
Laser Wakefield Accelerated Electron Beams: Optimization, Novel Energy Diagnostic, and
Experimental Applications

by

Jason Cardarelli

A dissertation submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
(Nuclear Engineering and Radiological Sciences)

in the University of Michigan
2024

Doctoral Committee:

Professor Alexander G.R. Thomas, Chair
Professor Karl Krushelnick
Dr. Anatoly Maksimchuk
Professor Louise Willingale



Jason Cardarelli

jcardar@umich.edu

ORCID iD: 0000-0002-2060-494X

© Jason Cardarelli 2024



This work is dedicated to those who supported me most through my

PhD: Silvia, Ellis, Walrus, and Sputnik.

ii



ACKNOWLEDGMENTS

I owe a great deal to those who helped me through the past several years toward completing this

dissertation. I must first acknowledge my advisor, Professor Alexander Thomas, for his wealth

of expertise and patience in guiding me through essential milestones in this work. My committee

members, Professor Karl Krushelnick, Professor Louise Willingale, and Dr. Tolya Maksimchuk,

have all taught me so much through discussions in the classroom, in the lab, and at annual HFS

BBQs. I would be amiss not to mention Dr. Yong Ma, as working closely with him on running

several experimental campaigns allowed me to learn from his clever problem-solving and patient

teaching style. Similarly, I’d like to thank Dr. Matthew Streeter for being a reliable source of

answers to any question that pops up while conducting a laser wakefield acceleration experiment.

I am also indebted to Dr. Paul Campbell for his endless time and effort on several of the projects

in this thesis and for his humble approach to working with those around him. John Nees was an

invaluable source of knowledge and expertise in all things related to ultrashort lasers.

I want to thank Dr. Nick Peskosky for being an encyclopedic source of anything experimental

and for choosing the best tunes during homework sessions. Stephen DiIorio’s ability to offer ad-

vice when asked for and a sense of humor when needed have helped make long days in the office

enjoyable. Thanks to Dr. Brandon Russell, who has never hesitated to help work through an in-

teresting physics question. Other students including, but not limited to, André Antoine, Rebecca
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ABSTRACT

This thesis describes the results of four experiments using Laser Wakefield Acceleration

(LWFA) to generate highly relativistic electron beams. These beams were subsequently used to

optimize beam energy and relative energy spread, develop a novel spectral diagnostic for these

systems, and conduct applied studies into the current filamentation instability and positron gener-

ation.

The first experiment described in this thesis demonstrates shock injection of electrons into a

laser wakefield accelerator producing high energy (E > 1 GeV) and low relative energy spread

(∆E/E < 10%) electron beams. This shock injection technique was optimized through a scan

of the position of the shock-producing blade, and an average increase in charge, an increase in

relative energy spread, and a decrease in maximum energy with an increase of the shock position

toward the center of the accelerator’s length is measured.

The second work detailed in this thesis demonstrates the angular streaking of a laser driver

due to transverse plasma density gradients from a supersonic gas jet along the propagation length

of a wakefield accelerator to measure the angular dependence of the critical energy of the result-

ing betatron X-ray beams emitted from the trapped LWFA electron beams. The critical energy

of radiation from the betatron oscillations of the electron beam correlates with electron beam en-

ergy within the accelerator. This work uses this fact to describe a novel diagnostic technique for

measuring temporally resolved on-shot electron beam energy gain.

Beams produced via LWFA were used to study the development of the Weibel-like relativistic

current filamentation instability by propagating them into an independently controlled filamenta-

tion cell with parametrically scanned length, plasma density, and ionizing gas species. We find

a general agreement with the predicted relative amount of growth of the instability, with devia-
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tions explainable through statistical fluctuations and nonlinear behavior in the highly developed

filamentation parameter space.

The first demonstration of an LWFA electron beam source of positrons with sufficient spectral

and spatial quality to be injected into a plasma accelerator is reported in this work. Selection and

transport of positron beamlets containing Ne+ ≥ 105 positrons in a 5% bandwidth around 600

MeV with inherent femtosecond-scale duration and micron-scale normalized emittance is shown.

