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Abstract

This thesis focuses on the optimization and control of laser-driven
plasma-based acceleration, which involves the driver laser pulse, the
accelerated electrons and the subsequent generation of x-rays.

In laser wakefield acceleration (LWFA), a high-power laser pulse,
typically with terawatt-level power, is focused tightly into a gas, reaching
intensities on the order of > 1018 W/cm2. Even at the leading edge
of the pulse, the gas becomes fully ionized, so the main part of the
pulse interacts primarily with plasma. The relativistic ponderomotive
force expels plasma electrons from the high-intensity region, creating
a void, or wake, just behind the laser pulse. Within this ion cavity,
the charge separation generates strong electric fields on the order of
TV/m, enabling electrons injected into the cavity to be accelerated to
hundreds of MeV over just a few millimeters. Various injection schemes
allow for control over the energy and energy spread of the electron
bunch. However, producing monoenergetic electron bunches remains a
significant challenge, and some energy spread is always present. The
maximum achievable energy is limited by dephasing, the distance over
which electrons gain energy before being decelerated.

The ion cavity is nearly spherical, resulting in strong radial fields.
Consequently, electrons are not only accelerated along the laser’s
propagation direction, but also oscillate transversely about the optical
axis. These oscillations lead to the emission of x-ray radiation. However,
because of this motion, electrons exiting the cavity exhibit a large
divergence, and the resulting x-rays inherit this broad angular spread.

This thesis addresses each of these limitations. Tailoring the plasma
density profile at the start of the acceleration process, allows the energy
spread of the electron bunch to be reduced. The usage of a high-density
plasma lens significantly decreases electron beam divergence across a
broad energy range. Within this lens, electron deflection results in
x-ray emission with a divergence approaching the incoherent limit.
Furthermore, by introducing a high-density region at the end of the
acceleration stage, it becomes possible to extend the maximum energy
gain beyond the conventional dephasing limit of LWFA.
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Populärvetenskaplig
sammanfattning

Partikelacceleratorer, som g̊ar tillbaka till 1920-talet, har l̊angsiktigt
bidragit till medicin och forskning. En konventionell accelerator best̊ar
av en metallstruktur och använder elektriska fält för att accelerera
partiklarna, dvs öka deras hastighet. För att uppn̊a extremt hög
energi i partiklarna krävs mycket starka fält, men extrema niv̊aer leder
till att metallstrukturen skadas genom jonisering av ytan. Därför
m̊aste acceleratorer byggas mycket stora för att kunna n̊a riktigt hög
partikelenergi. Elektroner är en typ av partiklar som kan accelereras och
genom processen kan de generera röntgenstr̊alning.

En alternativ metod till en konventionell accelerator är en laserdriven
plasmaaccelerator. Här sker acceleration i ett redan fullt joniserat
plasma, vilket möjliggör extremt kraftiga accelerationsfält. Detta
betyder att en s̊adan accelerator kan göras hela 10 000 g̊anger mer
kompakt än den konventionella typen, vilket gör den tillräckligt liten för
att rymmas i ett vanligt forskningslaboratorium och ger enklare tillg̊ang
till högenergetiska partiklar och röntgenstr̊alning. Denna teknologi är
möjlig tack vare utvecklingen av lasrar med extremt korta ljuspulser,
med extremt hög ljusintensitet. När laserpulsen tränger igenom plasmat,
trycks dess elektroner undan, vilket lämnar ett elektronfattigt omr̊ade
bakom pulsen. Precis som när en motorb̊at kör p̊a stilla vatten. Där, i
plasmav̊agen, skapas starka accelerationsfält i laserpulsens färdriktning,
som snabbt kan accelerera elektroner till hastigheter nära ljusets
hastighet och därmed mycket höga energier. D̊a elektronerna accelereras
producerar de röntgenstr̊alning. Eftersom att laserpulsen är kort f̊ar även
elektron- och röntgenstr̊alning liknande längd, vilket leder till intensiva
str̊alar som möjliggör tidsupplösta studier av ultrasnabba fenomen.

En laserpuls som interagerar med ett plasma f̊ar en n̊agot lite
lägre hastighet jämfört med farten i vakuum. När lasern genererar en
plasmav̊ag, f̊ar även denna lite lägre hastighet. Elektroner däremot,
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snabbt relativistiska, kan n̊a hastigheter nära laserpulsen i vakuum.
S̊a sm̊aningom hinner de ikapp laserpulsen i plasmat och börjar d̊a
sakta ner. Detta utgör en av de största begränsningarna för en
laserdriven plasmaaccelerator. Den nästan sfäriska plasmav̊agen skapar
även kraftiga radiella fält som fokuserar elektroner mot v̊agcentrum
och tvingar dem att oscillera. Under dessa oscillationer sänds
röntgenstr̊alning ut i fram̊atriktningen. Som ett resultat f̊ar de
elektroner som lämnar acceleratorn stor utbredning i rummet och
liknande utbredning ses i röntgenstr̊alen, vilket begränsar antalet
användningsomr̊aden n̊agot.

I denna avhandling har str̊alegenskaperna hos en laserdriven
plasmaaccelerator förbättrats med flera metoder. De experimentella
metoderna utnyttjar högeffektslasern vid Lunds universitet och
tillhörande högeffektslaboratorium. Experimentet sker i vakuum och
kräver avancerade optiska metoder för att kunna kontrollera och f̊a en
glimt av vad som sker i plasmat. En metod använder en plasmalins som,
likt accelerationsplasmat, t̊al extremt kraftiga elektriska och magnetiska
fält. Den best̊ar av ett andra plasma som placeras direkt efter
plasmaacceleratorn. Inuti linsen bildas starka radiella fält, och det är
de magnetiska fälten som fokuserar elektronstr̊alarna fr̊an acceleratorn,
vilket drastiskt minskar deras spridning. Genom fokuseringen länkas
elektronerna av, och genom denna avlänkning avger de röntgenstr̊alning.
P̊a grund av elektronernas mycket höga energi, och att de enbart till̊ats
att länkas av en g̊ang i linsen, leder till att röntgenstr̊alningen fr̊an
elektronerna i linsen har en mycket liten spridning, mindre än den fr̊an
acceleratorn. De här elektron- och röntgenstr̊alarna, nu med mycket liten
spridning, gör att str̊alningen lämpar sig utmärkt i tillämpningsomr̊aden
som kräver str̊alar av högre intensitet. Ett exempel är för att studera
snabba reaktioner i varma material. De här str̊alarna kan ocks̊a
transporteras över större sträckor, vilket ökar tillämpningsomr̊adena.
Detta d̊a effektiviteten av transporten ökar om str̊alen beh̊aller en s̊a
liten spridning som möjligt.

Med ett extra plasma g̊ar det ocks̊a att accelerera elektroner över
längre sträckor. Det här plasmat designas s̊a att plasmav̊agen verkar
röra sig snabbare i fram̊atriktningen, och följer med de accelererade
elektronerna. Elektronerna befinner sig d̊a i en accelererande del av
plasmav̊agen under en längre tid innan de hinner ikapp laserpulsen, vilket
gör att toppenergin inte längre begränsas av detta. Dessa framsteg ökar
de potentiella användningarna för laserdrivna plasmaacceleratorer och
är därför betydande för forskning som utnyttjar dem.
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Popular science
summary

Particle accelerators have been around since the 1920s and have been
an important tool in medicine and research ever since. A conventional
accelerator is made up of a metallic structure, and strong fields accelerate
the electrons to high energies by increasing their velocity. To reach
extreme energies, very strong fields are needed, but the extreme-field
strengths lead to the breakdown of the metallic structure by ionizing the
surface. The accelerators are therefore made large so that high particle
energies are reached. A particle that can be accelerated is electrons, and
from them x-rays are generated.

An alternative to a conventional accelerator is the laser-driven plasma
accelerator. In this case, the acceleration takes place in a plasma, which
is already ionized, enabling extremely high accelerating fields. This
means that the accelerator can be reduced by 10,000 times compared
to the conventional accelerator, which in turn makes it small enough
to fit in a standard research laboratory. This technology is possible
because of the development of extremely short-pulsed lasers that can
reach extreme intensities. When the laser pulse plows through the
plasma, the plasma electrons are expelled away from the pulse. Just
behind it, a region devoid of electrons is formed, similar to when a
powerboat runs on water. In that plasma wave, extreme accelerating
fields in the same direction as the laser propagation are created. These
fields quickly accelerate the electrons to velocities approaching the speed
of light and corresponding energies. As electrons are accelerated, x-rays
are produced. Because of the short pulse duration of the laser pulse, the
electron beam and subsequent x-rays have a similar duration and result
in intense beams. These ultrashort beams make ultrafast time-resolved
measurements possible.

A laser pulse that is interacting with a plasma will slow down as
opposed to its vacuum speed. When the laser pulse excites the plasma
wave, the wave propagation slows down together with the laser pulse.
The electrons, on the other hand, have a relativistic speed, similar to
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the laser pulse in vacuum. Eventually, they outrun the laser pulse
in the plasma and, as a result, they slow down. This phenomenon is
one of the greatest limitations of laser-driven plasma accelerators. The
almost spherical plasma wave generates strong radial fields which focus
the electrons toward the center of the wave, where they will oscillate.
During these oscillations, x-rays are emitted in the forward direction.
As a result of these oscillations, the electrons leaving the accelerator
have a large spatial spread, and the x-rays will have a similar spread.
This somewhat limits the possible applications.

In this thesis, the radiation created by the laser-driven plasma
accelerator has been improved by using several different methods. The
experimental methods use the high-power laser at Lund University and
the high-power laser laboratory. The experiment takes place in vacuum
and requires advanced optical methods to control and diagnose the
plasma interaction. One method uses a plasma lens that, similar to the
accelerator’s plasma, can sustain extreme electric and magnetic fields.
The lens consists of a second plasma that is positioned immediately after
the plasma accelerator. In the lens, strong radial fields are created,
which focus the accelerated electrons and significantly reduce their
spread. Through the process of being focused, the electrons radiate
x-rays. Because of the electrons’ high energies and the restriction to
only one deflection within the lens, these x-rays have a small transverse
spread, much smaller than that from the accelerator. These electrons
and x-rays, now with a tiny spread, make them suitable for experiments
which require intense beams, for example, to study fast reactions in
warm materials. These small beams are also more efficiently transported,
which increases the possible applications. This is possible since the beam
transport efficiency increases when they maintain the smallest spread
possible.

An extra plasma can also be used to extend the acceleration. This
plasma is designed in such a way that the plasma wave seems to
propagate faster and follow the accelerated electrons. As a consequence,
the electrons remain within an accelerating part of the wave over a
longer time before they outrun the laser and are thus accelerated to
higher energies. These improvements potentially increase the usage of
laser-driven plasma accelerators and are important for research areas
that use them.
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Chapter 1

Introduction

Since their establishment in the 1920s [1, 2], accelerators have been vital
in both fundamental research and cancer therapy. Today, more than
30,000 different machines exist worldwide, with different geometries and
sizes ranging from table-top sources to several kilometers in length. Fully
97% of all accelerators are in commercial use and in hospitals, while a
mere 3% are used in research. Accelerators are used to reach high particle
energies, where the final energy depends on the desired usage, ranging
from a few eV to GeV range. Accelerated electrons are also used in x-ray
production, which have a wide range of applications.

The final particle energy is dependent on the strength of the
accelerating field and the travel distance of the particles. Increasing
the accelerating field requires a higher radio frequency (rf) amplitude.
Because acceleration takes place within a metallic cavity, the rf-field
strength is limited by the material’s breakdown potential, beyond which
electrons are ripped off the surface, causing permanent damage. Thus,
the accelerators must be large to allow for sufficient energy gain. The
most extensive accelerator is Europe’s 27 km Large Hadron Collider
[3]. At MAX IV in Lund, electrons reach 3 GeV via a 300 m linear
accelerator. Given their size, alternatives such as Laser Wakefield
Acceleration (LWFA) offer suitable table-top complements.

In 1979, Tajima and Dawson [4] demonstrated theoretically and via
simulations that electrons could be accelerated to 10 GeV over 30 cm
with a terawatt (TW) laser pulse in plasma. The benefit of using a
plasma is that it is already ionized and thus lacks breakdown potential.
As the laser pulse propagates through the plasma, a wake formation is
self-sustained behind the laser pulse. The laser pulse achieves a high
phase velocity as it travels through the plasma, sustaining a consistent
wake. Unlike the traditional rf cavity, plasma can endure extremely high
field strengths, enabling a drastic size reduction of accelerators. Initially,
the generation of sufficiently powerful laser pulses for this accelerator
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was not feasible. The situation improved with the invention of chirped
pulse amplification (CPA) [5], an advancement recognized by the 2018
Nobel Prize in Physics. In 1995, Modena et al. [6] at Rutherford
Appleton Laboratory managed to accelerate electrons using the Vulcan
laser, but a significant breakthrough for LWFA occurred in 2004. Three
separate teams [7–9] demonstrated that through matching the laser pulse
duration and spot size with the plasma they could reliably accelerate
quasi-monoenergetic electron bunches. This acceleration happens within
the bubble regime, a non-linear wave structure generated by the laser
pulse as it moves through the plasma [10, 11].

Gas jet

1.5 mm

Neutral plasma

Ion cavity

Electrons Electron trajectory

x-rays

~10μm

Figure 1.1. A conceptual sketch of the LWFA process. A high-power laser pulse
is focused at the beginning of a gas jet, here with an orifice of 1.5 mm which
resembles the jet used in the experiments presented in this thesis. The laser
pulse ionizes the gas and excites a nonlinear plasma wave, in which electron
can be accelerated and subsequent x-ray radiation emitted. The accelerating
structure is about 10µm and co-propagate behind the laser pulse throughout
the length of the jet.

The principle of LWFA is shown in Figure 1.1. An experimental
setup usually utilizes a supersonic gas jet, with a low Z-number gas,
such Helium. In the figure, a high-power laser pulse is focused at the
beginning of a gas jet. Already at the leading edge of the laser pulse, the
Helium gas is fully ionized, creating a plasma and subsequent wakefield.
As the intense laser pulse propagates through the plasma, the electrons
are expelled away from the high-intensity regions, leaving a void behind
the laser pulse, similar to a cavity. Within this cavity, the field gradients
are of an order of magnitude of TV/m, and electrons able to break into
this wave, or “catch” it as a surfer riding a wave, will be exposed to
high accelerating fields whithin it and quickly accelerate to relativistic
energies. During their excursion within the wake, the oscillatory motion
will lead to the emission of x-ray radiation.

