillating screens. In addition, the image intensifiers and the MCPs also allow to
temporally gate the imaging system reducing the background noise on the detection.
Moreover, the screens provide a better energy resolution than the Cherenkov calorimeter
and the spectrum of the detected particles can be inferred by integrating the response
over many shots. The use of silicon tracking detectors present an alternative to the
LYSO tracking layers. Silicon detectors are also able to detect single-particle hits with
great background noise rejection due to their insensibility to low-energy particles due
to their thin thickness. In the E-320 and FOR2783 experiments, large strips of silicon
detectors are required increasing the cost of the tracking layer solution. Therefore, the
use of pixelated scintillating screens is preferred due to its cost-benefit in diagnosing
single particles as discussed in chapter 3.

The exceptional performance of the proposed single particle detection system is
obtained not only from the enhanced performance of the individual components used,
the LYSO tracking layers, and the calorimeter but also from the combination thereof.
On the detection system, a valid event is only accounted for if the particle track
is within one-pixel difference on both LYSO screens and the response of all three
detectors is above 3σ of the expected signal level, resulting in 99% of true events being
considered.

The accuracy of the designed detector system in diagnosing single particles is essential
for the upcoming E-320 and FOR2783 experiments and can be easily implemented in
other SF-QED experiments that also require probing single particles originated from
SF-QED process, for example, the linear Breit-Wheeler [25] and LUXE [63].

6.2. E-320 Experiment at FACET-II (SLAC)

The Experiment-320 (E-320) at FACET-II linear accelerator (SLAC) is introduced
in chapter 4. The E-320 initial run will collide with an electron beam, with a mean
energy of 13 GeV and energy spread of < 0.1%, with a focused laser beam of a0 ≈ 10.
As a consequence of the interaction, electron-positron pairs will be created and later
probed at the single particle detector designed in this work. At the experiment, the
detectors are placed less than 10 meters from an electron and γ-ray beam dump that
generates a shower of low energy (few-tens of MeV) secondary particles, however, the
signals produced by this shower are easily gated away from the detection system.

On the other hand, Monte-Carlo simulations were performed to estimate the back-
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ground noise promoted by the low-energy secondary particles at the detectors that
are not possible to be gated. The simulations resulted in a a signal-to-noise ratio of
SNRσ = 18 at the Cherenkov calorimeter.

The single-particle detection system has been installed in the FACET beamline as
designed and has been collecting data. The plot in figure 6.1 shows the signal of the
central detection channel of the calorimeter (photomultiplier voltage gain set to its
minimum of 500 V). The signal seen is generated by the current background radiation
in the region where the calorimeter is installed. The signal of the photomultiplier tube
is saturated and exhibits two time constants, τ1 and τ2, however, for small signals, the
long decay time constant is not visible. Further analysis of the signal of the PMTs is
required.
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Figure 6.1.: Signal of the central detection channel of the calorimeter (photomultiplier
voltage gain set to its minimum of 500 V). The signal seen is generated
by the current background radiation in the region where the calorimeter
is installed. The signal present two time constants: τ1 = 47.61 ns and
τ2 = 321.42 ns. Note that the long decay time constant τ2 is not visible
for small photomultiplier signals. Further analysis of the signal of the
PMTs is required. The Cherenkov calorimeter was designed by the author
of this thesis, but its installation and signal acquisition was performed by
E. Gerstmayer and S. Meuren.

According to the Monte-Carlo simulations of the full FACET beamline layout
presented in chapter 4, the LYSO screens are also able to detect single particle hits
above background noise with a higher energy resolution than the calorimeter of 0.02.

Figure 6.2 shows the signal from both LYSO tracking layers installed at FACET-II.
The captured scintillation signal also corresponds to the background radiation that
propagates across the detectors. Further analysis of the background levels on the
screens is also required.
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Figure 6.2.: Signal of the LYSO tracking layers installed at FACET-II as part of
the designed single-particle detection system. The scintillation signal
generated by large losses of the primary electron beam is seen at the
bottom of the screens. Imaged captured with a Manta G-895 (8-bit mode)
camera attached to a lens with focal length of 50 mm (f-number of 0.95).
Further analysis of the signal is required. The LYSO screens were designed
by the author of this thesis, but their installation and signal acquisition
were performed by E. Gerstmayer and S. Meuren.

The background radiation observed on all three elements of the designed single-
particle detector is generated by the large losses of the accelerated electron beam. With
such large background radiation, the system is not capable to detect single-particle
since the single-particle signal is immersed in noise. Therefore, further optimization
of the electron beam is required to reduce the background radiation levels. After the
optimization of the electron beam, in-situ calibration of the detectors is required as
discussed in section 3.3.1 prior to data taking shots.

6.3. FOR2783 Experiment at CALA

Different from the E-320, the FOR2783 is an all-optical experiment with the ATLAS-
3000 laser split into two different beams. The ring-shaped part of the beam, known
as the LWFA-laser beam, is used to produce laser-accelerated electrons beams with
energies of 2.5 pC and a charge of 10 pC.

Currently, the generation of the required electron beam for the FOR2783 experiment
is being commissioned using a laser beam of energy of 9 J on target, pure hydrogen as
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gas, and a spherical mirror with f-number ≈ 55 and a focal length of 10 m. The results
of the first trials are shown in figure 6.3. Monoenergetic electron beams with energies
above 1 GeV have been produced via hydrodynamic-optically generated shocks to
induce down-ramp injection in a supersonic gas jet produced using a slit nozzle 20 mm
long and 3 mm width. Results from this experimental configuration are shown in
figure 6.3 a). Attempts are being made to increase the energy of the electron beams
by changing the initial gas target from a slit-nozzle jet to a gas cell which increases
the acceleration length to 20 mm. In this new scenario, electron beams have been
accelerated to energies up to 2.3 GeV, however, with a continuous tail of low energy
particles due to the ionization injection mechanism. The results representing this trial
are shown in figure 6.3 b). The gas density of both acceleration experiments is under
evaluation but is assumed to be between 1018 cm−3 and 1019 cm−3.

The electron beams are then used to produce bremsstrahlung radiation by interacting
with a 50 µm-thick tungsten converter target optimized using Monte-Carlo GEANT4
simulations.

The high-energy γ-photons interact with the second beam, known as the collider
beam, which is tightly focused to an intensity given by an a0 ≈ 66. The pair yield
expected from the photon-laser interactions is about 80 pairs/hour for a laser repetition
rate of 0.1 Hz is predicted. In addition, the signal-to-noise ratio of the detectors was
evaluated using GEANT4 Monte-Carlo simulations with the full geometry of the
experiment inserted into the model, and an SNR > 10 of the Cherenkov detector was
found.

As seen in figure 5.8, the radiation bunker has been built already at CALA. The
next step is to assemble the lead radiation shield inside the region and place the
detectors. After the installation of the components inside the bunker, calibration of the
detectors as described in section 3.3.1 and measurements of the background radiation
are planned.