While the ∼ 16 fC positron beams have relatively low charge compared to the nC’s of charge from

conventional accelerator sources, the charge of the beams produced from similar LWFA sources

is expected to scale favorably with increasing laser driver power.Numerical simulations show the

feasibility of these beams to be injected and further accelerated via LWFA.

The results presented in this thesis should help LWFA experiments to improve the spectral

qualities of the electron beams they produce, control the filamentation of these beams due to prop-

agation in plasma media, and provide relativistic positron beams suitable for positron wakefield

acceleration.
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CHAPTER 1

Introduction

1.1 Brief history of electron accelerators

Acceleration and control of high-quality relativistic particle beams is a crowning achievement of

humanity’s scientific pursuit which has led to breakthroughs over the past two centuries in many

fields, from understanding the structure of the atom and nuclear interactions to the development and

confirmation of the Standard Model description of the universe. While large-scale multinational

accelerator facilities have been a boon to scientific research into a myriad of fundamental physics

questions, accelerator facilities also exist for a variety of applications such as particle radiation

sources for medical therapies, industrial material processing, production of medicinal isotopes, or

bright light sources with photon energies extending into the hard X-ray regime for use in industrial

imaging and crystal diffractometry scattering measurements.

While what constitutes the first particle accelerators can be debated, for the sake of this docu-

ment studies involving the electrostatic acceleration of electrons in the late 1800s will set the start

date for the field. These DC voltage-based accelerators led to the discovery of the electron in 1897,

the discovery of X-ray radiation and experimental observation of the photoelectric effect in 1895,

the development of the Rutherford model of the atom from experiments in 1906 and 1911, and

helped generally kick off the fields of quantum mechanics and the standard model in the early 20th

century. The energy-gain limit in this accelerator is directly proportional to the potential difference

between the cathode and anodes, typically limited to the range of MV. However, energies could be
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increased by adding more electrostatic acceleration stages.

The next major development in electron accelerators came in 1924 when Ernst Ising proposed

the concept for radio-frequency (RF) acceleration in a linear accelerator for ions, which was exper-

imentally achieved by Rolf Widerøe in 1928. These devices’ acceleration gradients per stage are

limited by the cavity material’s voltage breakdown limits, which physically is around 100 MVm−1,

but with operating limits typically closer to 10 MVm−1. At the largest linear particle acceler-

ator (linac) user facility the Stanford Linear Accelerator (SLAC), for example, the acceleration

gradient is 17 MVm−1 [1]; although, acceleration gradients have reached up to 65 MVm−1 at a

test linac at the Japan Linear Collider [2], and plans for the future Compact Linear Collider at

CERN involve accelerating structures supporting 100 MVm−1 [3]. In theory, the energy gain of

the electron beam in a linear accelerator is only limited by the number of acceleration stages and

the acceleration gradient per stage - thus making the practical limitation the required economic

investment for these facilities.

After the development of the linac, Ernest Lawrence’s 1931 cyclotron improved control of the

acceleration method using circular motion of charged particles in a magnetic field to control the

phase of the particles in a cylindrical accelerator. The invention of this circular-orbit accelerator

concept directly led to the adaption of the cyclotron design for lepton accelerators and storage rings

with the advent of the first betatron accelerator in 1940. A limitation of circular-orbit accelerators

is that they suffer from radiative losses from accelerating radially which is made worse as energies

are pushed higher due to a γ2 scaling to these losses, where γ =
(
1− v2

c2

)−1/2

is the relativistic

Lorentz factor.

The material and rigid size limits of betatron accelerators were addressed with the construc-

tion of the first synchrotron in 1949, which used time-varying magnetic fields to control the or-

bital phase of electrons at specific energy ranges, linac-like electromagnetic cavities to acceler-

ate particles and dipole magnets to control the steering and energy properties of the particles as

they are accelerated. The record for lepton energies from a synchrotron was set by the Large

Electron-Positron accelerator in 2009, reaching energies of E > 104 GeV; which corresponds to
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Accelerator Max Acceleration Gradient (MVm−1) Max e− Energy (GeV)
Linear Accelerator 65 [2] 50 [1]

Betatron 2.7 0.315 [5]
Synchrotron 7.5 [6] 104.5 [6]

Table 1.1: Comparison of different modern electron accelerators and their documented maximum
acceleration gradients and maximum output beam energies.