Since its breakthrough, LWFA has been used repeatedly to produce
high-energetic electron bunches, and the development has followed that
of high-power lasers [12]. Achieving the necessary power, typically at
TW, requires laser pulses in the femtosecond (fs) range. This brief
interaction with plasma results in accelerated electron bunches and x-ray
radiation of equivalent duration [13, 14]. Such femtosecond electron
bunches open up new applications in materials science, including the
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Introduction

investigation of electron dynamics on the fs time scale [15].
The refractive index of the plasma is different from that of the

vacuum, c, leading to the group velocity of the laser pulse being less than
the speed of light in vacuum. The electron bunch, on the other hand, has
a speed approaching c. After a certain distance, the electrons will outrun
the laser pulse and be exposed to a decelerating field. This dephasing
is one of the greatest limitations to the maximum particle energies
achievable by the LWFA. Within their own frame, the electrons inside the
bubble move in all directions, with strong transverse oscillations, which
causes a large transverse divergence of the electron bunch upon exiting
the acceleration. This limits possible beam transport and applications
of the electron bunch.

The electron oscillation during LWFA is similar to that of an
undulator, but where the plasma determines the oscillation period
instead of bending magnets. At the largest transverse acceleration,
the relativistic electrons will radiate x-rays, with a synchrotron-like
spectrum. This insight allows for the application of existing synchrotron
and undulator theories to radiation produced via LWFA. The compact
source size of radiation is advantageous for the imaging of small
structures [16] and phase contrast imaging methods [17]. Moreover,
the fs duration of x-rays makes them suitable for probing ultrafast
events within the dense state of materials [18–21]. However, by the
same principle as for the electrons, the strong oscillations will cause the
x-rays to have a large divergence, leading to a frequent limitation of the
signal-to-noise ratio (S/N) at the sample and detection plane. This is
overcome by averaging over data acquisitions at the cost of the ultra-fast
resolution.

This thesis focuses on beam control related to LWFA, which involves
the laser pulse, electron bunch, and x-ray beams. The main part utilizes
two gas jets – the first one for the LWFA, and the second as a plasma
lens to manipulate the electron bunch and subsequent x-ray radiation.

Boosting to overcome dephasing

In this thesis, a second gas jet is placed immediately after the first jet
responsible for the LWFA. It is configured so that the plasma density is
higher than for LWFA. This principle will cause the whole wave structure
to shift and follow the speed of the electron bunch. As a consequence, the
electrons are kept continuously in an accelerating phase and overcome
the energy limit set by the dephasing [22].

Plasma lenses for LWFA electrons

Charged particle optics, such as quadrupoles, are to this day challenging
to use in combination with LWFA. This thesis explores the use of
plasma optics as an alternative to magnets. Capable of sustaining strong
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magnetic fields, the plasma effectively manipulates electron bunches [23].
This plasma lens is also a second gas jet, configured in a similar way
as when it is used for energy boosting. Compact and experimentally
simple, the plasma lens enhances beam profiles crucial for an LWFA
seeded free-electron laser (FEL) [24].

Generation of narrow x-ray beams

The strong magnetic fields inside the LWFA will cause electrons to
emit x-rays with a large divergence. Using a plasma lens, the strong
electron deflection will cause an additional radiation event. Within the
plasma lens, the highly relativistic electrons are deflected so the radiation
is mainly in the forward direction, and the bending radius is greater
than the length of the lens, restricting the electron motion to a partial
oscillation. The divergence of these x-rays is less than that produced
by LWFA by itself and approaches the incoherent limit. Producing such
x-rays can enhance beam transportation, given that most x-ray optics
rely on the incidence angle, thus improving the S/N at the detection
plane.

Beam pointing control

The CPA relies on efficient compression of the laser pulse to reach
high-power laser pulses. The principle presented in this thesis utilizes
multiple passes between reflective gratings. If the gratings are misaligned
with respect to each other, the laser pulse will have coupled temporal
and spatial aberrations. These types of aberrations lead to steering of
the electron bunch and x-rays produced through LWFA [25]. In the
work presented in this thesis, these are introduced in a controlled way,
demonstrating the importance of beam control for subsequent staging
and applications.

1.1 Thesis outline

This thesis focuses on improving LWFA development through laser
pulse and plasma optimization. It comprises four principal chapters:
Chapter 2 briefly surveys high-power lasers and the relevant systems
utilized in this research. Chapter 3 covers plasma physics with a
foundation in electrodynamics, detailing the experimental diagnostic
methods for plasma analysis used here. Chapter 4 integrates content
from the previous chapters to explain LWFA with emphasis on injection
and acceleration, and concludes with the generation and use of
x-rays. Chapter 5 discusses beam optimization for manipulating LWFA
electrons, producing low-divergence x-rays, and beam pointing control.
Chapter 6 summarizes the results and provides future perspectives.
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Chapter 2

High-power lasers

Achieving the non-linear interaction necessary for LWFA between a laser
pulse and plasma demands an ultra-short laser pulse on the fs scale,
with energy high enough to produce pulse powers in the TW range.
These powerful pulses can be focused to reach intensities of the order
of magnitude of 1019 W/cm2, entering the relativistic regime. To reach
these parameters, CPA is implemented, illustrated in Figure 2.1. A laser
pulse is stretched in time and frequency before it is amplified. This
alleviates the damage threshold of the gain medium as the energy density
is reduced. After the amplification stage, the pulse is compressed to fs
duration so that a high pulse power is reached. This chapter provides
an overview of high-power laser pulses and details two laser systems
located at the Lund Laser Centre (LLC). The first part introduces
electromagnetic waves in the context of LWFA. Then the laser systems
at the LLC High-Power Laser Facility are presented, beginning with the
Titanium Sapphire laser, which is capable of producing 2 J laser pulses
with a duration of 35 fs, centered at a wavelength of 800 nm. The chapter
then discusses the high-power OPCPA laser system, which is designed
to produce sub-10 fs laser pulses with an energy output of 250 mJ and a
center wavelength of 780 nm.

2.1 Electromagnetic waves

The following explains fundamental elements of electromagnetic and
Gaussian waves to comprehend laser-plasma interactions. The
fundamental basis of classical electromagnetic waves and their interaction
with media is described by a set of first-order partial differential
equations, known as the Maxwell equations [26]:
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Stretcher Amplifier Compressor

Figure 2.1. Illustration of CPA. A laser pulse is generated from the oscillator,
and is then stretched in time and frequency. Then it enters one or more
amplification stages to increase the energy per pulse. Once the desired energy
is reached, the pulse is compressed in time and frequency, so that a high-power
laser pulse is achieved.

∇ ·B = 0, ∇×E+
∂B

∂t
= 0

∇ ·D = 0, ∇×H− ∂D

∂t
= 0

(2.1)

where B represents the magnetic flux, E denotes the electric field, D is
the electric displacement, and H is the magnetic field. When the fields
exhibit harmonic time variations, expressed as e−iωt with ω being the
central frequency, E and B fulfill the Helmholtz equation:

(∇2 + µϵω2)

[
E
B

]
= 0 (2.2)

if the propagation vector takes the form k · k = k2n ·n = µϵω2, where µ
is the permeability and ϵ the permittivity. From these two parameters,
the phase velocity of light in any medium is defined:

v =
ω

k
=

1√
µϵ

=
c

n
, (2.3)

where c is the speed of light in vacuum and n =
√

µϵ/(µ0ϵ0) is the
refractive index. The constants µ0 and ϵ0 are the permeability and
permittivity of vacuum, respectively.

Within the framework of electrodynamics, it is beneficial to utilize
vector and scalar potentials [26, 27]. The vector field A allows us
to represent the magnetic flux through the equation B = ∇ × A.
By incorporating this into the second top equation of eq. (2.1), the
expression can be reformulated as follows:

∇×
(
E+

∂A

∂t

)
= 0 ⇒ E = −∂A

∂t
−∇ϕ (2.4)
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where a curl of a gradient scalar field is always zero, ∇ × (∇ϕ) = 0.
The vector and scalar field reduce the solution to eq. (2.1) from four
independent equations to two. In scenarios where the source of the wave
is absent, such as in the LWFA detailed in Chapter 4, the scalar potential
becomes ϕ = 0. Consequently, the electric field is determined purely by
the vector potential, expressed as E = −∂A/∂t. A plane wave represents
one of the solutions to eq. 2.2, and its electromagnetic field is given by
E = E0 exp(ikx− iωt), described using the vector field:

A =
A0

ω
exp(ik · x− iωt) (2.5)

where A0 = E0ω denotes the amplitude of the vector field. In the
context of LWFA, this parameter frequently characterizes the strength
of the interaction between the laser pulse and the plasma. Thus, it
is advantageous to normalize A0/ω with respect to the motion of the
electron quiver [28], resulting in the following:

a0 =
A0qe
ω2mec

=
E0qe
ωmec

, (2.6)

where me is the rest mass of the electron and qe the elementary charge.
This parameter directly relates the energy of a laser pulse to the response
of the material.

Although the concept of an ideal plane wave aids in understanding the
formal framework for electromagnetic waves, it cannot be used to excite
the nonlinear plasma wave necessary for LWFA, as discussed in Chapter
4. To reach relativistic intensities required for LWFA, approximately
1019 W/cm2, a high-power laser pulse must be tightly focused. This
requires an inhomogeneous laser pulse, which is modeled by a Gaussian
laser pulse characterized by a radius r =

√
x2 + y2, traveling in the z

direction. Similarly to the plane wave, the Gaussian wave is a solution
to eq. (2.2) [29].

E(r, t) = E0

(
−x+

x

z + iz0
z

)
U(r, t) (2.7)

where U(r, t) is the complex amplitude, which also satisfies eq. (2.2),
∇2U + k2U = 0. For an ideal Gaussian laser pulse with negligible
spatiotemporal couplings, the spatial and temporal parts of eq. (2.7) can
be decoupled, U(r, t) = U(r) · U(t). Thus, the time-dependent spatial
complex amplitude can be described by:

U(r, t) =A0
W0

W (z)
exp

( −r2

W 2(z)

)
exp

(
−ikz − ik

r2

2R(z)
+ iζ(z)

)
×

exp

(
− t2

τ2
+ iωt

)

(2.8)
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where A0 is an arbitrary complex amplitude. W (z) = W0

√
1 + (z/z0)2

is the radius of the beam where the intensity has dropped by 86% in
position z away from the minimum waist, W0 =

√
λz0/π. R(z) =

z(1+ (z/z0)
2) is the beam curvature, and ζ(z) = arctan(z/z0) the Gouy

phase. These parameters are needed to fully describe the Gaussian beam
spatially. However, for a certain wavelength λ, if one of the above
parameters is known, the rest can be determined. The duration of
the pulse, with a center wavelength, ω, is determined by τ , which is
86% of the temporal width of the pulse, related to the FWHM through
τFWHM = τ

√
2 ln(2).

The theoretically shortest possible pulse duration is given by the
time-frequency product, and for a Gaussian laser pulse this is:

τFWHM∆ν = 0.44. (2.9)

where ∆ν is the pulse frequency bandwidth in Hz. A laser pulse that
meets this criterion is considered transform-limited. The bandwidth in
this context is defined by the gain bandwidth of the laser medium. In
the real scenario, the pulse duration is longer than the transform-limited
pulse. However, this shows that a short pulse duration requires a broad
gain bandwidth. The on-axis peak intensity of a Gaussian laser pulse is
determined by:

I0 =
2E

τπW 2
0

, (2.10)

where E is the pulse energy. Eq. (2.6) is usually expressed in terms of
I0, since generally I0 ∝ |E0|2. The normalized vector potential, a0, can
thus be treated as a key design parameter for LWFA:

a0 =
qe

ωme

(
2I0
ϵ0c3

)1/2

. (2.11)

In practical units, this is expressed as a0 ≈ 0.85

√
I0[1018W/cm

2
]λ[µm],

where λ is the center wavelength of the laser pulse. For the Ti:Sapphire
laser pulse described here, focused by the f/13 off-axis parabolic (OAP)
mirror, as illustrated in Figure 2.3, I0 ≈ 1.5 × 1019 W/cm2, and the
normalized vector potential amplitude becomes a0 ≈ 2.6. In Chapter 4,
the consequences of a0 for LWFA is discussed in more detail.

2.2 Lund High-Power Laser Facility

The High-Power Laser Facility is located at LLC. For many years, the
multi-TW Ti:Sapphire CPA laser was the workhorse of the facility and
responsible for the research output presented in this thesis, Papers I–VI.

8



High-power lasers

In 2024, the system was replaced by a novel multi-TW barium borate
(BBO) optical parametric chirped pulse amplification (OPCPA) system.

2.2.1 The multi-TW Ti:Sapphire CPA laser

Oscillator Stretcher

Compressor

Pre-amplifier

Regenera�ve 
amplifier

Mul�-pass amplifier,  400 mJ

Mul�-pass 
amplifier, 2J

50 

50 

[mm] 

Flat mirror

Gra�ng

Pump mirror

Spherical mirror

Polarizer Ti:Sapph 532 nm pump pulse

800 nm laser pulsePockels cell

1 J
35 fs

Figure 2.2. A schematic illustration of the main parts of the Ti:Sapphire
laser system. The oscillation starts by pumping the Ti:Sapphire crystal within
the oscillator with a 532 nm diode laser. Active mode-locking generates laser
pulses with an 80 MHz repetition rate. The pulse repetition rate is then
reduced to 10 Hz and propagates to the pre-amplifier, then the stretcher, then
to the regenerative amplifier, and then the first multi-pass amplifier. Before
the second multi-pass amplifier, 100 mJ are split off and amplified in the final
stage, and then propagates to the grating compressor. The inset shows a
photograph of the final Ti:Sapphire crystal situated in a cryogenically cooled
vacuum chamber.