6.4. Research Opportunities

Strong-field QED experiments provide an excellent platform to advance different fields
of high-energy physics including plasma-based accelerators and particle detectors. In
the following sections, some research opportunities provided by SF-QED are explored.
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Figure 6.3.: Preliminary results during the electron beam commissioning at CALA
for the FOR2783 experiment using a laser beam of energy of 9 J on
target, pure hydrogen as gas, and spherical mirror with an f-number of
≈ 55 and focal length of 10 m. a) Shows the energy spectrum of the
laser-accelerated electron beams produced via hydrodynamic-optically
generated shocks to induce down-ramp injection in a supersonic gas jet
produced using a slit nozzle 20 mm long and 3 mm width. In this target
configuration, electron beams with energies above 1 GeV are produced. b)
Energy spectrum of accelerated electron beams has been using a gas cell
with an increased acceleration length of 20 mm. Using the gas cell target,
electrons are injected via the ionization injection process with maximum
energy up to 2.3 GeV but presenting a long tail of low-energy particles.
The gas density of both acceleration experiments is under evaluation but
is assumed to be between 1018 cm−3 and 1019 cm−3. Data was provided by
our collaborators of the FOR2783 experiment, Katinka von Grafenstein
and Prof. Dr. Stefan Karsch.

6.4.1. Strong-Field QED

Investigating SF-QED interactions enables the study of fundamental questions in QED,
plasma physics, and properties of extreme astrophysical environments.

The electron-positron pair production from quantum vacuum is the major driving
force of SF-QED experiments. So far, such process remains untested in the laboratory,
but, as discussed in this thesis, the increase of laser intensity enables probing such
phenomenon. As the laser intensity grows, higher χe (and χγ) parameters are achieved,
and as soon as χ ≫ 1, where χ represents either χe or χγ , QED cascades start to play
a role in creating electron-positron pair plasma. The generation of pair plasma and
QED cascades represent a new challenge to be overcome.

110



6.4. Research Opportunities

To achieve χ ≫ 1 values, ideas for co-locating petawatt laser systems with ultra-
relativistic electron beam accelerators have been envisioned [210]. For example, the
construction of the 100 PW laser of the Station of Extreme Light (SEL) co-located with
the 25 keV superconducting x-ray free-electron laser facility (XFEL) at the Shangai
Superintense-Ultrafast Laser Facility (SULF) reaching a χ ≈ 55 through the collision
of an 8 GeV electron beam with a laser beam of a0 = 575 [211, 212].

In this new generation of PW laser facilities, the collision of the ultra-relativistic
electron beam with the intense laser beam can generate a continuous sequence of
emissions of a high-energy γ-photons which, while still immersed in the laser field,
triggers pair production. This sequence takes place increasing exponentially the
number of particles forming electron-positron pair plasma until the nonlinear quantum
parameter reaches χ ≲ 1 and the generation of hard γ-photons and pair production
becomes less probable [213].

Despite the great challenge imposed to generate pair plasma under laboratory
conditions, they represent an important step for further studying the interaction
between the SF-QED and collective plasma effects [212], which are similar to the
processes in the magnetosphere of magnetars [210, 214–216].

The generation of pair plasma investigates the fully nonperturbative regime where
χ ≫ 1. On the other hand, precision measurements of the transition from the classical
to the quantum regime also remain untested [57, 217–224].

In addition, electron-laser collision experiments can be used to study the spin
polarization of electrons while emitting high-energy photons via the nonlinear Compton
scattering process during their interaction with a high-intensity laser pulse [225–227].

6.4.2. Beyond Strong-Field QED

All-optical experiments are also capable of triggering QED cascades using laser-
accelerated electron beams via the laser-wakefield technique (LWFA). However, the
current LWFA electron beams are still not comparable with the beams generated by
conventional accelerators. Hence, improvements on the LWFA technique and laser
diagnostics are essential for improving the quality of the LWFA electron beam.

Laser Wakefield Acceleration (LWFA)

The generation of high-quality electron beams with low emittance, low energy spread,
and high energy is one of the key parameters ensuring a successful strong-field QED
experiment. Since the first demonstration of quasi-monoenergetic electron beams with
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energy of about 100 MeV produced by LWFA [92, 228, 229], an enhancement in the
beam energy up to 8 GeV has been reported due to the rapid increase of the peak
intensity of the lasers available and the use of techniques such as laser guiding within
a plasma channel [90].

However, plasma-based accelerators are still ongoing research and have not reached
the same level of maturity as conventional linear accelerators which are capable of
providing low emittance and low energy spread beams with energies above 10 GeV [195,
196]. In addition, plasma-based accelerators still cannot provide comparable high
repetition rates, reproducibility shot-to-shot, and stability provided by conventional
accelerators.

Efforts have been made to obtain a better understanding of the LWFA method, for
example, the evolution of the bubble [230], different injection mechanisms [91, 94], how
beam loading influences the spectral shape of the bunches [204], and improvements
on the beam emittance and its diagnostics [93, 231, 232]. However, tailoring laser
wakefield driven electron beams is still considered a challenge due to the large number
of parameters to be controlled and optimized. To overcome the problem of the
large number of variables to be tuned, machine learning methods together with full
automatization of laser systems are promising techniques to improve the output of the
laser-plasma accelerators [233, 234].

High-quality electron beams produced by laser-plasma accelerators are essential for
the success of the upcoming all-optical SF-QED experiments. For example, as seen in
chapter 5, monoenergetic electron beams with low emittance favor the generation of
high energy and low divergence bremsstrahlung γ-rays and the increase of the number
of γ-laser interactions improving the number of pairs created. High-quality electron
beams also produce electron-laser interactions with a nonlinear quantum electron
parameter above unit, χe > 1, enabling signatures of radiation reaction being observed
at a single-shot basis [223].

High-Intensity Laser Diagnostics

The development of high-intensity lasers is a key factor to investigate SF-QED process
not only to improve the quality of LWFA electron beams but also to determine the
quality of the collider laser beam of the SF-QED experiments.

To this end, it is essential to fully understand the performance of the laser beam.
However, direct characterization of the laser light at its full power has not yet been
performed due to damages to the optical components required for probing the beam.
The usual routine to infer the laser intensity at high-power mode is to measure the
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full-power energy of the collimated beam, then attenuate the laser power to measure
the pulse duration and image the focused beam to determine the focus area. Knowing
these three parameters, full-power energy, pulse duration, and focus area, the intensity
of the laser at full-power mode is estimated. This simple method of calculating the
full-power intensity of the focused laser beam may not hold at tightly focused beams,
for example, the pulse duration may be longer from low-power measurements due to
radial dispersion and nonlinear effects [235]. These uncertainties are still the subject
of studies.

Studies, such as atomic ionization effects of gases, have been proposed to measure
the peak laser intensity at focus [236, 237], nonetheless, they are only valid at non-
relativistic laser intensities. At higher intensities, methods combining atomic ionization
and acceleration of electrons were suggested to retrieve the size of the focus and intensity
of the laser beam [238–241]. More recently, ponderomotive scattering of electrons from
ionized gases was proposed to measure the peak intensity at the focus by analyzing
the spatial distribution of the scattered high-energy electron beam by the laser [235].
So far, these methods previously mentioned have not yet been experimentally realized
and the characterization of the peak intensity at focus remains a challenge.