E > 209 GeV in the center-of-mass frame of the electron/positron collisions [4]. As higher energy

gains of particles eventually necessitate both an increase in the radius of the synchrotron and an

increase in the fields they can produce, they have functionally reached the point where cost is the

limit of achieving higher energies. Synchrotron accelerators also suffer γ2 radiative losses from

accelerating electrons in a circular orbit.

These limits to synchrotrons spurred interest in optimizing RF linac facilities and developing

hard X-ray radiation sources from their beamlines. To this end, in 2009 SLAC converted 1 km of its

total 3 km acceleration length into a light source facility, the Linac Coherent Light Source (LCLS).

This facility relies on injecting beams accelerated from the first 2 km of the facility into a long

magnetic undulator device to create a novel X-ray free-electron laser (FEL) producing coherent X-

ray beams with energies between 0.48–10 keV with temporal duration under 100 fs. This facility

demonstrated the injection of high-energy electron beams to generate ultrashort, bright, coherent

X-ray beams. Work on a second FEL beamline at SLAC, the LCLS-II, began development in 2016

and is expected to produce X-ray pulses with maximum photon energies higher than that available

from LCLS and at a much higher repetition rate.

A comparison of the maximum acceleration gradients that various modern accelerators have

produced is shown in Table 1.1. The maximum energy gain in these accelerators going forward

is mainly limited today by the cost and size of the accelerators themselves, as the acceleration

gradients have material limits that cannot be exceeded without inducing plasma breakdown of the

accelerator’s cavities. Given the limits of conventional lepton accelerators and the desire to increase

electron beam energies further to push the boundaries of high-energy physics, there is a motivation
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to develop alternative accelerator technologies that allow for larger acceleration gradients to serve

as compact high-energy injector sources for conventional accelerators, or to one day potentially

replace large linac and synchrotron facilities altogether with compact accelerator facilities. The

field operating limits of conventional RF accelerators are due to material breakdown into a plasma

if excessive voltage is applied to drive acceleration. This damage can also be caused by the material

interacting with wakefields that follow relativistic particle beams. Thus, the natural question arises

as to what material can sustain a significantly increased accelerating gradient without inducing a

transition into a breakdown of the accelerating structure into a plasma. There is an obvious answer:

plasma. Over the past half-century, scientists have developed a promising alternative accelerator

concept in the plasma wakefield accelerator. The question of how one could set up an acceleration

gradient within a plasma medium is addressed in the following section.

1.2 Laser wakefield acceleration

Laser wakefield acceleration (LWFA) is a method of accelerating charged particle beams in the

wake driven by an intense laser pulse with a longitudinal duration of less than the plasma wave-

length. LWFA is achieved by focusing an ultrashort laser pulse into a neutral gas to both ionize

the gas and force plasma electrons away from the laser’s propagation axis, which sets up a strong

acceleration gradient that follows the laser pulse. The longitudinal acceleration gradients found

in these plasma wakefields typically exceed 100000 MVm−1, which is nearly four orders of mag-

nitude higher than the operational acceleration gradients of 10’s of MVm−1 seen in conventional

accelerators. These large acceleration gradients offer an alternative particle acceleration mecha-

nism that can produce electron beams in a few centimeters of acceleration on energy scales similar

to those seen in hundreds of meters of RF accelerating fields. LWFA falls under the broader cat-

egory of plasma wakefield accelerators, which can alternatively be driven by highly relativistic

particle beams with a technique known as plasma wakefield acceleration (PWFA) [7], or by a self-

modulated laser or charged particle beam in self-modulated laser wakefield acceleration [8] and

4



Figure 1.1: Three-dimensional visualization of a PIC simulation of laser wakefield acceleration
in the nonlinear bubble regime using a normalized laser intensity a0 = 6, a beam waist of 22 µm,
FWHM beam duration of 27.3 fs, and a plasma density of 3 × 1018 cm−3 using the FBPIC PIC
code. The purple-to-yellow colormap shows electron density, and the projection of the longitudinal
accelerating field is shown in the blue-white-red colormap. Simulation and visualization completed
by Dr. Daniel Seipt (Helmholtz-Institut Jena).

seeded self-modulated plasma wakefield acceleration [9].