The Ti:Sapphire CPA laser system is divided into four main
components: oscillator, stretcher, amplification, and compression.
Figure 2.2 illustrates a schematic view of the whole laser system,
indicating the output energy after each amplification stage. In the
oscillatory stage, a Ti:Sapphire crystal is optically pumped by a 532
nm diode laser. Using active mode-locking, the system generates short
pulses at a frequency of 80 MHz. After the oscillator, the laser pulses
pass through a pulse picker, reducing the repetition rate to 10 Hz,
before entering the pre-amplification stage, which enhances the pulses’
temporal contrast by suppressing amplified spontaneous emission (ASE).
Significant ASE ionizes the LWFA’s target gas before the main pulse
arrives, disrupting the process. It is therefore important to minimize the
ASE intensity. After the pre-amplification stage, the pulse propagates
to the stretcher, where it is stretched temporally and spectrally using a
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2.2.1 The multi-TW Ti:Sapphire CPA laser

grating and a demagnifying telescope. Following this, at the regenerative
amplifier stage, the pulse undergoes 10 round trips before the Pockels cell
is activated to rotate the phase of polarization by π radians and extract
the laser pulses. Afterward, the pulse proceeds to the first multi-pass
amplifier, attaining a final energy of 400 mJ while operating at 10 Hz.
Subsequently, 25% of this pulse is directed to the final amplification
phase, where its energy increases from 100 mJ to 2 J, and the repetition
rate is reduced to 5 Hz. The inset of Figure 2.2 shows the Ti:Sapphire
crystal within a vacuum chamber, cooled to cryogenic temperatures to
minimize thermal lensing effects. At highest power, experiments operate
in single-shot mode to prevent thermal lensing as even the 5 Hz repetition
rate results in too high energy dissipation in the crystal. Due to multiple
amplification stages, temporal stretching alone does not suffice to keep
the pulse intensity below the gain medium’s damage threshold. Hence,
the pulses are also expanded in beam diameter between the amplifiers. In
the last amplification stage, the pulse reaches a FWHM of approximately
22 mm, to optimally fit the final Ti:Sapphire crystal sized 50 × 50 mm
and 30 mm in length, and is amplified to 2 J. Before compression,
the pulses need further expansion to about 60 mm in FWHM to stay
below the damage threshold of the gold gratings in the compressor.
During compression, the power is so high that the rest of the beam
path, including the compressor, must be kept in a vacuum. The laser
pulse is powerful enough to trigger nonlinear interactions with the air,
which degrades the pulse duration and power. The pulse that ultimately
reaches the experimental chamber has a duration of 35 fs, with an energy
of approximately 1 J. Throughout most experiments in this thesis, the
pulse duration is slightly longer, around 38 fs, and the energy on target
ranges from 0.7 to 0.9 J.

The experimental setup

After the pulse compression, the entire experiment must be kept in
vacuum, to preserve pulse quality. A sketch of the experiment is shown
in Figure 2.3. This configuration, with some slight modifications, was
utilized in Papers I–VI. The laser pulse enters the vacuum chamber
from below and before arriving at the f/13 off-axis parabolic mirror
(OAP), a small fraction of the laser pulse wing is picked up by an
elliptic mirror and serves as a probe pulse (represented by the orange
line). The probe pulse is synchronized with the laser pulse using a delay
stage. Before diagnostics, the probe is divided with a 50:50 beamsplitter
to capture the shadowgraphic image and interference pattern, which
aids in plasma diagnosis. The primary laser pulse can proceed to the
gas jet for LWFA, or a pick-up mirror may be placed in its path to
redirect the beam toward laser diagnostics along the red dashed route.
Outside the chamber, the beam can either be directed to the wavefront
sensor for pulse characterization or to the focus camera for assessment
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Pick-up mirror
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Figure 2.3. A schematic sketch of the experimental setup, used with minor
modifications in papers I-VI. The compressed laser pulse enters from below and
propagates to the f/13 OAP mirror. The gas target, illustrated as a gas jet, is
situated in the center of the chamber. Before the OAP, a portion of the wing of
the laser pulse is picked up and used as a temporally synchronized probe pulse
(orange). Alternative beam paths are indicated with dashed lines. The dipole
magnet can be moved in and out of place to retrieve the electron spectrum (in)
and electron beam profile (out). The in-position of the magnet, together with
the scintillating screen and 16-bit CMOS forms the electron spectrometer.

of the focal spot. The wake excitation is heavily dependent on the
pulse transverse quality, and wavefront aberrations, such as coma and
astigmatism. The wavefront aberrations redistribute the laser pulse
intensity, causing inefficient coupling between the laser pulse and plasma
[30]. To reach the needed intensities for an efficient LWFA, the wavefront
aberrations must be minimized. This is done with the wavefront sensor
and adaptive optics in a closed-loop iteration. The adaptive optics is
located upstream of the experimental chamber, not shown in Figure 2.3.

From the gas jet, three femtosecond beams emerge – the now slightly
depleted laser pulse, an electron bunch (blue), and x-rays (purple). The
remaining laser pulse energy is blocked after the dipole magnet with a
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Compressor
BBO

Oscillator + stretcher

Pump

Idler

Figure 2.4. A sketch showing the principles of OPCPA. The oscillator
both generates the seed and stretches the pulse, which propagates to a
non-linear medium (BBO), where the pump amplifies the seed through optical
parametrization. From the process, an auxiliary beam emerges, called an idler.
The amplified seed is then compressed in the compressor.

3 µm Al-foil. The electron bunch can propagate through the 0.83 T
dipole magnet, so they are deflected on a scintillating screen (Lanex
Regular [31]), where the electrons will induce a phosphorescence that is
imaged by the 16-bit CMOS. The dipole magnet, scintillating screen, and
16-CMOS constitute the electron spectrometer, since the deflection of
the electrons depends on their acquired energy during acceleration. The
x-rays continue in the forward direction from the interaction, propagate
through a 50 µm Kapton window that seals the vacuum, through a
250 µm Be protecting the back-illuminated deep depletion CCD-chip.
This x-ray camera is used both to characterize the energy of the x-ray
radiation and to do x-ray imaging.

When the dipole magnet is moved out from the beam path, the
electrons instead propagate to a second scintillating screen (blue dashed
path and movable scintillating screen) without being deflected. Thus, the
scintillation corresponds to the transverse beam profile of the electron
bunch. The beam profile is imaged by a 12-bit CMOS camera outside
the chamber (green path). Note that the x-ray diagnostics are disabled
and moved out of the beam path when the beam profile is studied to
protect the x-ray camera from unnecessary radiation.

2.2.2 The OPCPA laser

The optical parametric chirped pulse amplification (OPCPA) technique
is based on parametric conversion of the laser pulse. Unlike traditional
CPA, which relies on gain in a laser medium, OPCPA uses parametric
amplification in a nonlinear crystal, offering a broader bandwidth and
faster amplification without thermal effects. Since the amplification takes
place without a gain medium, there is no ASE, immediately rendering
a high temporal contrast, which reduces the preionization of the plasma
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and enhances the reproducibility and control in LWFA. The principle is
illustrated in Figure 2.4. Stretching and oscillation occur simultaneously
at the same location. The stretched seed pulse travels through a
nonlinear medium, in this case BBO, where the seed is amplified. The
degree of this amplification depends on the phase matching between the
pump and the seed. Phase matching is fulfilled if the total phase velocity
is conserved, so that ∆k = 0, where ∆k = kout −

∑
kin and k are the

vectors of each component k, described by eq. (2.3). Any residual such
that ∆k ̸= 0 leads to losses or inefficient parametrization. Three beams
emerge from this process: the amplified seed, the residual pump, and
an idler, with the latter being photons generated to satisfy both energy
conversion and phase-matching conditions.

Table 2.1. Summary of the properties of the Ti:Sapphire laser system and the
OPCPA laser system. The experimental repetition rate refers to the capacity
the LWFA experiment has been and is currently running at. Future upgrade
of the OPCPA LWFA experiments involves acquisition at 10 Hz.

System Energy Pulse dura�on Repe��on rate Experimental 
repe��on rate 

Ti:Sapph 2 J 35 fs 10 Hz Single shot 

OPCPA 250 mJ < 10 fs 10 Hz Only tested at 
for single shot 

In 2024, the multi-TW Ti:Sapphire laser system was replaced by
a state-of-the-art OPCPA system, which has two output arms - one
delivering 50 mJ, sub-10 fs pulses, at a 100 Hz repetition rate, and the
other 250 mJ, sub-10 fs pulses at 10 Hz. The low energetic arm is used in
extreme ultraviolet experiments, whereas the high energetic arm is used
for the LWFA experiments. Table 2.1 details the specifications for these
two laser systems. Although current experimental data are acquired on
a single-shot basis, future plans for the LWFA experiment include an
upgrade to a 10 Hz repetition rate.

Chapter summary

This chapter outlines the theoretical background of high-intensity laser
pulses relevant to LWFA and describes the key laser systems at
Lund Laser Centre: the multi-TW Ti:Sapphire laser system, with its
well-established performance, and the recently installed OPCPA system,
designed for sub-10 fs multi-TW operation. The next chapter introduces
plasma physics underlying the acceleration process in more detail.
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Chapter 3

Plasma theory
and methods

Plasma, characterized by positive ions and free electrons, is a state of
matter and is the most prevalent form in the universe, though relatively
uncommon on Earth. Like other states of matter, plasma generally
maintains electrical neutrality. In LWFA, the high field gradients needed
to accelerate the electrons to GeV energies over distances on the cm-scale
is possible due to the lack of breakdown potential within the plasma, since
plasma consist of free electrons. However, material properties change
with the state of matter, and the change in refractive index causes the
laser pulse to evolve during the interaction. As will be discussed in
Chapter 4, this is often beneficial. The pulse dispersion will depend
on the plasma oscillations as well, which is detrimental for short laser
pulses. For a full control of the acceleration process, it is crucial to
diagnose the plasma density, and this is implemented in this thesis by
probing the plasma transverse to the laser propagation axis, and imaging
phase change with a folded interferometer. This chapter establishes
the essential plasma theory needed to understand LWFA and introduces
various methods used for its diagnosis.

3.1 Index of refraction of the plasma

The strength of an interaction between light and matter depends on the
collective oscillations of the electrons, which is denoted the polarization
density, P = ϵ0χE(x, t), where the dielectric constant is ϵ/ϵ0 = 1+χ and
χ is the susceptibility. To arrive at the index of refraction, which is also
governed by the collective oscillation of electrons, a simplified model for
the dielectric constant can be applied [26]. Starting with the equation of
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motion for one electron of charge −qe, moving in the x coordinate due
to an external field with frequency ω:

me(ẍ+ δẋ+ ωx) = −qeE(x, t) (3.1)

where δ is identified as a phenomenological parameter known as the
damping constant. The displaced electrons give rise to a dipole moment.
For a harmonic oscillating field, E(x, t) ∝ exp(−iωt), it can be written
as:

p = −qex =
q2eE(x, t)

me(ω2
b − ω2 − iωδ)

. (3.2)

The binding frequency ωb of an electron determines the resonances. At
these frequencies, ionization can occur. In a plasma, the electrons are
already ionized and the free electron ultimately has ωb = 0. Due to the
short interaction time between the laser pulse and gas in an LWFA,
the excitation happens adiabatically and the plasma can be treated
collisionless, that is, cold and nonmagnetic. The damping constant is
thus δ = 0. Including these, the polarization density, given by the
collective dipole moment, P = nep, may therefore be expressed as:

P = −nee
2E(x, t)

meω2
. (3.3)

The reduced polarization density, considering only the maximum induced
oscillation, given by the amplitude of the electric field, yields P/(ϵ0E0) =
1 + χ. Recalling that this is connected to the dielectric constant, the
expression can now be written as:

ϵ(ω)

ϵ0
= 1− neq

2
e

ϵ0ω2me
. (3.4)

In the expression, the dielectric constant now incorporates the
dependence on frequency. A consequence of the frequency dependence
of ϵ(ω) is that laser pulses, which encompass multiple frequencies, are
subject to dispersion. This means that the pulse will stretch as it
propagates through a dispersive media, such as a plasma. In Chapter
2, the refractive index was derived as n =

√
µϵ/µ0ϵ0. In the case of

nonmagnetic materials, the refractive index reduces to n(ω) =
√
ϵ(ω)/ϵ0.

Rearranging eq. (3.4) and applying k = ω
√
µϵ, now leads to the

dispersion relation of a cold, non-magnetized plasma:

ω2 = ω2
p + k2c2, (3.5)

where the plasma frequency is related to the plasma density through:

ωp =

(
neq

2
e

ϵ0me

)1/2

, (3.6)
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a) b)

Figure 3.1. In a) the dispersion relation of the plasma, where the gray-shaded
area is where k only has imaginary solutions. The blue line represents the
non-imaginary solutions to eq. (3.5), and the orange line is the light line. b)
the refractive index of plasma for different plasma densities. The laser center
frequency is kept constant at ω = 24× 1014 rad/s, corresponding to 800 nm.

which is the fundamental frequency with which the electrons within in the
plasma oscillate. The dispersion relation is illustrated in Figure 3.1a).
The orange line is the real root of eq. (3.5), and the blue line is the
light line, which corresponds to the vacuum propagation of light with
frequency ω. From eq. (3.5), the refractive index of the plasma is also
realized:

n(ω) =

(
1− ω2

p

ω2

)1/2

. (3.7)

For a laser pulse with a wavelength centered at 800 nm, and for a plasma
with a density of ne = 4× 1018 cm−3, the refractive index is n ≈ 0.9989.
Despite being nearly unity, this subtle deviation indicates that the phase
velocity of light surpasses c within the plasma. Consequently, another
implication is that the light will refract away from the surface normal of
the medium, rather than towards it. The group velocity, on the other
hand:

vg ≡ ∂ω

∂k
=

c2√
c2 + ω2

p/k
2

(3.8)

is still less than c. For the same parameters as before, the group velocity
is vg ≈ 0.9989c. This mismatch in phase and group velocity means that
there is slippage in phase as the laser propagates through the plasma.
This effect becomes more prominent with increasing plasma density,
illustrated in Figure 3.1 b). In the figure, the laser pulse frequency is
kept constant at ω = 24× 1014 rad/s, corresponding to a wavelength of
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800 nm. The range of the density and laser frequency are representative
of typical experimental conditions presented within this thesis.

Eq. (3.5) has two nontrivial solutions for k: ω < ωp and ω > ωp.
In the first scenario, k assumes an entirely imaginary form, rendering
the plasma opaque to ω, which results in the total reflection of the
wave. In contrast, in the second scenario, k is real, which allows the
plasma to become transparent to ω. Equation (3.6) delineates a direct
correlation between plasma density and frequency, whereby these two
regimes pertaining to the solutions to k are categorized as the overdense
and underdense plasma regimes, respectively. When ω = ωp occurs, a
material parameter designated as critical density is obtained:

nc =
ϵ0me

q2e
ω2. (3.9)

This thesis, only considers the underdense regime, where ne < nc, as this
is required for LWFA. The next chapter details the consequences of the
differences in phase and group velocity.

3.2 Plasma diagnostics

The sensitivity of the acceleration process and the resultant radiation
in LWFA to the overall set of acceleration parameters is attributable
to its inherent nonlinear characteristics. The manipulation of laser
pulse compression and wavefront is generally manageable, particularly
with the application of sophisticated diagnostic tools. Furthermore,
achieving comprehensive control over the accelerator is facilitated by
the examination and diagnostic assessment of the plasma. A common
method for diagnosing the plasma involves the use of a probe pulse,
which is feasible due to the significant change in refractive index following
the formation of the plasma channel. In this thesis, two main methods
are used: the Nomarski interferometer and the modified Mach-Zehnder
interferometer.