Independently of the ionization of gases, another promising technique to measure
the peak intensity of relativistic lasers uses the emitted radiation from the nonlinear
Thomson radiation after the collision of an electron beam with a highly intense focused
laser beam to be probed [222, 242, 243]. This method relies on the measurement of the
ellipticity of the emitted radiation which depends mainly on the a0 of the laser beam.
However, to achieve precise measurement of the a0 of the laser beam and its peak
intensity, the quality of the colliding electron beam must be well-tailored, especially
its energy spread.

In addition to the measurement of the peak intensity at the focus of the laser beam
running at high-power mode, it is also important to understand how the laser amplitude
and phase evolve at focus. Full-field reconstruction techniques using interferometric
scans of the laser beam can be employed to obtain fringe patterns that can precisely
retrieve the electric field characteristics of the laser field over many shots [244]. The
real reconstructed electric field amplitude, phase, and distribution of the laser beam
at the focus can be used as an input parameter of the current SF-QED theoretical
models and an improved prediction of the interactions can be possible.

113



6. Discussions and Outlook

High-Energy Photon Diagnostics

Another essential component of pair production experiments via quantum vacuum
fluctuations is the generation of γ-photons. As seen in chapters 4 and 5, γ-ray beams
are intrinsically part of any SF-QED experiments but yet their profile and energy have
not been successfully characterized.

Spectrometers based on pair production through the Bethe-Heitler process in high-Z
targets have already been proposed, however, the detectors were not designed for the
high flux of the photon beams expected at the experiments [245, 246]. Alternatively, a
spectrometer based on electromagnetic cascades inside scintillation crystals has been
designed and later used in SF-QED experiments to measure the γ-beam transverse
and longitudinal profiles [60, 247]. However, the detector exhibited a poor energy
resolution due to its insensitivity to small variations of the incoming γ-ray spectrum.

A promising solution for probing γ-beams with high-energy, high-flux with im-
proved resolution is the pair spectrometers designed in Refs. [248, 249]. The designed
spectrometers can spectrally resolve γ-ray beams up to 10 GeV by converting the
incoming gamma photons into high-energy electron-positron pairs analyzed in a dipole
magnet. The detectors are designed specifically for the upcoming SF-QED at LUXE
(DESY) [248] and Experiment-320 [249], and are capable of performing precision
measurements of the γ-ray beam spectra. Both detectors are still to be tested and
calibrated, but they already provide a great advance in diagnosing high-energy photons
in SF-QED experiments.

6.5. Final Remarks

The recent developments in highly intense lasers enable investigating different and
exciting hitherto untested SF-QED phenomena that were not accessible before through
the collision of the laser beams with electron or highly-energetic photon beams.
However, to achieve the required strong field above the Schwinger critical limit,
ultrarelativistic electron beams are required to produce high-energy γ-photons either
by bremsstrahlung or by nonlinear inverse Compton scattering. Independently of the
type of the SF-QED experiment, using conventional accelerators or all-optical, the
electron beams and γ-photons are cooled down in beam dumps that scatter x-rays and
low energy γ-photons towards the single-particle detectors used to diagnose the pairs
created in the experiment. Therefore, the challenge for the upcoming experiments
is to minimize the background radiation on the detectors by using clever radiation

114



6.5. Final Remarks

shielding geometries and temporal gating techniques on the detector.
Different SF-QED effects can be also measured using the electron-laser collision

geometries, for example, Compton scattering and the recoil of electrons due to the high-
energy photon emission, namely radiation reaction, at different regimes of interactions
are possible to be investigated. In addition, precision measurements of the transition
from the classical to the quantum regime of both interactions have been proposed
but are still to be realized [57, 217–224]. The realization of electron-laser experiments
also provides an excellent platform to study spin polarization of electrons while
emitting high-energy photons via the nonlinear Compton scattering process during
their interaction with a high-intensity laser pulse [225–227]. Additionally, particle
cascades and showers can also be triggered by electron-laser interactions due to SF-QED
process [9, 224, 250, 251]. The cascades can further generate dense electron-positron
plasma [252], similar to the ones originated by SF-QED process in the vicinity of
pulsars and black holes due to their extreme intense magnetic fields [253, 254], that
can be investigated under laboratory conditions.

On the contrary, collision geometries between highly energetic photons and intense
laser beams offer the opportunity to investigate purely the nonlinear Breit-Wheeler
pair production without the electron-laser interaction intermediate step. The FOR2783
experiment is designed to diagnose the pair production process in the non-perturbative
regime for the first time using an all-optical experimental layout and pure photon-laser
collisions [3].

To detect the pairs created from the quantum vacuum, sensitive detectors are essen-
tial to perform precision measurements of the SF-QED processes. The single particle
detector designed in this work to be used on the upcoming SF-QED experiments
E-320 and FOR2783 demonstrates superior performance ability of single particles
detection with a signal-to-noise ratio well above unity. In addition to detector de-
velopment, SF-QED experiments are an excellent platform to combine and promote
beneficial knowledge exchanges between the recent laser and plasma-based accelerator
developments with the state-of-art expertise of conventional accelerators.
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A. Derivation of the Lorentz equation
First, let’s recall the Lagrangian of a non-relativistic particle interacting with an
electromagnetic field given by [146]

L(r, v, t) = mv2

2 + qv · A − qϕ (A.1)

where m and q are the charged particle mass and charge, v is the velocity of the
particle, A and ϕ are the field vector and scalar potentials.

The next step, is to substitute the Lagrangian in equation (A.1) into the Euler-
Lagrange equation of motion [146]

∂ L
∂r

− d
d t

(︄
∂ L
∂v

)︄
= 0 . (A.2)

The first term of the left-hand side of equation (A.2) becomes

∂ L
∂r

= ∇ (qv · A − qϕ)

= q [∇ (v · A) − ∇ϕ]
= q [v × (∇ × A) + (v · ∇)A − ∇ϕ] .

(A.3)

We solve now the partial derivative in the second term of the left-hand side of the
Euler-Lagrangian equation (A.2),

∂ L
∂v

= mv + qA (A.4)

and then take its total derivative with respect to time,

d
d t

(︄
∂ L
∂v

)︄
= ∂

∂ t
(mv + qA) + (v · δ)(mv + qA)

=
(︄

m
∂ v
d t

+ q
∂A
∂ t

)︄
+ q(v · ∇)A

. (A.5)

Note that we use the convective derivative property d y/d t = ∂ y/∂ t + v · ∇t.
Finally, we plug equation (A.3) and equation (A.5) into the Euler-Lagrange equation

to obtain
m

∂ v
∂ t

= −q
∂ A
∂ t

+ qv × (∇ × A) − q∇ϕ . (A.6)

117



A. Derivation of the Lorentz equation

Rearranging equation (A.6) in a more convenient form as

∂ (mv)
∂ t

= q

[︄
−∂ A

∂ t
− q∇ϕ

]︄
+ q [v × (∇ × A)] . (A.7)

Finally, recalling the definitions of the electric E and magnetic B fields in terms of
the field vector and scalar potentials,

E = −∂ A
∂ t

− q∇ϕ , (A.8a)

B = ∇ × A , (A.8b)

we can rewrite equation (A.7) in terms of the electromagnetic fields and obtain the non-
relativistic equation of motion of a charged particle interacting with an electromagnetic
wave,