The laser-driven acceleration technique was first conceived by Toshiki Tajima and John Dawson

in 1979 [10]. The timing of this publication shows impressive foresight to anticipate laser driver

intensities, which were not realizable at the time, as it took a Nobel prize-worthy advancement to

ultrashort laser technology in 1985, chirped pulse amplification (CPA) [11], and then further de-

velopment of ultrashort laser technologies to bring driving lasers both short and energetic enough

to be capable of testing the concept. It was, in fact, 25 years that separated Tajima and Dawson’s

original publication and the publication of the first successful demonstrations of electron beams

with monoenergetic peaks in their spectra via LWFA in 2004 by three separate experimental cam-

paigns [12–14]. The field rapidly developed in tandem with high-power ultrafast laser capabilities
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worldwide stemming from improved laser facilities and refined engineering techniques to produce

higher energy, more monoenergetic, and higher charge electron beams from these accelerators.

Advances in laser facilities are ongoing with, for example, the construction of the ZEUS laser

facility, which will be the most powerful laser system in the United States when completed [15].

The rapid increase in laser powers available around the world has made possible not only wake-

field acceleration experiments but also led to a boon in the production of laser-driven ion beams

[16, 17], high-harmonic generation in the interactions between intense lasers and plasmas [18, 19],

and laser-driven indirect-drive inertial confinement fusion [20], among many other fields.

There have also been advances in refining the wakefield accelerator mechanisms, with a sig-

nificant focus in recent years being put toward studying, to name one example, ‘dephasingless’

laser wakefield accelerators, which overcome the dephasing limit in accelerators by controlling the

phase velocity of the focal point of a laser to either be superluminal or subluminal by exploiting

either radially-dependant phase delay on the pulse before focusing [21] or by exploiting chromatic

separation of the pulse via temporal chirping and chromatic-dependant focusing [22].

Because the energy gain of the electron beams produced via non-linear LWFA scales propor-

tionally with the normalized strength parameter a0 = e|A|
mec

≈ 8.55 × 10−10λ[µm]
√
I0[W/cm2] of

the laser driver [23, 24], resources have been devoted to developing increasingly high-power lasers

on the Petawatt scale in many parts of the world [15, 25]. With the global investment into LWFA

systems, there have been ample opportunities to study both the physics and optimization of LWFA

itself [26, 27]; as well as opportunities to use accelerated beams, for example, in high-energy

astrophysics and strong-field QED experiments [28, 29].

One question that has been studied since the early experiments into laser wakefield acceleration

is how exactly the electrons that get accelerated in the wakes traveling through a plasma with

relativistic phase velocity find their way into the wakefield structure in the first place. This process

is called injection by the LWFA community. Given the potential profiles in the wakefield and the

phase velocity in which the structure is moving, one can derive the phase space trajectories from

the Hamiltonian of electrons in the frame of reference co-moving with the laser driver. An example
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of the phase space trajectories from a laser driver with a0 = 0.1 can be found in Figure 2.2. A

consequence of these trapped orbits existing within wakefields suggests that electrons must meet

a combination of position and longitudinal velocity conditions for them to find themselves on one

of these trapped trajectories.

There are several methods by which electrons fall within the requisite parameters for injec-

tion. The simplest of these methods is self-injection: electrons from the background plasma can

gain longitudinal energy both from the direct interaction of the laser pulse and from the strong

space charge field set up by the laser expelling electrons radially via the ponderomotive force. A

detrimental quality of this injection technique is the continuous nature of this injection, leading

to an electron beam consisting of particles that have undergone different amounts of acceleration

lengths, yielding a wide energy spread. Other injection techniques such as ionization injection [30]

and density downramp injection [31] seek to localize the longitudinal position of charge injection

into the accelerator to ensure equal-acceleration length (and therefore equal energy gain) for all

of the injected charge to produce monoenergetic beams. Shock injection, which is the extension

of down-ramp injection where the density down-ramp is on a longitudinal scale similar to the

plasma wavelength, has been shown to most-reliably produce low-energy spread electron bunches

compared to other injection mechanisms [32]. Historically, the downside of shock injection has

been that it has not efficiently accelerated the injected electron bunch to as high energies as beams

produced via self-injection and ionization injection.