3.2.1 The Nomarski interferometer

The Nomarski interferometer [32–34] serves as an invaluable instrument
for LWFA experiments due to its compactness. A temporally
synchronized probe beam is used to image the gas jet or a gas cell
with windows, traversing transversely to the primary laser pulse and
subsequently directed to the interferometer, as shown in Figure 3.2. The
plasma channel is imaged with a lens (L), with a focal length of f. A λ/2
plate, in conjunction with a polarizer (P1) at 45° to the optical axis, is
utilized to create a circularly polarized pulse aligned with the polarization
axis of the Wollaston prism. The Wollaston prism is composed of
two birefringent crystals, which are cut at an angle α, facilitating the
separation of the ordinary and extraordinary polarization states of the
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Figure 3.2. Schematic of the principle of a Nomarski interferometer. The
probe pulse propagates from left to right. Only part of the pulse covers the
region of interest (black rectangle). The pulse propagates through a λ/2-plate,
a polarizer (P1) and then through a lens (L) with a focal length of f, which
images the region of interest. At the Wollaston prism (W), the two polarization
states of the pulse are separated with an angle α. After the final polarizer (P2),
the pulse interferes with a spatially shifted copy of itself.

laser pulse at the identical angle. In order to generate the interference
pattern, an additional polarizer (P2) rotated at 45° is implemented after
the Wollaston to create two equal and circular polarization states of the
beam. These two replicas of the same beam will produce an interference
pattern, provided that the angular spread ensures that the two beams
coincide at the image plane, thus yielding an interference pattern with a
fringe density of

i =
λ

α

p′

b
, (3.10)

where b is the distance between the focal plane and the center of
the prism, and p′ is the distance from the prism to the image plane.
The configuration of the beams ensures an overlap between the plasma
channel and an undisturbed section of the beam, thereby inducing a
phase shift in the interference pattern, viewed as a bend of the fringes.
As α is usually fixed, the flexibility of the setup is determined by the
distance between the lens and the prism. To accurately resolve the
plasma, a high fringe density is needed, which facilitates small α, short
b, and long p′. However, with shorter α, the image separation decreases
for a certain lens, which may lead to overlapping regions of interest,
making it impossible to distinguish the plasma channel. The prism thus
needs to be chosen with the desired separation in mind, given a certain
image magnification. The final image quality is determined by the lens
system used together with the prism. Aberrations introduced by the
lenses reduce the final fringe contrast.
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Figure 3.3. a) The modified Mach-Zehnder interferometer. The probe pulse
enters from the bottom and is split into a reference and probe beam at the
first beam splitter (B.S.). The transmitted probe propagates to the first silver
mirror (M1) in the forward direction and the reflected beam to the first mirror
of the delay stage (M3). The one of the beams is slightly displaced transversely
before they are recombined with the final B.S, such that a clear phase change
along the plasma channel is visible, illustrated in b). The dashed yellow box
highlights the region of interest used in the post-processing.

3.2.2 The modified Mach-Zehnder interferometer

In Papers I–V, a principle similar to that of the Nomarski interferometer
is implemented [35]. A limitation of the Nomarski interferometer is
that the beamlet separation angle α and the fringe density i cannot
be tuned independently of each other. With the modified Mach-Zehnder
interferometer, or folded Mach-Zehnder as it is commonly called [35], the
separation of the two beamlets and the fringe density can be adjusted
independently, leaving an extra degree of freedom. However, unlike
in the Nomarski interferometer, the two beamlets are not inherently
synchronized, and the delay between the “reference” and the “probe
beam” must be carefully aligned. In Paper III, this technique is combined
with a shadowgraphic measurement to obtain an accurate single shot
determination of the plasma density. The setup of the interferometer
is shown in Figure 3.3 a) and the typical recorded image is shown in
b). The probe beam enters from below in Figure 3.3a), and arrives at
the first 50:50 beam splitter (B.S.). The reflected part propagates to
a delay stage, with mirrors M3 and M4, while the transmitted beam
propagates to mirrors M1 and M2. Both beams are recombined with the
final beamsplitter, where the reflected beam delay is tuned to overlap
temporally with the transmitted beam. One of the beams is displaced
vertically to generate a clear plasma channel, shown in Figure 3.3b). In
the figure, the fringe bend is only achieved when a phase difference is
detected; that is, the region of interest overlaps with undisturbed plasma.
The yellow box marks the region of interest used in the post-processing.
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Figure 3.4. The full procedure of the density retrieval algorithm. a) The raw
image from 3.3 b) is cropped to capture only the region of interest, and the
fringes are normalized to minimize the noise of the final retrieval. b) After
the FFT, the image is filtered in the frequency domain (black dashed box).
IFFT is applied to retrieve the 2D phase map in c). Abel inversion is used to
retrieve the 3D phase, which can be converted to a density map, d). e) shows
the weighted average of the density, essentially giving the density profile across
the plasma channel.

3.2.3 Phase retrieval and the Abel inversion

A common technique for phase retrieval of an LWFA experiment is the
Abel inversion [35–37], which can be applied to cylindrically symmetric
geometries. The forward transform converts an object in 3D space to
the 2D space,

F (x) = 2

∫ ∞

x

f(r)r√
r2 − x2

dr (3.11)

while the inverse does the opposite,

f(r) = − 1

π

∫ ∞

r

dF

dx

dx√
x2 − r2

. (3.12)

There exists no analytical solution to eq. (3.12), but numerous numerical
solvers. In cases of noisy and sparsely sampled data, certain solvers are
inadequate to accurately reconstruct the 3D space. An approach that
demonstrates computational efficiency and precision for sparse datasets
is the “three-point” technique, which was used in Paper I, II, IV, and
V [38]. The technique exploits the line-of-sight phase change created by
underlying radial distribution. It interpolates three neighboring pixels
during post-processing, making it robust towards noise. However, the
interpolation technique may lead to the loss of sharp features of the
plasma when this is present.
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Due to the inherent symmetry around the laser axis of the plasma
channel formed by an LWFA, the Abel inversion technique is frequently
applied to reconstruct the 3D phase of the plasma channel from a 2D
phase map, considering the laser axis as the axis of symmetry. In the
context of a folded interferometer, the phase shift is correlated with the
plasma density as outlined in [35]:

f(r) = ∆ϕ =
2π

λ

∫

L

(n(ω)− 1)dl. (3.13)

With eq. (3.7), the density of the plasma channel as seen by the probe
laser pulse with wavelength λ is:

ne = nc

(
1−

(
λ∆ϕ

2πL
+ 1

)2
)
, (3.14)

where L is the apparent length. Figure 3.4 shows the complete density
retrieval algorithm. For both of the above-mentioned techniques, the
phase is retrieved in post-processing from the interferometric images. A
commonly used and straightforward phase-retrieval technique is the Fast
Fourier Transform (FFT), which proves to be effective under conditions
of high fringe density and minimal noise. The fringes depicted in Figure
3.4 a) have undergone normalization to enhance fringe contrast and
mitigate some noise, resulting in suppression of the DC term within
the Fourier domain, as shown in Figure 3.4 b). However, in scenarios
where noise levels are substantial, the FFT tends to amplify the noise,
and when combined with the Abel inversion, which is similarly based
on the Fourier domain, the increased noise leads to inaccuracies in
the extracted density [39, 40]. Although fringe normalization [41] can
be applied to interferometric data to attenuate noise to some extent,
this approach does not resolve issues related to fringe density, as these
originate from the data retrieval process. In Figure 3.4 b), the black
dashed box shows the filtered region. Most of the time, an asymmetrical
filter is applied to reduce high-frequency noise. A filter that is too narrow
will not adequately reconstruct the boundaries of the plasma density.
Consequently, there is an inherent trade-off between noise reduction and
accuracy. The fringes correspond to the wrapped phase. Following the
application of filtering in the Fourier domain, inverse FFT (IFFT) is
employed to retrieve the 2D phase, shown in c). The negative phase
arises as a combination between fringe-bend direction and chosen region
for filtering. For these particular data, the rightmost maxima in b) can be
used to obtain a positive phase. However, both contain the same phase
information, but the sign must be taken care of before the Abel inversion.
Using the Python package PyAbel [38], the inverse Abel transform is then
applied to the data to recover the 3D phase, with the density determined
according to eq. 3.14. The density map is shown in d). Figure 3.4 e)
shows the weighted average of the density in d), which essentially gives
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the overall shape of the plasma channel. Note that if suitable fringe
normalization is performed, an inverse cosine method may be utilized as
an alternative to the Abel inversion. This methodology is based on the
premise of cosine oscillation of the fringes [40].

Interferometric methods, like those discussed, are sensitive to fringe
jumps. At larger phase changes exceeding 2π, that is, the distance
between the fringe maxima or minima, it abruptly jumps to zero at
2π. Although post-processing can mitigate these effects, it adds extra
uncertainty to data processing. An alternative method for density
determination involves directly measuring phase shifts, for instance,
using a wavefront sensor. This approach omits the need for FFT since
it captures the 2D phase directly. The method’s precision depends
on the wavefront sensor’s resolution and the post-processing accuracy.
All probing techniques depend on the probe’s propagation through the
plasma, where high densities might refract the laser pulse strongly,
causing it to miss the detector. In such scenarios, characterizing plasma
at lower densities provides calibration data for extrapolation to higher
densities.

Chapter summary

The interaction between the laser pulse and plasma is governed by the
susceptibility of the plasma. As the refractive index drastically changes
during the interaction, the laser pulse evolves such that the phase velocity
slips and the group velocity increases. Diagnosis of the plasma is crucial
for a complete picture of the nonlinear relativistic interaction between
the plasma and the laser pulse in the LWFA. In this chapter, I have
covered interferometric techniques for density reconstruction, which is
an important experimental tool for plasma diagnosis. The next chapter
explains why a dynamic change in the plasma refractive index plays a
crucial role for efficient LWFA.
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Chapter 4

Electron
acceleration and
x-ray generation

When exposed to the strong accelerating field present in LWFA, electrons
achieve highly relativistic energies [42, 43], and off-axis oscillation leads
to the emission of x-rays with a synchrotron-like spectrum. Since the
LWFA breakthrough in 2004, significant advancements have been made
in optimizing and controlling injection techniques. The laser-plasma
interaction goes through the following steps: the target gas is ionized
by the wing of the laser pulse, through field ionization, and electrons
are exposed to the continuum. The main peak of the laser pulse
thus interacts only with a plasma. Through the non-linear, relativistic
ponderomotive force, the electrons are expelled from the high-intensity
regions of the laser pulse, leaving a region devoid of electrons behind the
drive laser pulse. The electrons are then injected into this void, focused
radially, and accelerated longitudinally. This chapter is divided into three
primary sections: the first discusses the basic principles of LWFA, the
second examines the injection methods utilized in all the research papers
forming the basis of this thesis, and the third delves into x-ray radiation.

4.1 The concept of LWFA

The principle of LWFA relies on nonlinear wave excitation, which is
possible due to the nonlinear ponderomotive force. As an intense laser
pulse plows through the plasma during its propagation, the electrons
are expelled upward and backward away from the high intensity regions.
The collective motion of electrons creates a sheath, and right behind
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Sheath 
electrons

Laser pulse

Ez
Point of dephasing

Electrons

Figure 4.1. Conceptual sketch of LWFA. The laser pulse propagates through
the plasma, and by the relativistic ponderomotive force, the elctrons are
expelled, upward and backward from the propagation direction, creating
sheath. Right behind the laser pulse, inside the created sheath is an area
void of electrons. Injected electrons are exposed to the accelerating field and
will continue to gain energy until they have reached dephasing.

the laser pulse only positively charged ions are present. The concept is
illustrated in Figure 4.1. The red ellipse at the right is the laser pulse,
the gray lines the sheath electrons, and the black line illustrates the
accelerating electric field gradient. Ez. In this picture, the electrons
have been injected at back of the first wake directly after the laser pulse
and are in an accelerating phase.

The laser pulse continuously excites a wake within the plasma, until
the laser pulse energy is depleted; that is, until the energy loss is such
that a nonlinear wave can no longer be excited. The sheath electrons
are usually dense, and inside it, right behind the laser, a cavity with
positively charged ions is created. The accelerating field Ez can attain a
TV/m field gradient. In handy units, the field gradient is often given as
Ez ≈ 96

√
ne[cm−3] V/m. Thus, electrons injected to the structure can

be accelerated to MeV energies over a distance of just a few millimeters.
The maximum energy gain is determined by the distance over which
electrons are exposed to the accelerating field. Due to the difference
in the group velocity of the laser pulse and the speed of the electrons,
ve > vg, the electrons will eventually outrun the laser. This is called
dephasing, and is defined as the distance over which the electrons reach
the midpoint of the plasma wave. At this position, the electrons see the
negative potential at the front of the wave and the positive ions at the
back, and will start to decelerate.

4.1.1 Ponderomotive force and wave excitation

One electron, exposed to an electromagnetic field, will experience a force
according to the Lorentz force [26]:

F = q(E+ v ×B), (4.1)
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where q represents the particle’s charge, and hence for an electron,
q = −qe. In the case of nonrelativistic particles, only the electric
field contribution is considered because the impact of a typical
electromagnetic wave’s magnetic field is much smaller than that of the
electric field. However, because of the electron’s low mass, it rapidly
attains relativistic energies, and the magnetic contribution in eq. (4.1)
can no longer be neglected. Moreover, the magnetic contribution leads to
the nonlinear response of the electrons and to the ponderomotive force.
This term will be the dominant one, as it increases with the increasing
energy of the electron bunch.

LWFA relies on the excitation of waves in a non-linear manner, driven
by the relativistic ponderomotive force which emerges when a0 > 1,
corresponding to laser pulse intensities exceeding 1018 W/cm2 [4, 42].
For a typical gaseous target, the intensity at the edges of the laser pulse
is sufficient to ionize it completely, leaving the central part of the pulse to
interact solely with plasma. Electrons are displaced from regions of high
intensity by the relativistic ponderomotive force and cannot recombine
with their parent ions, creating a void in the path of the laser pulse.
This resultant wakefield, or “bubble”, as it is often called [10, 11, 44], is
devoid of free electrons. When considering a laser pulse with an envelope
that encompasses multiple cycles, the average relativistic ponderomotive
force is described by [28, 42, 45]:

fp =
dP⊥

dt
= −c2∇meff = −mec

2∇γ̄ (4.2)

where P⊥ is the transverse momentum of the electron and meff = meγ is
the relativistic mass of the electron. γ̄ denotes the average Lorentz factor.
On an ultra-fast timescale, specifically in the fs range, ions are stationary
under the influence of the laser pulse. Eq. (4.2) does not consider a
full cavitation behind the laser pulse, i.e., no bubble formation. In the
nonlinear 3D regime, the ponderomotive force depends on the amplitude
of the normalized vector potential, a0. For a0 > 2, a bubble is formed.
Within the bubble, extreme electric fields (TV/m) are achieved, and
electrons that escape the collective motion and become injected into the
wave structure are accelerated to high energies.