∂ p
∂ t

= q (E + v × B) (A.9)

where p = mv is the particle momentum. The term in the right-hand side of the
equation of motion (A.9) is known as the Lorentz force FL = q (E + v × B) which
gives the force exerted in a charged particle by an electromagnetic field.
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B. Single Particle Motion in an
Electromagnetic Field

Assume an electromagnetic field with the scalar potential ϕ and vector potential A.
The Lagrangian that describes the interaction of a non-relativistic particle with an
electromagnetic field is given by L(r, v, t) = mv2/2 + qv · A − qϕ, where m and q are
the particle mass and charge, v is the velocity of the particle [146]. By substituting
the given Lagrangian into the Euler-Lagrange equation (see Appendix A for a detailed
derivation), one obtains the famous Lorentz equation of motion1:

dp
dt

= q (E + v × B) . (B.1)

The right-hand side of equation (B.1) represents the force exerted on the charged
particle, FL = q (E + v × B). One sees that the electric field E is responsible for
direct acceleration of the particle in the same direction as the electric field, while
the magnetic force in the cross-product v × B results in a force perpendicular to the
velocity of the particle and the magnetic field B. Solutions for specific cases such as
constant electric fields (E, B = 0) or constant magnetic fields (E = 0, B) can be easily
found in the literature [69, 146, 255]. Here, the focus will be to describe the motion
of a charged particle in an electromagnetic plane wave which is the basic model to
describe the interaction of electrons with laser light.

Particle Motion in an Electromagnetic Plane Wave

In this section, we solve the particle motion interacting with an electromagnetic plane
wave. The solution can be obtained using different methods, for example with the
Euler-Lagrange equation of motion as showed in Ref. [88] or using the Lorentz equation
of motion given in equation (B.1). In this work, we focus on the latter method.

First, we need to express the equation of motion in its covariant form using the

1The equation of motion is given in rationalized natural units (c = ℏ = ϵ0 = 1).
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four-vector notation2, given as [146]

duµ

dS = − e

me

Fµ νuν , (B.2)

where uµ = (γ, u) is the normalized four-momentum, e and me are the absolute
charge and mass of the electron, Fµ ν is the electromagnetic field tensor, and S is
the proper time of the particle. The electromagnetic field tensor is expressed as
Fµ ν = ∂µAν(KµXµ) − ∂νAµ(KµXµ), where Aν = (0, 0, A0 cos(KµXµ), A0 sin(KµXµ))
is the four-potential for an electromagnetic plane wave with scalar potential equal
to zero since there are no free external charges in the system. The four-wavevector
Kµ = (ω0, kx, 0, 0) which results in the dispersion relation KµKµ = ω2

0 − k2
x = 0 and

Xµ is the four-position vector.
Now, substituting the definition of the electromagnetic tensor definition assuming a

plane wave, the equation of motion becomes

duµ

dS = − e

me

[︄
Kµ dAν

d(KµXµ) − Kν dAµ

d(KµXµ)

]︄
uν . (B.3)

Introducing the normalized the proper time S̃ = ω0 S, the normalized four-potential3

aµ = eAµ/(me), and the four-wavevector as nµ = (1/ω0) Kµ which gives the propagation
direction of the wave, equation (B.3) can be normalized as

duµ

dS̃
= − (nµa′ ν − nνa′ µ) uν . (B.4)

Note that the vectors a′ ν = (e/me) [dAν/d(KµXµ)] = daν/d(KµXµ). Now, premulti-
plying equation (B.4) by the direction nµ, one obtains the following equation,

d(nµuµ)
dS̃

= − (nµnµa′ ν − nµnνa′ µ) uν = 0 , (B.5)

since the terms nµnµa′ ν = 0 and nµa′ µnν = 0. By integrating equation (B.5), we get
the first constant of motion nµuµ = C0. If the particle is initially at rest, C0 = 1, and
the first relation is obtained:

γ = 1 + ux . (B.6)

Now, by left-multiplying equation (B.4) with a the basis vector αµ = (0, 0, 1, 0), we
2The Minkowski metric employed here is (+1, -1, -1, -1). The equations and variables are given in

rationalized natural units (c = ℏ = ϵ0 = 1).
3Note that the normalized four-potential have already been briefly introduced as the normalized

laser strength in equation (1.1).
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obtain the following:

d(αµuµ)
dS̃

= − (αµnµa′ ν − αµnνa′ µ) uν = −αµnνa′ µuν . (B.7)

We define new variable ζ = nµXµ and take its derivative with respect to S̃ to obtain
dζ/dS̃ = nµ(d Xµ/dS̃) = nµuµ. Now, substituting the new ζ variable and its derivative
in equation (B.7), we obtain

d
dζ

(αµuµ) = d
dζ

(αµaµ) (B.8)

which results in the relation αµuµ = αµaµ, and, consequently, uy = ay. If we modify
the basis vector to αµ = (0, 0, 0, 1) and follow the same calculation steps, it is also
easy to verify that uz = az.

A solution for the ux component of the normalized momentum, which does not
depend on the Lorentz factor γ, is still required. That being so, we take the square of
equation (B.6) such that γ2 = (1 + ux)2. Recalling that γ2 = 1 + u2 = u2

x + u2
y + u2

z,
the relation ux = (u2

y + u2
z)/2 = (a2

y + u2
z)/2 is found.

Finally, the momenta of a particle initially at rest interacting with an electro-
magnetic plane wave propagating in x-direction and given by the four-potential
aµ = (0, 0, δa0 cos ϕ, (1 − δ2)0.5a0 sin ϕ), where ϕ = KµXµ, and polarization expressed
by the δ parameter (δ = {±1, 0} for linear polarization, and δ = ±1/

√
2 for circular

polarization) is given by the following set of equations in the laboratory frame:

ux =
(a2

y + u2
z)

2 = a2
0

4
[︂
1 + (2δ2 − 1) cos 2ϕ

]︂
, (B.9a)

uy = δ a0 cos(ϕ) , (B.9b)
uz = (1 − δ2)0.5 a0 sin(ϕ) . (B.9c)

The trajectories of the particle is obtained by simply integrating each momentum
component with respect to the phase ϕ:

x = 1
4a2

0

[︄
ϕ + 2δ2 − 1

2 sin 2ϕ

]︄
, (B.10a)

y = δ a0 sin ϕ , (B.10b)
z = −(1 − δ2)0.5 a0 cos ϕ . (B.10c)
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Note that the particle travels in the same direction in which the plane wave propagates
as given in equation (B.10a), and, in addition, the distance travelled by the particle
increases over time due to the term ϕ. Hence, the electron drifts in x-direction
while interacting with the electromagnetic field with average momentum given by
<ux >= a2

0/4 which corresponds to a velocity of <v>= a2
0/(4 + a2

0).
In the average rest frame of the electrons, < ux >= 0, we can obtain γ2 = 1 + u2

and the Lorentz parameter γ0 =
√︂

1 + a2
0/2 from the previous relation.