The improved fidelity of laser wakefield accelerators over the past several decades has allowed

researchers to apply beams produced via LWFA to study astrophysical phenomena relevant to high

energy density plasma experiments. One subject that has garnered attention from facilities that

produce on-axis highly relativistic electron beams is the current filamentation instability. This is

a beam-plasma instability akin to the general Weibel instability, with the restriction that the beam

species is highly relativistic and has a transverse size greater than the cold, stationary background

plasma’s skin depth. Observation of the growth rate of these instabilities is achievable in labora-

tory scale lengths with commonly used plasma and beam parameters produced in both alternative
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and conventional accelerator facilities [28, 33]. These previous experiments studying the relativis-

tic current filamentation instability scanned only a somewhat limited parameter space to track the

statistical growth of the instability, and a prior study with a LWFA electron source had the elec-

trons transition directly into a background plasma through transitioning past the pump depletion

length of the accelerator, therefore not isolating the plasma conditions in the accelerator and the

filamentation plasma.

As alternative accelerator technologies have evolved, attention has been given to the potential

to use plasma-based accelerators to achieve phenomena only available to a few accelerator fa-

cilities. An example of such a phenomenon is the production of positrons suitable for injection

into an accelerator, which in recent history has been dominated by the SLAC accelerator facility

FACET-II [34–36]. The positron beams for this application must have %-level energy spreads,

femtosecond-scale duration, and micron-scale normalized emittance [37]. A contemporary litera-

ture review from Cao et.al [38] details the history and results of experimental studies of positron

acceleration in plasmas. Studies have demonstrated the ability of LWFA electron beams to produce

electron/positron pair beams through the collision with a high-Z target [39]; however, prior results

of LWFA-based sources of positron beams have not had all of the required qualities for injection

into a wakefield accelerator.

1.3 Thesis outline

This thesis details results from four LWFA-based experimental campaigns. Two of these experi-

ments focus on laser wakefield accelerators as an electron accelerator technology, with one study

optimizing electron beam energy qualities through shock injection, and another developing a novel

LWFA diagnostic to take temporally-resolved measurements of electron energy gain. The remain-

ing experiments focused on applying LWFA electron beams in studies on current filamentation

instability and laser-accelerator-based generation of positrons suitable for injection into a plasma

accelerator. These experiments are introduced as the main chapters in this dissertation:
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• Monoenergetic beams from a laser wakefield accelerator via shock injection Electron

beams with energies E > GeV levels with low relative energy spread were produced in

a laser-driven wakefield accelerator utilizing a sharp-density downramp injection technique

known as shock injection. This experiment shows the electron beams’ chromatic dependence

on the longitudinal position of the shock-producing blade in the accelerator target. In par-

ticular, the dual goal of minimizing the relative energy spread and maximizing the electron

beams’ peak energy by changing the shock’s position concerning the driving laser’s focal

position is measured and discussed.

• Streaked laser wakefield trajectory producing pointing vs time correlation in wakefield

accelerator Here, results are discussed from an experiment that used controlled transverse

density gradients in the LWFA gas target to angularly streak the laser driver as it propagates

through the target. The resulting electron beams and betatron photon beams produced from

the accelerator were measured with an electron spectrometer and an indirect detection X-

ray CCD, respectively. The scattered light from a top view of the accelerator allowed for

verification of the curved trajectory of the laser through the accelerator. A technique for

single-shot electron energy growth measurement is provided for the first time. The correla-

tion between the angular pointing of the electron beam in a longitudinal position along its

acceleration path and the instantaneous angle of betatron emission onto the X-ray camera

can be exploited by measuring the growth in X-ray energy along the streaked path on the

X-ray CCD. The results from this experiment present a novel way to control the trajectory of

a laser through a gaseous target and a novel diagnostic technique for measuring the energy

growth of beams from wakefield accelerators.