4.2 The matched regime

Achieving energy breakthroughs in LWFA require electrons to remain
within the accelerating structure, which led to the concept of the matched
regime. This means that the laser pulse energy and duration have an
optimum relationship, which in turn will lead to an optimum spot size
so that a certain intensity can be reached. For this intensity, there is
background plasma density that will lead to a self-guided laser pulse, so
that an accelerating structure can be continuously excited throughout
the whole length of the plasma.
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4.2 The matched regime

Figure 4.2. The dephasing (orange) and the depletion of the laser pulse pump
(green) as a function of the background plasma density, ne. For both curves,
the laser pulse has a center wavelength of 800 nm, a duration of 38 fs, and a
pulse energy of 1 J. The assumed spot size is W0 ≈ 10 µm, leading to a0 = 2.5,

The self-guidance is achieved because of the radial change in the
refractive index of the plasma, which is an effect of the excitation of
a laser pulse with a radial distribution such as a Gaussian pulse. A
Gaussian laser pulse can self-guide through the plasma beyond several
Rayleigh lengths, and the change in refractive index is described by [46]:

n(ω, ne) ≈ 1− 1

2

ω2
p

ω2

(
1 +

∆η

ne

r2

W 2
0

+
∆ne

ne
− a30

8

)
, (4.3)

In this context, ∆ne represents the reduction in density immediately
following the laser pulse, caused by the ponderomotive force. The
parameter ∆η = mc2/(e2πW0) defines the density change required to
minimize the oscillations of the laser spot size, W0, ensuring that the
laser pulse remains guided. The last term accounts for the relativistic
electron mass change, as the laser pulse expels them. A laser pulse can
self-guide if the refractive index change satisfies ∆η/ne ≈ 4/(kpW0)

2, or
if the mass correction satisfies a0/8 ≳ 4/(kpW0)

2 [46]. The last condition
can be expressed in terms of the laser power, P > Pc [46, 47], where Pc

is the critical power needed for self-focusing, defined by Pc = 17ω2/ω2
p

[GW]. To achieve the bubble regime, it is necessary for the laser intensity
to satisfy a0 > 2, leading to the matching condition for the laser spot
size (see eq. (2.11)):

a0 ≳ 2

(
P

Pc

)1/3

. (4.4)

Recall eq. (2.11), where a0 ∝ √
I0, which means that the intensity of

the laser pulse must be such that the right-hand condition is fulfilled,
which is obtained by focusing the laser pulse tightly. Since self-focusing
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occurs when the fraction on the right-hand side is greater than one, the
matched focal spot size is reached when a0 > 2.

In Chapter 3, it was demonstrated that the phase velocity of an 800
nm laser pulse in plasma exceeds c. In contrast, the group velocity is
slower than c due to plasma dispersion, causing the accelerating structure
to move at vg < c. Electrons will rapidly reach ve ≈ c, and since ve >
vg, they will quickly enter a decelerating phase. This occurs over the
dephasing length, which in the bubble regime is given by [46]:

Ld =
4ω2

3ω2
p

√
a0
kp

. (4.5)

In this domain, the plasma wave vector is given by kp = ωp/c, where λw

represents the nonlinear wake wavelength. As the laser pulse traverses
the plasma, it modifies the refractive index, defined in eq. (4.3), requiring
a time t ≈ 1/ωp to efficiently guide the laser pulse. Consequently, the
pulse’s leading edge experiences diffraction. Insufficient guiding causes
more of the laser pulse to diffract. Energy is also lost during wave
excitation [47], with the plasma wave converting laser energy into the
electron bunch. The pump depletion length [46] defines the maximum
distance over which a laser pulse can generate a nonlinear wave:

Lpd =
ω2

ωp

τ

kp
, (4.6)

where τ is the FWHM duration of the laser pulse. The dephasing length
and pump depletion of eq. (4.5) and eq. (4.6) give the upper limit on
the energy gain in the bubble regime. The plasma parameters, such as
background electron density, are matched to the laser pulse intensity if
Lpd = Lp. In this case, the laser energy is efficiently used to accelerate
the electron bunch over the maximum distance before dephasing. This
results in the following relationship between the laser pulse and plasma:

4

3

√
a0
τ

=

(
neq

2
e

ϵ0me

)1/2

. (4.7)

This implies that specific laser pulses, matched in energy and time,
correspond to an ideal plasma density for optimal acceleration. At
this density, the plasma can efficiently balance the diffraction of the
laser pulse, and the average electric field is Ē = mecωp

√
a0/(2qe).

Consequently, if the matched regime is reached, and the electrons are
accelerated until dephasing and depletion are reached, the expected
energy gain can be approximated by:

∆W ≈ 2

3

ω2

ω2
p

mc2a0. (4.8)

Figure 4.2 illustrates the relationship between the dephasing length
and the pump depletion with respect to the plasma density of a laser
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pulse with a0 = 2.3, a laser power of 26 TW, and τ = 38 fs. The curves
intersect at ne ≈ 0.8 × 1018 cm−3, suggesting an optimal acceleration
length of 15 mm. However, this density is insufficient to counteract
laser pulse diffraction, as depicted by the blue line representing P/Pc.
To efficiently guide the laser pulse under these conditions, external
guiding is needed [46]. The gray dashed lines indicate the threshold
plasma density needed for self-guidance of the pulse. Most experiments
discussed in this thesis utilize ne ≈ 3 × 1018 cm−3, which is ideal for
effective self-guidance of the laser pulse. At these densities, the LWFA’s
limiting factor is the dephasing length, approximately 3.8 mm. However,
during the experiment presented in this thesis, the acceleration length
is approximately 1.5 mm, which leads to a theoretical maximum energy
gain of ∆W ≈ 200 MeV.Under optimal experimental conditions, this is
in good agreement with the observed energies, for example, achieved in
Paper IV.

Table 4.1 summarizes typical experimental parameters for the
LLC Ti:Sapphire and OPCPA systems, presenting actual experimental
conditions in white and theoretically matched parameters in green with
a star by the system name. For Ti:Sapphire, the laser pulse energy, a0
and ne, is kept unchanged for the matched calculations, which allows for
calculations of the matched pulse duration and spot size. The maximum
energy gain is then determined according to eq. (4.8). For the OPCPA
system, the white row is based on current experimental conditions and
with equations for the 1D linear regime presented in Lu et al. [46]. The
maximum energy gain is obtained from the linear average field multiplied
by the dephasing length. For the calculation of the matched parameters,
the laser pulse energy and duration are kept constant to obtain matched
W0 and a0. The spot size is made to fulfill cτ ≲ W0. For the calculations
presented in the table, self-focusing and self-compression, which increase
a0, are not taken into account [46, 48, 49]. These effects enhance
maximum energy gain and injected charge. The influence of injected
charge on the acceleration is also omitted, which alters the accelerating
structure if the charge is substantial [50].

The table clearly shows that the OPCPA system is currently
constrained by pump depletion in these experiments utilizing an
unmatched spot size, while the Ti:Sapphire system is limited by
dephasing. This fundamental distinction arises from the notably shorter
pulse duration of the OPCPA system compared to the Ti:Sapphire
system.

4.3 Injection methods

For the electrons to be exposed to high field gradients within the
plasma, they must be injected into the accelerating structure. The
terminology is adapted from acceleration physics, where the electron
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Table 4.1. Summary of the experimental conditions for the Ti:Sapphire and
OPCPA systems in the white rows. The dephasing length, pump depletion, and
energy gain are calculated on the basis of the measured energy, pulse duration,
and laser spot size. The experimental energy gain is obtained by assuming that
the maximum acceleration is limited by the laser pulse depletion. In the green
rows, and marked with a star, are the matched conditions for each system. For
the Ti:Sapphire system, the parameters are obtained by keeping a0, E , and ne

unchanged, while for the matched OPCPA, E and τ are the only constants.

System ℇ  
 [J] 

𝝉   
[fs] 

𝑾𝟎  
[µm] 

𝒂𝟎 𝒏𝒆 
[1018 cm-3] 

𝑳𝒅 
[mm] 

𝑳𝒑𝒅 
[mm] 

∆𝑾 
[MeV] 

Ti:Sa 1.0 38 10 2.5 3 3.8 6.6 200 

Ti:Sa *  1.0 22 6.6 2.5 3 3.8 3.8 510 

OPCPA 0.22 9 19 1.3 8 2.8 0.19 70 

OPCPA * 0.22 9 6 4.2 29 0.15 0.15 83 

bunch is created outside the accelerating structure. For LWFA, the
electrons are generated within the plasma itself, but the quality of the
electron bunch is greatly influenced by how they are subjected to the
accelerating gradient within the bubble. Traditionally, injection has been
achieved using self-injection [6, 51]. Here, the laser amplitude is high
enough for some electrons to break free from collective motion imposed
by the ponderomotive force, disrupting the wave structure. This injection
method is sensitive to plasma and laser pulse fluctuations, which cause
significant fluctuations in the energy and charge of the accelerated bunch.
Therefore, tremendous work on injection control has been done over the
last decades.

The electrons can be trapped within the wake if their initial velocity
is close to the velocity of the wake, that is γ/γp ≈ 1, where γp is the
Lorentz factor of the plasma wave. All other electrons contribute to
the background plasma. The different initial conditions of the electrons
subsequently lead to different trapping positions and times. If the
electrons are trapped at different positions and times, they acquire
different final energies, essentially leading to a wide energy spread. The
derived matched parameters provide a foundation for optimizing the
acceleration process. However, laser parameters are often predefined,
meaning that, unless the laser is specifically designed for the LWFA
experiment, it is typically unmatched. To overcome this and enhance
control over the acceleration, various injection and acceleration strategies
using plasma tailoring have been developed. Discussed here are the
ionization injection scheme and the shock-front injection.

4.3.1 Ionization injection

A prevalent and simple injection method is the ionization injection
scheme [52–54]. The host gas used is typically a low Z-number gas,
such as molecular hydrogen or helium, doped with a higher Z-number
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gas. Interestingly, at intensities near 1019 W/cm2, molecular nitrogen
proves to be an ideal option.

Table 4.2. The appearance intensity of helium and nitrogen, for each ionization
stage. The two innermost K-shell electrons of N are marked in green.

Zi He [W/cm2] N [W/cm2] 

1+  1.5 ×  1015 1.8 ×  1014 
2+  8.8 ×  1015 7.7 ×  1014 
3+   2.3 ×  1015 
4+   9.0 ×  1015 
5+   1.5 ×  1016 
6+   1.0 ×  1019 
7+   1.6 ×  1019 

In the outer regions of the laser pulse, nitrogen reaches its fifth
ionization state at intensities of 1016 W/cm2. These electrons contribute
to the background plasma density for LWFA. As the laser pulse’s peak
intensity moves through plasma, it can also ionize K-shell electrons.
By then, a plasma cavity exists and the trapping condition is therefore
relaxed since electrons are close to the peak intensity. Electrons located
close to the wake are exposed to the wake potential and can be trapped.
The electrons on the axis have the largest change in wake potential
and are easily trapped, while off-axis electrons, away from the wake,
contribute to the background density [53]. Since the electrons are
injected as long as the laser pulse intensity is enough to drive a wake
and ionize the K-shell electrons, this scheme relaxes the demands on
the laser pulse needed for efficient trapping. Table 4.2 lists the field
ionization intensities for nitrogen and helium, defined by the appearance
intensity [28], which is the intensity seen by the bound electron:

Iapp =
cIpπ

2ϵ30
2Ziq6e

, (4.9)

where Ip represents the ionization potential of the ion and Zi denotes
the charge of the resulting ion. Electron injection in this setup is
experimentally straightforward due to the relaxed LWFA matching
conditions. However, as the laser pulse undergoes self-focusing,
self-compression, and self-guiding in the plasma, it sustains the intensity
needed to ionize nitrogen’s K-shell electrons throughout gas propagation,
resulting in a 100% energy spread in the electron spectrum. This
technique is used in Paper VI to produce stable high-flux x-rays.
Moreover, the length of the gas cell exceeded the length of the dephasing,
enhancing the generation of x-rays [55].
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Figure 4.3. Shock-front injection concept. a) Diagram of a supersonic gas
jet. A razor blade disrupts the gas flow, creating an upstream shock-front.
b) A laser pulse propagates from left to right through the gas. The plasma
wavelength varies along the jet, as rb ≈ λw ∝ √

ne. Each point in b) aligns
with the highlighted positions in c) which display an experimentally derived
plasma density profile.

4.3.2 Shock-front injection

Shock-front injection is a method to reduce the energy spread of
electron bunches [56–62]. It involves disturbing a supersonic gas flow
by placing a sharp object, such as a razor blade, near the gas flow
boundary, as depicted in Fig. 4.3a). At supersonic speeds, gas molecules
predominantly continue their supersonic course when encountering the
object [63]. This creates a denser gas region upstream of the flow,
resulting in a dense electron region at the jet’s start. As the laser pulse
passes through, the excited bubble will change because of its dependence
on the plasma density, rb ≈ λp ∝ √

ne. The bubble initially contracts
and then expands rapidly in the high-to-low-density transition (Figures
4.3b) and c), from x1 to x2), injecting the former rear electrons into
the accelerating structure [64–70]. At the shock-plateau junction (x2 to
x3), the bubble contracts again, mitigating further injection. The brief
duration of this event allows for concurrent electron injection, forming a
quasi-monoenergetic bunch. Despite being sensitive to laser parameters
and having a limited injection capacity, this technique is adaptable to
various geometries and offers a robust approach to plasma control.