If we boost the momentum solution of equation (B.9) to the rest frame of the
electron by the average momentum <u> in the propagation direction, we obtain

ux = a2
0

4γ0
(2δ2 − 1) cos 2ϕ , (B.11a)

uy = δa0 cos(ϕ) , (B.11b)
uz = (1 − δ2)0.5a0 sin(ϕ) . (B.11c)

And, by integrating the components of the momentum in equation (B.11), the
particle trajectory in the average rest frame is obtained,

x = a2
0

4γ2
0

(︃
δ2 − 1

2

)︃
sin 2ϕ , (B.12a)

y = δ

γ0
a0 sin ϕ , (B.12b)

z = − a0

2γ0
(1 − δ2)0.5 cos ϕ . (B.12c)

The electron motion while interacting with an electromagnetic plane wave for two
different normalized field strength a0 is shown in figure B.1. As a0 become larger, the
amplitude of the motion increases as well the drift velocity of the particle. In addition,
a figure-of-eight motion is observed in the particle motion in its average rest frame.
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Figure B.1.: Electron trajectories while interacting with an electromagnetic plane wave
in (a) the laboratory and in the (b) cycle average rest frame of the electron
for two different normalized values of a0 = {0.5, 1.0}. The amplitude
of the motion becomes larger with higher values of the normalized field
strength as seen in (a). In the average rest frame of the electron, the
motion becomes the famous figure-of-eight. In the case of a0 ≪ 1, the
position in x-direction of the particle reduces to x ∼ constant.
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C. Radiation Length of Materials
Radiation length of an element of a compound is defined as the mean length required
for an electron to reduce its energy by a factor of 1/e. The energy lost by the electron
is transferred to photons through bremsstrahlung process or to secondary particles.
Therefore, a particle propagating through a material of thickness x and radiation
length X0 loses energy with the rate:

dE
dx

= − E
X0

. (C.1)

The radiation length X0 of an element given in units of cm2/g can evaluated using
the following analytical formula [107]:

1
X0

= 4αr2
e

NA
A

{Z2 [Lrad − f(Z)] + Z L′
rad} , (C.2)

where 4αr2
eNA = 716.408 g cm−2, NA is Avogadro’s number, A is the atomic weight of

the element, Z stands for the atomic number of the element, Lrad = ln(184.15Z−1/3),
L′

rad = ln(1194Z−2/3), and the function f(Z) is defined as:

f(Z) = a2
[︂
(1 + a2)−1 + 0.20206 − 0.0369a2 + 0.0083a4 − 0.002a6

]︂
, (C.3)

with a = αZ. In Ref [107], tabulated values of radiation lengths for different elements
are given.

The radiation length of a compound or mixture with n elements is calculated using
the weight fraction wi of each of its components and their respective radiation length
X i

0:
1

X0
=
∑︂ wi

X i
0

. (C.4)

In the following sections, we calculate the radiation length for the materials used on
the proposed detectors in this thesis: Schott F2 lead-glass and LYSO.

Schott F2 Lead-Glass Radiation Length

The components of the Schott F2 lead-glass and their radiation length are shown in
table C.1. The radiation length of each element was taken from the reference values
given in Ref. [107].
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Element
Weight Fraction

wi

Radiation Length

X0 (g cm−2)

Pb 0.422 6.37

Si 0.214 21.84

O 0.295 34.24

K 0.042 17.32

Na 0.023 27.74

As 0.004 11.94

Table C.1.: Elements present in the Schott F2 lead-glass and their respective radiation
lengths. Values of the radiation length is taken from Ref. [107].

Now, applying equation equation (C.4) for the mixture,

1
XF2

0
= 0.422

6.37 + 0.214
21.84 + 0.295

34.24 + 0.042
17.32 + 0.023

27.74 + 0.004
11.94 = 0.088 25 cm2 g−1 . (C.5)

Hence, the radiation length of the F2 lead-glass is XF2
0 = 11.33 g cm−2. Now, if one

divides the radiation length value by the density of the material (ρF2 = 3.69 g cm−3),
the radiation length only in terms of distance is obtained: XF2 = XF2

0 /ρF2 = 3.10 cm.

LYSO Radiation Length

Following the same method applied previously for calculating the radiation length of
the F2 lead-glass, table C.2 presents the materials composing the LYSO crystal as well
as their respective masses weight and radiation lengths.

Again, by applying equation equation (C.4) for the mixture, one obtains the inverse
of the radiation length,

1
XLYSO

0
= 0.7100

6.92 + 0.0456
7.02 + 0.0630

21.84 + 0.1814
34.23 = 0.117 223 cm2 g−1 . (C.6)

Hence, the radiation length of the LYSO crystal is XLYSO
0 = 8.53 g cm−2. The

radiation length of the crystal in terms of only length is given, for a material density
of ρLYSO = 7.15 g cm−3, as XLYSO = XLYSO

0 /ρLYSO = 1.19 cm.
Note that LYSO is denser than the F2 lead-glass, hence energy is lost through

radiation and secondary particles by the incoming electron in a shorter distance
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Element
Weight Fraction

wi

Radiation Length

X0 (g cm−2)

Lu 0.7100 6.92

Y 0.0456 7.02

Si 0.0630 21.84

O 0.1814 34.24

Table C.2.: Elements in the LYSO crystal with their respective mass weights. The
Values of the radiation length is taken from Ref. [107].

propagated inside the material than the F2 lead-glass. Consequently, XLYSO < XF2.
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D. Calibration of the Gated 4Picos
Cameras

The Picosecond ICCD Gated 4Picos Camera

Intensified charged-coupled devices (ICCDs) are CCDs optically connected to an image
intensifier, for example, a microchannel plate (MCPs) that amplifies the photon signal
before reaching the CCDs chips.

The microchannel plate is considered to be a two-dimensional array of small photo-
multiplier tubes that convert an incoming photon into an amplified electrical current
with gains over 106. MCPs are devices made of glass plates with holes with diameters
of a few tens of micrometers etched into the glass plates at a pitch of also a few tens
of micrometers. The holes are usually angled to the normal surface of the plate so
that the electron current is amplified. The MCPs are attached to a photocathode that
releases photoelectrons as a photon hits the device. The photoelectrons are accelerated
in the same direction as the electric field applied into the MCP. Due to the angle of
the channels, the electrons can collide with the walls of the MCP, and more electrons
are released amplifying the current signal. The newly released electrons are then also
accelerated in the direction of the MCP electric field. This process repeats until a
shower of accelerated electrons reaches a phosphor screen that scintillates. Finally,
the scintillation signal of the phosphor screen is imaged by a CCD sensor. Figure D.1
presents a sketch of the 4Picos ICCD camera where the MCP output signal (image
intensifier) is coupled into a CCD sensor through a set of imaging lenses.

For the upcoming SF-QED experiments to image the scintillating LYSO screens,
two ICCD 4Picos cameras (serial numbers P49139 and P49218) were calibrated. The
calibration setup is shown in figure D.2. Two similar setups were mounted. The first
setup was used to characterize the optical density of the filters used for the second
setup mounted for the 4Picos camera characterization. The same light source, a
Thorlabs 532 nm continuous-wave diode-pumped laser of nominal 0.9 mW output
energy [256] is used on both setups.
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D. Calibration of the Gated 4Picos Cameras

Image
Intensifier

Lens
Coupling

CCD
Sensor

Figure D.1.: Sketch of the lens coupled intensified CCD (ICCD) 4Picos camera. The
few photons signal is amplified by an image intensifier that is coupled by
a set of imaging lenses that matches the image size to the CCD sensor.
Image adapted from Ref. [186].

a)

b)

Figure D.2.: Sketch of both similar setups used during the calibration of the cameras.
a) Setup for the neutral density filter characterization. It uses a power
meter to record the light beam power after propagating through the filter
that is later used to calculate the optical density (OD) of the filter. b)
Similar setup, but the power meter is substituted by the 4Picos and the
laser light imaged by the cameras.
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Filter Characterization
At first, the output power of the diode laser and the optical densities (transmissions)
of the filters were characterized using a Thorlabs power meter model PM100A [257]
attached to a Silicon photodiode model S120C [258]. The filters used at the calibration
were absorptive neutral density (ND) filters [259] and Kodak Wratten Optical Fil-
ters [260]. The setup for this characterization is similar to the 4Picos calibration setup,
but the power meter is placed in the same position instead of the camera. Please see
figure D.2 for details.

The measured input power Pi of the diode laser, which is measured without any
attenuation, is Pi = 0.879 mW. Then filters are added to the light path, and the
output power Po is measured. Knowing the input and output powers for each set of
filter, the optical density OD of each filter can be calculated as

OD = − log10

(︄
Po

Pi

)︄
. (D.1)

Table D.1 presents the measured output power and calculated optical density for
each filter used on the camera calibration. Note that the filters present a calculated
optical density with less than 6% difference from the manufacturer’s nominal value.

Nominal OD Output Power Po Calculated OD

3.0 (1) 0.560 µW 3.20

3.0 (2) 0.578 µW 3.18

2.0 6.52 µW 2.13

1.0 94.0 µW 0.97

0.5 0.274 mW 0.51

0.2 (Wratten) 0.568 mW 0.19

0.3 (Wratten) 0.448 mW 0.29

0.4 (Wratten) 0.358 mW 0.39

0.8 (Wratten) 0.146 mW 0.78

1.0 (Wratten) 86.7 µW 1.00

Table D.1.: Measurement values of the neutral density filters used at the calibration
of the cameras. The difference between the calculated and the nominal
optical densities provided by the manufacturer is less than 6%.
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D. Calibration of the Gated 4Picos Cameras

Camera Calibration
In the camera calibration, as seen in figure D.2 b), the laser light is imaged by the
4Picos camera attached to a CCTV lens with a focal length of 12.5 mm and f/1.4. In
the path between the light source and the camera, different neutral density filters were
placed to avoid saturation of the camera CCD while capturing the light at different
exposure times of the CCD sensor.

The calibration procedure of the cameras was the following:

(i) Set a MCP gain for the camera and remove the CCD sensor gain.

(ii) Select a combination of ND filter and exposure time of the CCD such that a signal
without saturation on the CCD pixels is ontained.

(iii) Capture a total of 100 images for this set of MCP gain, ND filter and exposure
time.

(iv) Calculate the number of photons Np that the CCD sensor captured by applying
the following simple formula

Np = Pi · 10−OD · ∆t

Ep
,

where Pi is the laser output measured at the calibration of the ND filters, OD is the
optical density of the combination of the filters used at this calibration configuration,
∆t represents the CCD exposure time and, finally, Ep = hc/λ = 3.73 × 10−19 J is
the energy of a single photon of wavelength of 532 nm.

(v) For each of the 100 images captured for this calibration configuration, select a
region of interest (ROI) around the laser spot imaged and subtract the background
noise. The background noise is calculated and the average CCD count number
of a region of the same image that does not contain any photon hit. Note that
sometimes after the subtraction, some pixels could have a negative count number
that should be equated to zero.

(vi) Integrate all the counts within the region of interest of each image and divide it
by the number of the photons Np calculated above and the quantum efficiency of
the used camera for the 532 nm wavelength.

(vii) Calculate the averaged and standard deviation of the calibration value counts/Np

of the 100 captured traces for this calibration configuration.
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The procedure above was performed for different MCP gains of both 4Picos cameras
and the calibration curves in figure D.3 is obtained. An exponential curve is fitted on
the data points obtained for each camera and a mean fractional deviation for all data
points from the best curve fit is less than 0.15 for both curves.
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Figure D.3.: Calibration curves obtained for both 4Picos cameras (serial numbers
P49139 and P49218) planned to be used on the upcoming SF-QED
experiment. Exponential curves are fitted on the calibration data points,
and a mean fractional deviation for all data points from the best curve
fit is less than 0.15 for both curves.
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E. Timing Overlap Between Laser
Pulses

In this appendix, the method for interferometric spatial and timing overlaps between
beams is introduced. The measurements presented here were performed during the
emittance campaign at the JETi-200 laser system in the Helmholtz Institute Jena in
which the author participated. However, the same measurement technique is planned to
be used at the FOR2783 experiment at CALA for spatially and temporally overlapping
both LWFA driver and collider beams.

Setup

The experimental setup used to perform the spatial and temporal overlap is shown
in figure E.1. The JETi laser beam is split into two beams by a mirror with a hole
in its center. The center of the JETi laser beam, namely the main beam, propagates
through the hole of 40 mm diameter of the first mirror towards a delay stage for later
to be focused by an off-axis parabola (main OAP) with a focal length of 1 meter.
The portion of the JETi laser beam which is reflected by the mirror with the hole,
namely the pick-off beam, has a ring shape with an inner diameter of 40 mm and
outer diameter of 125 mm which propagates through a mask (pick-off mask) that
selects only two spots from this ring-shaped beam each with about 15 mm. Now, both
pick-off spots are focused by a second OAP (pick-off OAP) with a focal length of
40 cm. All focused laser beams are imaged on a camera by a microscope objective of
10× magnification.

A delay stage is placed on the path of the main laser beam to match the propagation
distance of the pick-off beams. The stage has a minimum step size of 1 µm which
corresponds to a light double pass of about 6.6 fs.

In the following, two methods to determine the temporal overlap of the beams are
introduced. The first method uses a photodiode to determine the delay difference
between the beams and the rough position of the delay linear stage where the overlap
occurs. Then, an interferometric measurement is introduced, and a fine temporal
overlap is achieved by observing the interference fringes which appear when matching
the time-of-arrival of the beams.

135



E. Timing Overlap Between Laser Pulses

Mirror with
hole

JETi laser beam

Main OAP

Pick-off OAP

Delay linear stage

Microscope Objective
10x

Camera

Pick-off
mask

Figure E.1.: Experimental setup implemented at the emittance campaign at the JETi
laser system at Helmholtz Institute Jena. The setup allows measuring
the spatial and temporal overlap of three laser beams derived from the
JETi laser. The laser is first split into two beams by a mirror with a hole
in its center. The central part of the beam, namely the main beam, has
a diameter of 40 mm and propagates through a delay stage before it is
focused by an OAP (main OAP) of focal length of 1 meter. The part
which is reflected by the mirror has a ring shape and propagates through
a mask that selects only two round spots of about 15 mm diameter. The
two selected spots, namely pick-off beams, form the pick-off beam which
is later focused by an off-axis parabolic mirror of 40 cm focal length. Both
beams are focused approximately at the same spot and a microscope
objective (MO) with 10× magnification images the beams into a camera
to look at the interference fringes when the beams are spatially and
temporally overlapped. To determine the rough delay between the main
and pick-off beams, the MO is substituted by a photodiode, and the
arrival times of the beams are correlated with the stage position.
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Photodiode Timing Measurement

At first, a photodiode was placed at the focal spot (at the same position of the
microscope objective in figure E.1) of the beams, and the time-of-arrival of each beam
was recorded by an oscilloscope at different positions of the delay stage. The photodiode
technique allows to roughly evaluate the delay between the beams and determine
around which position of the delay stage the correct timing overlap is located. Note
that the pick-off beams have the same delay hence are already temporally overlapped.