4.3.3 Shock-assisted ionization injection

A method that harnesses the benefits of both ionization injection
and shock front injection is the so-called shock-assisted ionization
injection [58, 59]. In Paper I, this method is used to generate stable
quasi-monoenergetic electron bunches. The host gas is helium and the
dopant is 1% nitrogen. Figure 4.4 presents typical experimental results of
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a)

b)

c)

Figure 4.4. A demonstration of the difference in the electron spectrum with
a) ionization injection and b) shock-assisted ionization injection. In c), the
integrated spectrum of a) is shown in green and b) in orange.

the ionization injection and shock-assisted ionization injection method.
In Figure 4.4 a), ionization injection results in a notable energy spread.
The mechanism produces stable electron bunches in terms of charge and
energy, but the spread in energy is 100%. Figure 4.4 b) displays a
quasi-monoenergetic spectrum due to the introduction of the shock front.
Figure 4.4 c) integrates the two spectra, clearly showing the difference
in the injected charge and energy characteristics.

In contrast to shock-assisted injection in a single gas like helium, in
this context, injection is initiated by both the density gradient and the
laser pulse’s self-focusing, combined with the ionization which relaxes
the trapping condition. After the shock, as depicted in Figure 4.3, the
bubble expands between x1 and x2, and laser diffraction reduces a0 below
the intensity necessary to ionize the K-shell electrons of nitrogen. The
combination of several injection techniques leads to a stable injection of
high-quality electron bunches. In this thesis, it is the most successful
technique for stable generation of quasi-monoenergetic electron bunches.

As the blade can be moved across the gas jet orifice, the length of
the plateau can be adjusted. The energy gain of an accelerated particle
can be expressed as ∆W = ĒlL, where Ēl is the average electric field
gradient and L the acceleration distance. This relationship was used in
Paper I to determine Ēl, based on the measured energy ∆W and the
recorded plateau length, L.

4.4 Betatron radiation

In the bubble regime of LWFA, the radial force that pushes the electrons
toward the optical axis causes them to oscillate around the it [71–74].
The oscillation causes the electrons to emit radiation and, since they are
highly relativistic, this radiation lies within the x-ray spectral domain
and has a synchrotron-like spectrum. These betatron oscillations give
the radiation its name. Since they are of similar duration as the laser
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pulse, in the fs regime, they are an important addition to conventional
x-ray sources, where the fs domain is challenging to reach. Due to
the small source size, defined by the wakefield size, which is on the
order of magnitude of the focal spot size, betatron radiation allows for
high-resolution imaging.

By realizing that the betatron oscillation resembles that of an
undulator, well-established physics can be adapted to x-rays generated
in the bubble regime, as described below. The radiation occurs from the
transverse motion of the electron within the bubble. Thus, the transverse
equation of motion within the bubble that describes this oscillation for
one electron is [75]:

dP

dt
= −meω

2
pr⊥/2 +mecωpuz. (4.10)

Note that the equation of motion differs from eq. (4.2), because of
the absence of the electromagnetic field from the laser pulse. r⊥ is the
radial position and uz is the unit vector in the direction of the wakefield
propagation; that is, in the direction of the laser propagation. For small
oscillation amplitudes, the fundamental frequency of the betatron motion
can be defined as:

ωβ = ωp/
√
2γ. (4.11)

As noted, the relativistic energies of the electrons lead to a
synchrotron-like spectrum being emitted, with a fundamental wavelength
of:

λ = λβ/2γ
2, (4.12)

where λβ is the period of the betatron oscillation, analogous to the
magnet period in an undulator. The radiation is emitted mainly in the
forward direction and the cone of emission, which coincides with the
oscillation angle, also defined as the divergence of the radiation depends
on the oscillatory strength parameter, K by:

θ ≃ K/γ. (4.13)

K is usually termed the strength parameter. For large oscillation
amplitudes, which is:

K = 1.33× 10−10
√
γne[cm−3]r[µm]. (4.14)

In this context, r describes the oscillation radius. The divergence in
eq. 4.13 increases with increased strength K but decreases at higher
particle energies, due to the force required for high-energy particle
deflection. Since the bubble is small and increases with increasing
density λw ∝ 1/

√
ne, the ion cavity within which the electrons can

oscillate is small, which also leads to K and subsequently θ being
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Figure 4.5. A schematic illustration of the betatron radiation. The laser pulse
propagates from right to left in the figure.

large [43, 76–78]. Consequently, along with eq. 4.11, the spectrum
exhibits angular dependence. The typical peak particle energy in these
experiments, with γ ≈ 300, results in an rms divergence of about 10-15
mrad when used in eq. 4.14 and eq. 4.13.

The radiated synchrotron spectrum is described by:

dI

dω
=

1

4πϵ0

(
3π

c

)1/2
q2e
c
γ
ω

ωc

∫ ∞

ω/ωc

K5/3(x)dx, (4.15)

where K5/3 is the modified Bessel function. In this context, ω refers
to the x-ray frequencies generated. The spectral intensity rises to the
crest and then decreases exponentially with photon energy. The critical
frequency, ωc, defines the characteristic spectrum:

ωc =
3

2

γ3ω2
βr

c
. (4.16)

Thus, with a smaller oscillation radius, r, the critical frequency increases.
The above expressions indicate that the critical frequency increases
with the cube of the electron’s energy, γ3. Clearly, the properties of
the electron bunch affect the x-ray characteristics. In the ionization
injection method, a short overlap occurs between the electron bunch
and the laser pulse, causing electrons to be “kicked” along the laser’s
polarization direction (importantly, this interaction is not caused by the
ponderomotive force). This will cause an elongation of the x-ray beam
profile, which coincides with the polarization of the laser pulse [79, 80].
Conversely, when a significant overlap occurs between the laser pulse
and electrons, it can enhance oscillations, thereby increasing the x-ray
flux. Unlike the optimized LWFA for electron quality, where electrons
accelerate only until dephasing is reached [46], surpassing this point may
be beneficial for optimizing x-ray flux [55, 81]. Different optimizations,
similar to those used for electron bunches, can be assessed, focusing
on achieving the highest critical energy or maximum x-ray flux. The
electron energy significantly influences the critical energy; thus, raising
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electron energy yields harder x-rays. Conversely, x-ray flux benefits more
from a larger number of radiating electrons, often resulting in an LWFA
functioning at an electron density higher than that which produces highly
energetic electron bunches. A multijet scheme has been shown to improve
the flux of X-ray photons and the critical energy as well [82], but similarly
to an increased background plasma density, the transverse size of the
electron bunch increases. However, such a scheme shows the level of
versatility that an LWFA source has.

4.4.1 X-ray detection and spectrum determination

X-rays can be detected directly, or indirectly, where indirect detection
techniques involve a radiochromatic medium. Direct x-ray detection
frequently employs a deep-depletion CCD chip, where the x-rays
impinging on the chip cause a cloud of electrons to be released, which
is converted to a signal count. The number of released electrons is
proportional to the number of detected photons and their energy. A
higher photon energy thus gives rise to a larger electron cloud. The CCD
chip thus serves dual purposes: precise x-ray imaging and as an x-ray
spectrometer. The imaging process is straightforward, as varying degrees
of x-ray transparency in materials and objects create shadowgraphic
images.

A common technique for spectrum determination is the Ross filter
system [83, 84]. The method determines the spectrum using imaging of
metal foils utilizing their different K-edge absorption properties. The
technique requires an initial assumption of the spectral shape, which is
fitted to the experimental data. The critical energy, or frequency, is
obtained by using a filter array, which in this case are the metal foils.
This approach is suitable for a polychromatic source, such as the one
discussed here. A filter array is placed before the detector, allowing the
measurement of the total transmission through each filter, as illustrated
in Figure 4.6 a). The average transmission of each filter site is shown
in Figure 4.6b). Spectrum reconstruction assumes that the normalized
emitted on-axis spectrum is as follows:

N(E) =

(
1

2
ξK2/3(ξ/2)

)2

(4.17)

with ξ = E/Ec, and where Ec = ℏωc is the critical energy. K2/3 is
the modified Bessel function. By assuming this spectral shape, for a
range of critical energies, the actual critical energy can be found by the
least-squares method:

Λ2(Ec) =
∑

i

(T̃i,Ec
− T̂i)

2, (4.18)
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Figure 4.6. Determination of the x-ray spectrum using a Ross filter array:
a) displays an average of 10 raw images, with dark areas indicating foil
positions. Overlapping filters create more transmission curves for spectrum
determination. Each filter site is averaged, shown in b). c) presents the
error curve from the least-squares method described in eq. (4.18). In d),
the camera’s quantum efficiency is plotted to indicate the spectral response
of the CCD chip. e) presents the reconstructed recorded spectrum, while f)
shows the reconstructed source spectrum.

where T̃i,Ec is the theoretical transmission of a spectrum with critical

energy Ec through the foil i, and T̂i is the measured transmission through
foil i. The transmission curves for each foil are obtained from listed
database values [85]. Ec is found where Λ2 assumes its minimum value,
depicted in Figure 4.6 c). With the Ec found by eq. (4.18), the
normalized theoretical total transmission through any filter array can
be determined by:

T̃i,Ec =

∫∞
0

N(E)QETtTidE∫∞
0

N(E)QETtdE
. (4.19)

Here, Ti represents the transmission through filter i, QE is the quantum
efficiency of the camera, and Tt is the overall transmission without the
filter array. The Andor iKon-L SO back-illuminated deep-depletion CCD
[86], exhibits an optimal response near 5 keV, as illustrated in Figure 4.6
d). Figures 4.6 e) and f) depict the reconstructed detected spectrum and
the estimated source spectrum, respectively. This method was applied
in Paper VI to identify the x-ray spectrum used to calculate the liquid
volume fraction.
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a) b)

Figure 4.7. The principle of SPC in a), where each square represents a pixel.
The crosses symbolize x-ray photons. The red pixels represent events where it
is not possible to distinguish a single photon, while green pixels are accepted
as single-photon events. b) shows an experimentally recorded spectrum.

Paper IV uses single photon counting (SPC) [87] for spectrum
determination. This method takes advantage of the characteristics of
the CCD. Each x-ray photon generates an electron cloud within the
chip. The electron count in the cloud is influenced by the photon
energy and the chip’s quantum efficiency. Pixel groups unidentifiable
as single-photon events are dismissed, whereas identifiable single-pixel or
cluster events are recorded. Figure 4.7 a) demonstrates the concept using
a 5×5 pixel matrix, and Figure 4.7 b) depicts the resulting spectrum. In
the SPC spectrum, fluorescence peaks from vacuum-chamber materials
are observed, because the SPC directly measures the spectrum, unlike
the Ross filter array, which is an indirect measurement method. This
does not imply that these peaks are missed with the Ross-filter array;
rather, they are excluded from the reconstructed spectrum.

Both the Ross filter method and the SPC are powerful methods for
the spectrum detection of x-rays generated through LWFA. To apply the
Ross filter detection, an initial source shape must be assumed. Because
of the characteristics of the electron source, a synchrotron-like spectrum
is a valid guess. The number of filters used for spectrum detection also
influences the accuracy of the method. In this thesis, the technique
has been applied assuming no angular frequency dependence, but if the
filter thickness and position relative to the source are chosen carefully,
it is possible to retrieve this as well. The SPC technique requires
single-photon events and is usually ensured by positioning the camera far
away from the source, so the divergence of the x-ray beam ensures that
each photon is spatially separated on the chip. The initial source shape
is therefore not taken into account. The angular spectral dependence is
thus also omitted. However, this technique captures the true spectrum
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at the central part of the beam, without making any initial guesses at
the spectral shape. Therefore, the two techniques presented complement
each other.

4.5 Applications

Due to their short pulse durations, high brightness, and high resolution
provided by the small source size, LWFA-generated x-rays have a
wide range of applications and are well suited for x-ray tomography.
As described in Paper VI, these x-rays serve as an alternative to
synchrotron sources for imaging things like atomizing sprays. Previous
research by our group has already demonstrated the practicality of
these applications [88, 89]. Unlike earlier studies, Paper VI presents
time-resolved measurements, which illustrate how the mass distribution
changes within the spray plume. The spray nozzle was mounted on
a rotational stage to capture a full 360◦ perspective, allowing spray
reconstruction similar to the density determination outlined in Chapter
3, thus allowing estimation of crucial metrics such as the liquid volume
fraction.

4.5.1 Tomographic reconstruction

A common technique for 3D reconstruction of 2D images is inverse
back projection [90]. Similarly to the Abel inversion, the forward
transform projects a 3D object in a 2D space, and the inverse transform
does the opposite. For the filtered back projection technique, no
rotation-symmetry assumption is needed. However, the object of
interest must be sampled at enough angles to avoid image artifacts.
In x-ray tomography, the attenuation coefficient is reconstructed.
The Beer-Lambert law describes exponential attenuation through any
medium:

N = N0e
(−

∫
r
µ(x,y1))dx. (4.20)

The detected signal N will be some fraction of the source signal N0.
The attenuation coefficient µ(x, y1) is a combination of absorption and
scattering. For most materials and x-ray energies [90],

µ = ρ

[
a
Z3.8

E3.2
+ b

]
(4.21)

where E is the x-ray energy, Z is the atomic number, and ρ is
the mass density. The first portion of the equation represents the
photoelectric absorption and the second Compton scattering, with
associated constants a and b.
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a) b) c) d)

Figure 4.8. Illustration of the projection data in the real space, a) and
representation in Fourier space, b) - d). In a), the lines combined with the dots
represent the sampling data, and the grid represents the Cartesian space. The
shaded green area in b) depicts the ideal Fourier space data, while the shaded
green area in c) is the actual Fourier space obtained from the projection data
in a). The wedge in d) represents the weight function |ω|, used to approximate
the ideal sampling in b).

The sampling of an object at different angles results in the full 2D
Fourier transform, by the Fourier slice theorem [90]. The filtered back
projection of the 2D projections, p(t, θ), is given by:

f(x, y)

∫ π

0

∫ ∞

−∞
P (ω, θ)|ω|ei2πω(x cos θ+y sin θ)dωdθ (4.22)

where P (ω, θ)|ω| together with the integral of ω represents the Fourier
transform of p(t, θ). |ω| is a weight function, illustrated in Figure 4.8.
This weight is included to account for the undersampling of higher spatial
frequencies, which occur due to the cylindrical sampling of the Cartesian
coordinate system. Figure 4.8 a) illustrates the projection data, while
Figures 4.8 b)-d) illustrate the different filters in Fourier space. Ideally,
the Fourier space projection would have the shape illustrated by the
green-shaded area in b), as this would result in an aberration-free
reconstruction. The actual data are represented by the green-shaded
area in c). The weight function |ω| is usually formulated as a wedge in
d), which approximates the ideal sampling shown in b).