In this measurement, a Thorlabs DET10A/M silicon photodiode was connected to
Tektronix TDS 3034C oscilloscope triggered by the laser system itself to record the
time-of-arrival of the beams. The photodiode cannot resolve sub-nanosecond signals,
hence, the delay between the signals was calculated by using the time difference of the
peaks of the main and pick-off beams. Figure E.2 shows the delay difference for different
delay stage positions. A linear relation between the delay and the stage position is
observed such that a linear equation of the type ∆t = −6.4863×10−3 ·x+1.7603×10−2

is fitted into the data points, where ∆t is the delay difference between the beams and
x is the linear delay stage position. From the linear fit, the temporal overlap of the
beam occur at x = 2.714 mm which corresponds to a delay difference of ∆t = 0.
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Figure E.2.: Delay difference between the main and pick-off beam time-of-arrival (TOA)
for different delay stage positions. A linear fit on the points and the best
fitted curve ∆t = −6.4863 × 10−3 · x + 1.7603 × 10−2 is plotted. For the
photodiode measurement, the delay difference which the temporal overlap
of the main and pick-off beams is observed, i.e. ∆t = 0, is at the stage
position x = 2.714 mm.

137



E. Timing Overlap Between Laser Pulses

Interferometric Timing Measurement
From the photodiode measurement, the temporal overlap occur at a delay linear stage
position of about x = 2.714 mm. Now, the photodiode is substituted by the microscope
objective of 10× magnification and a camera to image the beams. If the propagation
distances are matched, all beams will have the same time-of-arrival (TOA) at the
common focal spot position and fringes from the interference between the beams will
occur. This interferometric method allows achieving a timing overlap with a precision
of < 30 fs for the minimum step of 1 µm from the delay stage.

We drive again the delay stage in steps of 1 µm on a range close to the position
x = 2.714 mm in search for images with interference fringes between the three laser
beams. Figure E.3 shows the main (larger beam spot) and pick-off beams (two small
bright spots) spatially overlapping and the interference fringes when the beams are
also temporally overlapped. In figure E.3 a) the delay stage position is set to 3.279 mm
and no temporal overlap between the main and pick-off beams was observed, only
the interference between the two pick-off beams is seen. As we move the delay stage
to earlier times, i.e. a delay stage position of 3.259 mm, all three beams interfere as
seen in figure E.3 b). The temporal overlap occur at a linear delay stage position of
x = 3.259 mm which is about 0.680 µm far from the delay position estimated by the
photodiode measurement. The difference arises from the poor resolution of the diode
in resolving sub-nanosecond light pulses and its slow rise time also on the order of
few-ns. To confirm the interference of all three beams, the main beam was blocked and
the interference fringes only between the pick-offs are observed in figure E.3 c). The
delay stage position range in which the interference of all three beams is seen is about
6 µ which corresponds to a double light pass of about 40 ns matching approximately
the laser pulse width.

138



Figure E.3.: Spatial and temporal overlap between the main and pick-off beams using
interferometry. The main beam is shown as the large spot in a) and b),
and the pick-off beams are the two smaller spots that appear on all images.
In a), the delay stage is positioned at x = 3.279 mm and no interference
fringes between the pick-off and main beams is seen. As the delay stage
goes to earlier times, i.e. at x = 3.259 mm, interference fringes between
the beams are visible as shown in b). Finally, to confirm that the fringes
appear due to the temporal overlap between the three beams, c) shows the
condition when the main beam is blocked and only the fringes between
the pick-offs are observed. Hence, temporal overlap is achieved at a delay
stage position of x = 3.259 mm.
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F. Calibration of Scintillation Screens
During the ELBE beam time, the absolute charge of different scintillation screens were
characterized using a mononenergetic 27 MeV electron beam with 5.6 pC charge. The
calibration of the screens follows the same method described by Refs. [123, 124, 261]
where the absolute scintillation light efficiency Yeff is calculated as,

Yeff = Np cos(ϕ)
T Ω Qe

. (F.1)

where Np stands for the total number of photons within a selected region of interest
(ROI) of the screens; ϕ is the angle between the incident electron beam and the normal
vector of the surface of the arrays; Qe = 5.6 pC is the charge of the incident electron
beam given by diagnostics of the accelerator, Ω represents the effective collection solid
angle, and, finally, T represents the transmission loss through the imaging system.

The total number of photons Np is obtained from the defined region of interest of the
images taken of the scintillation light emitted by the screens after being irradiated by
an electron bunch. The count value of each pixel of the ROI is converted into number
of photons using the using the photon transfer curve calibration of the camera given
by the manufacturer. The photon transfer curve of the Hamamatsu ORCA Flash4
camera used on the experiment is give as,

Np = CF (Ncounts − 100)
QE . (F.2)

On the photon transfer curve of the camera given in equation (F.2), the value of
the conversion factor CF = 0.48 photons/electron is given by the calibration of the
manufacturer, as well as the the quantum efficiency QE at the peak wavelength of the
scintillation light. For the LYSO screens, the quantum efficiency is equal to QE = 0.41
which corresponds to the peak of the scintillation spectrum at 410 nm, and, for the
CsI:Tl array, the quantum efficiency increases to QE = 0.81 for the maximum emission
peak of the crystal at about 550 nm.

The exposure time of the camera was set to 1 ms in all calibration measurements
which is low enough so that the influence of the dark current electrons from the
accelerator can be neglected during the experiments. For the weighted average dark
current of the accelerator of (0.156 ± 0.005) electrons/RF cycle (the cycle frequency of
the accelerator is 260 MHz) [103] during the 1 ms of exposure time, a total of 4.1 × 104
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of dark electrons are irradiated in the screen which corresponds to only 0.12% of the
primary electron bunch charge of 5.6 pC proving the negligible influence of the dark
current. In addition, the exposure time on the order of milliseconds allows to capture
all the scintillation light from the crystals by the imaging system since it is much
larger than their decay times.

Lanex Screen Cross-Calibration
The lanex BioMax MS was the first screen calibrated at the ELBE radiation source
to assure that the result of calibration method employed agrees with values already
reported in the literature. The experimental setup for the lanex screen assembled
at the ELBE radiation source is shown in Figure F.1. The screen was placed in an
angle ϕ = 45° with respect to the incoming electron beam with a distance of 535 mm
from the macro objective lens. For this setup, the collection solid angle for the lens
with f/1.4 and 28 mm focal length is Ω = (2π · 202)/(5352) ≈ 4.390 × 10−3 sr, where
20 mm is the radius of the macro lens. The transmission loss of the optical system
is given by the sum of the Nikon lens transmittance of 19.35% which was measured
prior to the experiment and the intensity loss given by Lambert’s cosine law, which
reduces the peak intensity by a factor of cos(45°). Hence, the total transmission photon
transmission is T = cos(45°) · 0.1935 ≈ 0.14.