4.5.2 Experimental setup and results

In Paper VI, the 2D x-ray absorption images are recorded in line of sight.
The spray nozzle is mounted on a rotating stage, allowing the spray to be
recorded from several angles, as illustrated in Figure 4.9. The number of
projection angles needed is determined by the sampling theorem, which
in general is N = Npixelsπ/2, where Npixels is the number of pixels on
the camera chip used to record [90]. In the paper presented, the sampling
theorem is not fulfilled, which can lead to image artifacts, such as strikes
across the reconstructed 3D image. This was partly solved by making
use of the spray’s rotation symmetry, meaning that a full 360° recording
is not needed to capture all features of the spray. However, some striking
artifacts are present, as seen in the 2D slices of Figure 4.9.

41



4.5.2 Experimental setup and results

X-rays
Be

X-ray 

CCD

360°
Recorded image Averaged, processed

0           100       180
Angle, deg

x,
 a

.u
   

   
   

1
0

0
   

   
   

  0

Sinogram2D slices 
3D reconstruc�on

Figure 4.9. The process of the tomographic reconstruction. The images are
recorded in line of sight, where the spray and camera are positioned in air
outside the vacuum chamber. The spray can rotate 360° to capture several
projection angles. In the recorded single-shot image, the individual droplets are
clearly visible. The background is not homogeneous, which must be corrected.
To increase S/N, 10 images are averaged. The sinogram is obtained at one
height slice, shown in the processed image by the dashed red line, for all
different angles. From the sinogram, the 2D slice can be reconstructed at a
certain height. The full 3D image is obtained by adding the slices together.
Image 4-6 courtesy of Erik Löfquist.

Figure 4.9 illustrates the experimental setup outside the vacuum.
The spray is mounted on a rotating stage to capture various projection
angles while keeping the x-rays and camera fixed. The second image
shows an example image where individual droplets in the spray are
sharply defined. To enhance S/N, 10 images from the same angle are
recorded, and background radiation is flattened, leading to a processed
average image. In one specific slice, marked by red dashed lines across
all angles, the sinogram in the fourth image is extracted. This represents
a 2D intensity projection. Using the filtered back projection method, as
described in eq. (4.22), 2D slices are generated at each height. Adding
these height slices reconstructs the complete 3D image. To retrieve
physical information, such as the liquid volume fraction, the x-ray source
must be fully characterized. In the presented experiment, this is done
using the Ross Filter method described in the previous section. The
liquid volume fraction is obtained from the 2D slices alone, revealing
crucial nozzle features such as spray efficiency.
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Chapter summary

This chapter outlines the fundamental concept of LWFA, highlighting
electron acceleration and x-ray emission. It reviews various injection
methods, focusing on the ionization injection scheme and the
shock-assisted ionization injection scheme, both of which are the most
robust discussed here. The chapter concludes with an explanation of
betatron radiation and its practical uses. The next chapter delves into
radiation control.
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Chapter 5

Beam control

This chapter covers the principles of the results presented in this thesis,
in particular Papers I, II, IV and V. On of the key findings of this thesis
discussed in Papers II and IV, is the emission of low divergence x-rays
that approaches the incoherent limit. Beam control becomes important
in applications and staging between several accelerator stages. The
chapter is divided into three main parts. The first part covers the usage
of plasma lenses, the second how a similar setup can be used to overcome
the dephasing length of LWFA, and lastly the beam-pointing dependence
on the laser pulse spatiotemporal couplings is discussed.

5.1 Plasma lenses

Electron bunches generated by LWFA often exhibit significant divergence
due to the strength of the focusing fields in the compact accelerating
structure, restricting their practical applications. Quadrupole magnets
can focus these electron bunches and have been shown to be useful in
Ti:Sapphire-driven LWFA, which is the focus of this thesis [91]. However,
quadrupoles need a bunch that is monochromatic and stable pointing.
A plasma lens (PL) is an alternative approach to manipulate the LWFA
electron bunch [23, 92, 93], offering high magnetic and radially symmetric
fields to focus highly relativistic electrons. PLs can be used actively
[94, 95] or passively [23, 93, 96–98]. In active PLs, a discharge current
in a capillary tube induces symmetric azimuthal magnetic fieldsincrease
with the capillary radius.

In the passive PL, the electron bunch from the initial acceleration
activates the focusing magnetic field. Passive lenses are advantageous
because of their robustness against pointing variations of the incoming
electron bunch and their natural achromatic properties. Similarly to
the LWFA plasma regimes, the PL can be operated in the underdense
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Figure 5.1. The envelope of the electron bunch as it propagates from vacuum
to the plasma lens. In vacuum, the electric field E that leads to the force due
to the space charge, Fc, and the self-generated magnetic field B that leads to
the radial force, FB, are of equal magnitude and balance. Within the PL the
group of electrons causes a shift in plasma electrons, which leads to a force Fp,
equal to and opposite to Fc. The remaining force is thus FB. The deflection
within the lens leads to x-ray emission, illustrated in purple.

[23, 93, 96–98] or overdense regime, both of which are defined with
respect to the electron bunch density, nb [92, 99]. The lens is in the
underdense regime if 2nb > ne [92]. In this scenario, the electron bunch’s
leading edge possesses a sufficiently high current to generate a nonlinear
plasma wave within the PL, effectively focusing the trailing electrons.
Therefore, the focal length is influenced by the wake excitation, which
in turn is affected by the PL’s background plasma density. This regime
is interesting because it is also employed in multistage LWFA – particle
wakefield acceleration (PWFA) [99–102]. In the particle-driven regime,
dephasing does not impact the acceleration process, as both the driving
and accelerated electrons travel at the same speed.

In the overdense regime, where nb < ne, the electron bunch causes
a displacement of plasma electrons, leading to a force acting on the
bunch of the order of magnitude of the space charge. The focus result
depends on the density of the bunch. Due to the high-density plasma,
the response time of it ωp is too fast compared to the bunch length,
preventing coherent wake formation, rendering this regime unsuitable
for acceleration. Nevertheless, this scenario merits attention for electron
bunch energy and x-ray generation. For a very dense PL, the electrons
will emit low-divergence x-rays. Interestingly, a nearly identical PL
configuration can function as a rephasing stage, overcoming the LWFA
energy gain limit.

5.1.1 The overdense laser plasma lens

The electrons within an electron bunch traveling in free space will
naturally maintain their trajectory as the forces from the radial electric
field E and the self-induced magnetic field B balance. Figure 5.1
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illustrates the effect, where the blue region outlined by the dashed black
line represents the enevelope of the electron bunch as it propagates from
the LWFA to the PL. Fc denotes the space charge, induced by E, and FB

the force of B, described in more detail in the following. Upon entering
the overdense plasma, the displacement of plasma electrons will apply
a force equal to and opposite to the bunch space charge, denoted FP,
as shown in Figure 5.1 b). The remaining force from the self-generated
magnetic field will pinch the electron bunch, creating a focusing effect.
According to Ampère’s law, the magnetic field B generated by a current
density J across a surface is equal to the enclosed current I within an
Ampèrian loop [26].

∮

C

B · dl = µ0

∫
J · da = µ0I. (5.1)

For an electron bunch, the current density J can be expressed in terms
of the electron bunch density as J = qnbve. For a uniform bunch, (for
example, a cylinder with radius r) J = nbeπr

2, the azimuthal magnetic
field for an electron bunch propagating at a speed that approaches the
speed of light in vacuum ve ≈ c is:

Bθ = nbqe

√
µ0

4ϵ0
r. (5.2)

From the Lorentz force in eq. (4.1), the radial force acting on the highly
relativistic electron bunch is given solely by the magnetic contribution.
In this case, the radial force can be approximated as:

Fr ≈ q(v ×B) = −qe(cBθ). (5.3)

Inserting eq. (5.2) into eq. (5.3) leads to the following expression of the
radial force:

Fr = −q2enb

2ϵ0
r. (5.4)

From eq. (5.4), the force must be directed in the negative radial
coordinate, resulting in a radial focusing force. It is also symmetric
around the propagation axis and increases with increasing bunch density.
This type of linear force profile ensures that all electrons experience
a force proportional to their radial displacement, preventing emittance
growth. Similarly to an optical lens, the particles the furthest away from
the axis will experience the strongest force, deflecting them towards the
propagation axis, z.

For a non-uniform density distribution, such as a Gaussian bunch,
with a radial charge distribution such that the current density is J =
qnbc exp(−r2/2σ2

r − z2/2σ2
z), where σr denotes the radial rms size, the

magnetic field after the Ampère’s law has been applied reads:
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1.57 σr

σr 3σr

Figure 5.2. A comparison of the magnetic field generated from a uniform
bunch (green) and a Gaussian bunch (orange). The cross in the figure shows
the radial position where the magnetic fields attain the maximum value, 1.57σr.
In the figure, the two gray dashed lines mark the radial positions for σr and
3σr.

Bθ(r, z) =
µ0qeecnbσ

2
r

r

(
1− e−r2/2σ2

r

)
e−z2/2σ2

z . (5.5)

Unlike eq. (5.2), the generated magnetic field varies in time as well,
imposed by the longitudinal distribution in z. In Figure 5.2 b), eq.
(5.2) and (5.5) are plotted for different r with z = 0. In green is the
magnetic field of the uniform distribution, eq. (5.2) for a bunch radius
r = 1.57σr, coinciding with the maximum field of the Gaussian bunch. σr

denotes the rms deviation of a Gaussian electron bunch in this example.
Outside the bunch, for r > 1.57σr, the magnetic field strength decreases
as Bθ ∝ 1/r. The orange line shows eq. (5.5). The magnetic field reaches
its maximum value at r = 1.57σr, and then decreases exponentially. At
r = 3σr, the magnetic field strength has dropped by about 30% of the
maximum value. Both curves are plotted with the assumption of a bunch
with the same density but different charge distributions. The maximum
magnetic field strength induced by an electron bunch with a Gaussian
distribution, and with z = 0 can now be expressed in terms of the bunch
charge.

Bmax
θ ≈ 0.45µ0cQ

(2π)3/2σrσz
. (5.6)

Assume a bunch with Q = 200 pC, radial rms σr = 5 µm and a
longitudinal size of σz = 5 µm, the maximum magnetic field becomes
Bmax

θ ≈ 85 T. The next section will discuss the consequences of this
magnetic field in terms of x-ray radiation. To no surprise, this field
quickly grows large with reduced bunch size, which is still in agreement
with the initial definition of the overdense plasma lens dependence on
the bunch density.

The PL is experimentally realized by adding another supersonic gas
jet downstream of the first jet, where the LWFA occurs, as depicted in
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Figure 5.3. Schematics of the plasma lens setup and the approximate density
profile. In a), the laser pulse (red) enters from left and is focused at the
beginning of the orifice to the jet where LWFA occur. The laser pulse, with
electron bunch (blue) and x-rays (purple), co-propagate to the second jet,
marked PL. In b) a sketch of the density profile from this setup is provided.

Figure 5.3 a). Each jet is marked with its functionality. Figure 5.3
b) shows two illustrative density profiles from the setup in a). The
plasma lens described in Paper I focuses quasi-monoenergetic electron
bunches, achieving a 40% reduction in transverse size under optimal
conditions , from approximately 6.5 mrad FWHM to approximately 4
mrad FWHM. As LWFA technology progresses, in terms of stability
and beam quality, these electron bunches are increasingly suitable for
FELs [24, 103, 104]. This setup demands electron bunches with minimal
energy spread, limited divergence, and low emittance. The LWFA-PL
approach displays strong potential for use as a fully LWFA FEL seeder
and is promising for multistage acceleration, targeting unprecedented
particle energies [99, 101], which in turn will enable new research areas.
As discussed in Chapter 4, the deflection of the electron bunch causes
emission of x-rays. These x-rays are emitted around the crest of the
oscillation, where the acceleration is the largest.

5.1.2 Low-divergence x-ray radiation

Several studies of decoupled LWFA and PL processes focus on enhanced
x-ray radiation, particularly focusing on critical energy and photon flux
[105, 106]. These studies employ PLs with a plasma density greater
than that of the LWFA jet, yet it remains below overdense levels. As a
result, the enhanced radiation dynamics is influenced by wake excitation
in the second density region, initiated either by the drive laser or the
electron bunch. The pinching effect of the bubble in an upramp also
contributes to increased x-ray radiation following a similar principle
[107]. This section aims to explore the behavior of x-ray radiation within
the overdense regime. In the mentioned configurations, the x-ray beam
profiles remain unchanged compared to a single LWFA scheme. With the
x-ray beam’s significant divergence, approximately 20 mrad in this thesis,
its applications are limited. However, some applications take advantage
of this divergence to facilitate magnified imaging of small objects and
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5.1.2 Low-divergence x-ray radiation

rg

R

ϕ

Figure 5.4. An illustration of the sector element, R, the gyroradius, rg and
the sector angle, φ. The half circle illustrates the electron cyclotron motion.

structures [89, 108]. In Paper VI, this feature allowed the imaging of
individual droplets from a diesel injector.

In certain applications, the transport or manipulation of x-ray
beams using x-ray optics is necessary, for example, in x-ray absorption
spectroscopy for warm dense matter [18, 19]. However, as divergence
increases, x-ray optics become less efficient, causing a reduction in photon
flux [109]. Additionally, for divergent x-ray beams, the S/N decreases
with increased propagation distance. To address these challenges,
producing low divergence x-rays is crucial and is achievable with an
overdense PL [110]. As in LWFA-radiation methods, narrow x-ray beams
are emitted within the PL because of the electron deflection caused by
the self-generated azimuthal magnetic field, illustrated in Figure 5.1 c).
Consequently, the focusing of electrons within the bunch leads to the
second emission event producing low-divergence x-rays. This concept
was studied in Paper II and Paper IV. The laser pulse co-propagates
with the electron bunch from the LWFA, and is intense enough to ionize
the PL gas, but not excite a nonlinear wake. Conversely, the electron
bunch is dense enough to generate a Bθ strong enough to deflect the
off-axis electrons, but still fulfills the condition nb < ne.

The radius of curvature of the electron trajectory as a result of the
magnetic field described in the previous section leads to a deflection
radius that can be described by the electron cyclotron motion. The
gyration motion leads to x-ray emission with specific directionality,
divergence, and energy characteristics. The angular frequency of this
motion for a relativistic particle is described by the gyration frequency
[26]:

ωg =
qeBθ

γme
. (5.7)

It is clear from this equation that higher-energetic particles will have
a smaller gyration frequency, because of the relativistic mass increase.
For simplicity, assume a static magnetic field; then the gyroradius is
described by:
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Figure 5.5. Principle of rephasing. a) illustrates a density profile that can
rephase the electron bunch, shown in b). The black line is the accelerating
electric field, Ez and the dashed line is included as a guide for Ez = 0. At
the beginning (i) of the acceleration, the electron bunch is positioned close
to the rear of the bubble, experiencing the strongest accelerating field. After
the dephasing length (ii), the electrons are positioned at the midpoint of the
bubble, now starting to decelerate. In the upramp to the “PL”, the bubble
contracts, and the electrons are yet again in an accelerating phase (iii).

rg =
γmec

qeBθ
. (5.8)

The gyroradius is illustrated in Figure 5.4. The angular frequency
corresponds to the time it takes for the particle to complete one
revolution. The maximum sector length is approximately the length
of the plasma lens, and the sector angle is given by φ = R/rg.

Experimentally, the PL is the 1 mm supersonic gas jet, placed 1 mm
above the optical axis, leading to a super Gaussian density profile seen
by the laser pulse and electron bunch. Thus, with the above example,
using the same bunch as before, with a γ ≈ 300, the radius of curvature
becomes 6 mm. The maximum sector length is given by the diameter of
the orifice, which leads to a sector angle φ ≈ 0.17 rad. This means that
the electrons within the bunch that experience the strongest deflection
complete only a partial revolution. This principle is what leads to the
focusing of the electrons, and subsequent emission of low-divergence
x-rays. Due to the relativistic energies of the electrons, a few hundred γ,
and the restricted oscillation, the divergence approaches the incoherent
limit, θ ≈ 1/γ, as demonstrated in Paper IV.

5.2 Rephasing

Chapter 3 discussed that the group velocity of the laser pulse is less
than c in the plasma, while the electron bunch propagates with a speed
close to c. Consequently, the whole bubble propagates at a slower speed
than the electron bunch, leading to dephasing, as discussed in Chapter
4. Eventually, the electron bunch outruns the laser pulse and is exposed
to a decelerating phase of the bubble. To counteract this, the plasma
density profile can be tailored to increase at the end of the acceleration.
Since the plasma wavelength scales inversely with the electron density,
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λp ∝ 1/
√
ne, the plasma bubble thus contracts. Or another way to view

this is that the rear of the bubble speeds up, so that the electron bunch
is again positioned in the accelerating phase [22, 111]. The principle is
experimentally realized by placing a second plasma jet immediately after
the LWFA stage, with a background electron density higher than that
of the LWFA. High laser pulse intensity is required in the second jet to
sustain nonlinear wake excitation during the density upramp.

Figure 5.5 illustrates the principle. The density profile consists of a
merged LWFA and PL, Figure 5.5a). Figure 5.5b) shows the electron
bunch and bubble evolution throughout the density profile in a), with
each position of interest, (i)-(iii) marked above each bubble picture.
The black sawtooth lines illustrate the accelerating field, Ez, along the
bubble. In this picture, the laser pulse is assumed to be non-evolving for
simplicity. At position (i), the electrons are at the back of the bubble and
accelerate, until dephasing is reached at position (ii). Here, the electrons
experience a strong decelerating field from the leading edge of the bubble
and a positive field at the back half of the bubble. At this point, they
start to decelerate. In the density region of position (iii), the bubble
contracts, so that the electrons are yet again positioned at the back of
the bubble and exposed to the accelerating field.

In Paper I, the rephasing stage is integrated with the PL. The study
revealed that rephasing and lensing effects can be achieved using an
identical configuration. The primary role of the PL is mainly determined
by the diffraction of the laser pulse. To maintain rephasing operation,
the laser pulse intensity must be sufficiently high to consistently excite
a wake during the density transition. This can only occur if the two
jets are positioned close enough to each other. At greater distances, the
lensing is the dominating effect, since the laser pulse has diffracted too
much to drive a nonlinear wake. Thus, by carefully designing the plasma
density profile, rephasing can significantly enhance the final energy of
the electron bunches in LWFA.

5.3 Spatiotemporal laser pulse steering of electron
bunches and x-rays

Understanding and controlling laser spatiotemporal couplings (STC)
is critical for precise beam steering in LWFA-based accelerators. In
Paper V, the effect of STC on electron bunch and x-ray steering is
evaluated. In Chapter 2, a laser pulse without STC was described,
U(r, t) = U(r) · U(t). For a laser pulse with STC, this separation of
variables is not possible; that is, U(r, t) ̸= U(r) · U(t). The effect can
have detrimental consequences for pulses in the sub-10 fs regime, such
as the OPCPA laser described in Chapter 2 [112]. In the experiment
presented in Paper V, STC is introduced by misaligning the grating
compressor of the LLC multi-TW Ti:sapphire CPA laser, as illustrated
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Figure 5.6. A summary of STC, and the effects on LWFA. a) a sketch of the
LLC multi-TW CPA Ti:sapphire grating compressor. Grating 1 and grating
2 are aligned with each other, so the grating surfaces are parallel. Grating 2
is one large grating, and grating 1 is made up of two smaller stacked gratings.
The top grating is adjusted so that it can be rotated in a plane, as shown in
the figure. b) illustration of a laser pulse with no STC compared to a pulse
with PFT. In both cases, the wavefront remains parallel to the propagation
direction. c) the effects of PFT on LWFA. The optical axis denotes the laser
pointing, and the wakeline denotes the center of the excited bubble. The
electrons and subsequent x-rays follow the wakeline.

in Figure 5.6 a), which shows a schematic of the grating compressor.
Grating 1 is made up of two gratings stacked on top of each other,
and grating 2 is one large grating. An STC-free grating compressor
has parallel gratings, with aligned grooves. With grating 1, STC can
be introduced in a controlled way by rotating the top grating in plane,
shown in the figure as a rotation with respect to the bottom grating. This
type of misalignment introduces an angular chirp and manifests itself as
a pulse-front tilt (PFT) in the beam leaving the compressor, as shown in
Figure 5.6 b), where two beams are illustrated. In essence, a PFT means
that different parts of the laser pulse arrive at different times across the
transverse profile. When no STC is present, the wavefront, illustrated by
the vertical lines within the ovals, is aligned with the temporal envelope
and both are orthogonal to the propagation vector. In cases where PFT
is present, the pulse intensity profile is tilted relative to the optical axis,
but the wavefront remains orthogonal to it. A consequence of the PFT
is that the wake excitation is angularly displaced with respect to the
optical axis, illustrated in Figure 5.6 c). The wakeline is defined as the
axis at which the radial electric and magnetic fields cancel, which is at
the radial center of the bubble. With no STC, the wakeline coincides
with the optical axis. The electron bunch oscillates around this point
within the bubble, and the x-rays are emitted around this axis as well.
Evidently, the PFT causes the electron bunch to steer off the optical axis
[25, 113, 114]. In Paper V we showed that the x-rays follow this path
with perfect correlation to the electron pointing. The knowledge of this
effect is important for applications, calibration of electron spectrometers,
and staging. Fine-tuning of the grating compressor alignment was
implemented in Paper II and Paper IV to steer the low-divergence x-rays
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to the detector, highlighting the importance of both laser beam path and
beam quality control. Accurate grating alignment is therefore essential
not only for optimal laser compression but also for ensuring controlled
electron and x-ray beam propagation.

Chapter summary

A multitude of experimental and theoretical studies have been conducted
on underdense plasma lenses. This area is intriguing because of ongoing
research into LWFA-based injectors for FELs and staging. Overdense
plasma lenses enable efficient focusing of electron bunches and generation
of narrow x-ray beams. Rephasing through density tailoring allows
energy gain beyond the dephasing limit. The PL described in this
chapter is straightforward to implement experimentally, and the scheme
has proven to be robust. Another important parameter for beam control
is the STC of the laser pulse, which causes off-axis wake excitations and
steers the generated beams away from the optical axis. Precise control
of spatio-temporal couplings is necessary for accurate beam steering and
staging in LWFA.
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Chapter 6

Summary and
outlook

Looking ahead, several exciting opportunities remain for further
advancing LWFA technologies. The development of LWFA is progressing
rapidly, with larger facilities all over the world dedicated to the technique
[115]. Today, LWFA does not replace conventional rf accelerators,
but is a strong complement to the technique, offering unique radiation
properties that are not easily accessible at conventional acceleration
facilities. Harnessing the strength of both machines, by combining them,
such as LWFA injectors for FELs [24, 103, 116, 117], or staging LWFA
with conventional accelerators through LWFA-PWFA schemes, opens
new avenues for previously unexplored physics. Already, LWFA electrons
have been used in an extended beam line, using conventional magnetic
optics [91, 118].

The short pulse, high repetition rate regime, available by novel laser
systems, such as the OPCPA, significantly enhances the capabilities of
LWFA: high-repetition pump probe experiments [119] are possible with
increased knowledge, stability, and control of the LWFA process. In
theory, the repetition rate of such an experiment is limited only by the
fundamental recovery time of the plasma [120], which is the time it takes
for the plasma to be considered neutral before the next acceleration cycle
starts. Controlled injection and trapping, through shock-front injection,
and the few-cycle laser regime lead to the LWFA extending into the
attosecond regime [121, 122], where ultra-fast electron dynamics can be
studied.

This thesis advances the stability and control of LWFA, without
complicated schemes, thus preserving the machine’s compactness.
In Chapter 4, robust injection methods are discussed, and
the most successful scheme which continues to produce narrow
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quasi-monoenergetic electron bunches is shock-assisted ionization
injection. Chapter 5 of this thesis highlights the feasibility and flexibility
of plasma lenses or additional plasma profiles. The plasma lens operates
primarily in the overdense regime, where its lensing effect depends
on the bunch density rather than the background plasma electron
density. This leads to the strength of the lens being not externally
controllable, as it depends on the conditions under which the driving
electron bunch was generated. However, with increased control of
injection and trapping, the lensing effect also becomes fully controllable.
As a consequence, because of the deflection of the electrons by the
strong self-generated azimuthal magnetic field, x-rays are subsequently
emitted. These x-rays are approaching the incoherent limit and have a
significant photon yield. This compact x-ray source greatly adds to the
possible applications of LWFA-produced radiation, readily available in
high-power laser laboratories, thus complementing research areas that
currently rely on conventional rf accelerator facilities. With a setup
similar to the plasma lens, it has been shown that the dephasing length
of LWFA can be overcome, boosting the energy gain of the electron
bunches.

The work presented in this thesis demonstrates that LWFA can be
effectively controlled to a great extent by controlling the drive laser pulse
and plasma parameters. The presented schemes show great flexibility,
are easily implemented experimentally, and greatly improve the LWFA
beam quality.
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I Combined plasma lens and rephasing stage for a laser
wakefield accelerator
In this paper, several techniques are combined to produce
quasi-monoenergetic electron bunches. A second, high-density
region is used to boost the energy of the electron bunch and to
reduce the transverse divergence. I planned the experiment, jointly
built the setup, and acquired the data. I analyzed all data and
prepared the manuscript.

II Collimated x-rays emitted through laser-driven plasma
lensing
Collimated x-rays from a high-density plasma lens are observed. I
planned the experiment, jointly built the setup, and acquired the
data. I analyzed all data and prepared the manuscript.

III Plasma density profile reconstruction of a gas cell for
ionization induced laser wakefield acceleration
A single shot, accurate reconstruction of the plasma density within
a gas cell, which combines interferogram with shadowgraphy. I
jointly planned the experiment, built the setup and acquired the
data. I reviewed and provided feedback on the manuscript.
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IV Parametric study of low-divergence x-ray generation
from a laser-plasma accelerator using an overdense
plasma lens
A parametric study of low-divergence x-rays emitted from a
high-density plasma lens is observed. I planned the experiment,
jointly built the setup, and acquired the data. I analyzed all data
and prepared the manuscript.

V Correlating optical pulse-front tilt steering of X-ray and
electron pulses from laser wakefield accelerators
The correlation between laser spatiotemporal couplings, electrons,
and x-rays is studied. I jointly planned the experiment, built the
setup and acquired data. I reviewed and provided feedback on the
manuscript.

VI Spatiotemporal distribution of liquid mass from spray M
using x-ray tomography driven by a laser plasma
accelerator
The time evolution of the ECN spray M nozzle is characterized
using x-rays from LWFA. By recording the spray at a fixed time,
from different angles, a 3D reconstruction is made. I jointly
planned the experiment, built the setup and acquired the data.
I co-wrote the method section and reviewed the manuscript.
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22. A. Döpp, E. Guillaume, C. Thaury, A. Lifschitz, K. T. Phuoc and
V. Malka. Energy boost in laser wakefield accelerators using sharp
density transitions. Physics of Plasmas 23, 056702 (2015).

63



References

23. C. E. Doss, E. Adli, R. Ariniello, J. Cary, S. Corde, B. Hidding,
M. J. Hogan, K. Hunt-Stone, C. Joshi, K. A. Marsh, J. B.
Rosenzweig, N. Vafaei-Najafabadi, V. Yakimenko and M. Litos.
Laser-ionized, beam-driven, underdense, passive thin plasma lens.
Physical Review Accelerators and Beams 22, 111001 (2019).

24. K. Nakajima. Towards a table-top free-electron laser. Nature
Physics 4, 92–93 (2008).
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A. Döpp and S. Karsch. Laser-accelerated electron beams at 1 GeV
using optically-induced shock injection. Scientific Reports 13 (2023).

63. O. Girin. Dynamics of Compressible Fluids (2022). Springer
International Publishing Cham. ISBN 978-3-031-11261-4.

64. K. Schmid, A. Buck, C. M. Sears, J. M. Mikhailova,
R. Tautz, D. Herrmann, M. Geissler, F. Krausz and L. Veisz.
Density-transition based electron injector for laser driven wakefield
accelerators. Physical Review Special Topics - Accelerators and
Beams 13 (2010).

65. A. Pukhov and I. Kostyukov. Control of laser-wakefield acceleration
by the plasma-density profile. Physical Review E 77, 025401 (2008).

66. T. Ohkubo, A. Zhidkov, T. Hosokai, K. Kinoshita and M. Uesaka.
Effects of density gradient on short-bunch injection by wave breaking
in the laser wake field acceleration. Physics of Plasmas 13 (2006).

67. L. Rovige, J. Huijts, I. Andriyash, A. Vernier, V. Tomkus,
V. Girdauskas, G. Raciukaitis, J. Dudutis, V. Stankevic,
P. Gecys, M. Ouille, Z. Cheng, R. Lopez-Martens and J. Faure.
Demonstration of stable long-term operation of a kilohertz
laser-plasma accelerator. Physical Review Accelerators and Beams
23, 093401 (2020).

68. P. Sprangle, B. Hafizi, J. R. Peñano, R. F. Hubbard, A. Ting,
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A. Köhler, G. Raj, S. Schindler, K. Steiniger, O. Zarini, S. Corde,
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