Figure F.1.: Experimental setup for the Lanex BioMax MS screen calibration installed
at the ELBE radiation source. The Orca camera is imaging the screen in a
45° angle which corresponds to an intensity loss of cos(45°) as given by the
Lambert’s cosine law and photon collection angle of Ω ≈ 4.390 × 10−3 sr.

A total of 100 images were captured and post-processed to evaluate the absolute
scintillation light yield. An example of a captured image (shot #20) is shown in
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figure F.2. At each captured image, a region of interest was selected around the area
irradiated by the primary electron beam and the count value of each pixel within this
region was converted into number of photons using the camera transfer curve given in
equation (F.2). Then, the number of photons of each image was integrated and the
total number of emitted photon by the screen Np was obtained. Finally, equation (F.1)
is used with the setup parameters T , Ω and Qe to estimate the absolute scintillation
photon efficiency at each of the captured images. The absolute scintillation light
efficiency of all data set was averaged that the average effieciency of the lanex screen is
Yeff

lanex = 7.47×109 photons/sr/pC with an uncertainty given by the standard deviation
of 0.43 × 109 photons/sr/pC. Note that the calculated absolute light efficiency Yeff

lanex

is only about 2% lower than the values reported in the literature [124, 261] therefore
proving that the post-processing method used in the calibration experiment of the
lanex screen can be extended to the other scintillation screens.

Figure F.2.: An example of a captured image (shot #20) of the Lanex BioMax MS
screen irradiated by a 27 MeV electron bunch with charge of 5.6 pC. The
count number of each pixel is converted into number of photons using the
photon transfer curve of the camera for later the absolute scintillation
light efficiency be evaluated.

Crystal Screens Calibration

Now, we employ the same calibration method described above for the lanex BioMax
screen to the remain two scintillation screen arrays: LYSO and CsI:Tl. Both screens are
pixelated with different pixel dimensions with the CsI providing a finer resolution than
the LYSO screen. The pixel LYSO pixel dimensions are 2 mm (width)×2 mm (height)×
4 mm (thickness) which are larger than the pixel sizes of 1 mm (width)×1 mm (height)×
10 mm (thickness) for the CsI.
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The parameters of the electron bunches provided by the ELBE accelerator also
remained as previously, monoenergetic 27 MeV bunches with 5.6 pC, at the calibration
of both screens. However, the collection solid angle and transmission of the imaging
system differs from the lanex measurements. Both screens were placed on a distance
D far from the imaging camera of about 820 mm which results in a collection angle
Ω = (π · 202)/(D2) = 1.87 × 10−3 sr, where the factor (π · 202) represents the area of
the camera lens. The transmission loss T of the imaging system is also different and is
given by the intensity loss given by the Lambertian cosine law for an angle of 19.05°,
mirror reflectivity of 0.98 for the wavelength range of the scintillation light emitted, a
transmission of 19.35% of the camera lens, and attenuation of the light signal by a
neutral density filter with optical density of 1.8 placed in front of the camera to avoid
signal saturation on the CCD sensor. Hence, the total transmission loss is calculated
as T = 0.98 · cos(19.05°) · 19.355/100 · 10−1.8 = 0.00285. In addition, the angle ϕ

between the irradiated electron beam and the normal surface of the screens is now set
to ϕ = 0°.

Examples of images of both scintillation screens after being irradiated with a single
electron bunch of the accelerator is shown in figure F.3. A set of 500 images was
collected for each calibration dataset the same post-processing method previously
described for the calibration of the lanex screens was employed. The calculated absolute
calibration light efficiency and its standard deviation of both scintillating screens are
given in table F.1.

a) b)

Figure F.3.: Examples of images of the scintillation screens after being irradiated
with a monoenergetic bunch of 27 MeV and 5.6 pC of charge from
the ELBE radiation source. a) CsI:Tl crystal with pixel size of
1 mm (width) × 1 mm (height) × 10 mm (thickness), and b) LYSO screen
with pixel dimensions of 2 mm (width)×2 mm (height)×4 mm (thickness).

The next step is to calculate the light yield per energy deposited in each of the
materials. To this end, first we calculate the number of photons produced by a single
electron hit assuming a 2π collection angle of the emitted light transported to an

144



Screen Absolute Light Efficiency Uncertainty

CsI:Tl 1.17 × 1011 photons/sr/pC 0.06 × 1011 photons/sr/pC

LYSO 9.08 × 1010 photons/sr/pC 0.43 × 1010 photons/sr/pC

Table F.1.: Average absolute scintillation light efficiency calculated for a set of 500
images taken of each screen after being irradiated by a 27 MeV monoener-
getic electron bunch of 5.6 pC charge. The uncertainty value is given by
the standard deviation of the 500 calculated efficiencies.

imaging system attached directly at the rear of the crystal screens. This assumption
assumes that detects all photons at this solid angle are collected by the sensor without
loss. Thus, the number of photons emitted by a single electron is given by,

YX = 2π · Yeff
X

EX
dep, ioni

· 1.602 × 10−19

10−12
photons

MeV , (F.3)

where YX is the light yield of material X = {LYSO, CsI}, Yeff
X is the absolute scintilla-

tion light efficiency value from the calibration experiment and summarized in table F.1,
and EX

dep, ioni is the energy deposited in the material by a 27 MeV electron that is
transferred to secondary particles through ionization.

Monte-Carlo GEANT4 simulations were performed to estimate the energy deposited
in each crystal and transferred to secondary particles through ionization. For an
incident 27 MeV in a 4 mm thick LYSO screens, the average energy deposited is
ELYSO

dep, ioni = (1.98 ± 1.41) MeV. And, for the 10 mm thick CsI:Tl crystal, the simulated
mean energy deposited transferred to secondaries through ionization is ECsI

dep, ioni =
(2.25 ± 1.50) MeV. The simulated results of energy deposited for the LYSO and CsI:Tl
crystals that are transferred to secondaries through ionization and bremsstrahlung are
plotted in figure F.4. Note that the graph in figure F.4 a) have been already presented
previously in chapter 3, figure 3.12, but is reproduced again here for an easier reference
of the reader.

Now, applying equation (F.3) using the absolute light efficiencies given in table F.1
and the energy deposited simulated that are shown in figure F.4, the light yield
of the crystals are calculated. The LYSO crystal present a light yield of YLYSO =
(46.2 ± 32.9) photons/keV deposited which is in agreement with values found in the
literature [120, 121, 125–129]. And, finally, the light yield of the CsI crystal obtained
from this calibration is about YCsI = (52.3±34.9) photons/keV deposited which is also
in agreement with values found in the literature [130–134]. The uncertainties of the
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Figure F.4.: simulated results of energy deposited for the a) LYSO and b) CsI:Tl
crystals that are transferred to secondaries through ionization and
bremsstrahlung. The mean energy deposited for the LYSO and CsI:Tl
crystal are ELYSO

dep, ioni = (1.98±1.41) MeV and ECsI
dep, ioni = (2.25±1.50) MeV,

respectively. A total of 106 events were simulated.

light yields are calculated using the error propagation method. The uncertainties values
are high due to the large uncertainty in the simulated energy deposited transferred to
secondaries by ionization.
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