• Parametric studies of the current filamentation instability with laser wakefield accel-

erated beams This experiment aimed to study filamentation growth in relativistic electron

beams produced via LWFA by measuring filamentation modes in the transverse profiles of

the beams. This experiment utilized two separated gas targets: an accelerator gas cell and
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a filamentation gas. The acceleration of the electron beams and the plasma in which the

filamentation was allowed to grow were independently controlled. The length and plasma

density of the filamentation cell were scanned to measure the growth of the filaments in the

beam. The expected relative growth of the instability based on a theoretical growth rate

model is compared to experimental results, finding a general agreement with theory with

statistical deviations and saturation effects in the longest lengths and highest background

plasma density regime of the scans.

• Laser-wakefield accelerator source of positron beams suitable for injection into a

plasma accelerator The result discussed in this chapter presents measurements of a laser

wakefield accelerator-based source of positron beams with femtosecond-scale duration,

micron-scale normalized emittance, and an energy-selected band around 600 MeV. Mea-

sured positron beams agree with results from Monte-Carlo simulations of the simulated

electron beams interacting with a high-Z target used in the experiment. PIC simulations of

the positron beams produced in this experiment being externally injected into a quasi-linear

wakefield to experience subsequent acceleration are presented. These results demonstrate

the possibility of using LWFA facilities to conduct positron acceleration experiments in a

plasma wakefield.
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CHAPTER 2

Theoretical Background

Presented here is the theoretical background for the major topics covered in this thesis. These

broadly include the topics of wakefield acceleration, injection theory, and Weibel and relativistic

current filamentation instability growth rate derivations. A brief introduction of fundamental ex-

pressions relevant to the physics of lasers/plasma interactions will first be presented, supporting

topics that follow in subsections. Physics specific to an individual chapter in this thesis may be

described in those chapters. Still, this chapter should provide enough background on the physics

involved in the thesis to understand the topic of the following chapters. Most derivation steps are

not explicitly included where citations to source materials deriving expressions are given. Unless

otherwise stated, the expressions in this thesis are in SI units.

Plasmas are often defined in terms of a particular regime of three fundamental plasma parame-

ters: the particle number density of each species n, the temperature of each particle species T , and

the steady state magnetic field in the plasma B. The discussion of the physics of the laser/plasma

interactions touched on in this dissertation generally focuses on plasma that has an underdense

electron density, ne < nc where nc is the critical density (the electron density at which electromag-

netic waves reflect instead of transmit through a plasma), which has a background electron plasma

temperature that can be generally assumed to be cold, Te ≈ 0, and which is non-magnetized,

B = 0. Typically, the phenomena focused on in this dissertation occur within a short duration

compared to the characteristic ion motion time scale in the field strengths presented, but on the

time scale to resolve electron response to electromagnetic fields; therefore, ions are assumed to be
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at rest unless otherwise stated.

For a cold, non-magnetized plasma, the fundamental plasma frequency for electrons can be

expressed as

ωp =

√
neq2e
ε0me

, (2.1)

where qe andme are the charge and mass of an electron, and ε0 is the vacuum permittivity constant.

The critical density nc describes when the laser frequency ω0 equals the plasma electron frequency

ωp. By substituting ω0 into Equation 2.1, one can solve for the critical density: nc =
ε0meω2

0

q2e
.

Through a process of linearizing the wave equation in a cold, collisionless, and nonmagnetic

plasma, the dispersion relation of electromagnetic radiation in a plasma can be derived as

ω2
0 = ω2

p + c2k2, (2.2)

which describes the relationship between the frequency of the electromagnetic wave and the re-

sulting phase velocity, vϕ = ω
k

, and group velocity, vg = dω
dk

. The index of refraction η = vg
vϕ

= ck
ω

of electromagnetic radiation in the plasma medium can be found from this dispersion relation,

resulting in the formula,

η =

√
1−

ω2
p

ω2
0

=

√
1− ne

nc

. (2.3)

While the foundational relationships between electromagnetic radiation and plasmas are com-

monly derived assuming cold, collisionless, and nonmagnetized plasmas, amendments and higher-

order effects can lead to adjustments to the expressions for the dispersion relation, index of refrac-

tion, and resulting derived terms. In particular, as is relevant to the work in this thesis, an intense

laser pulse moving plasma particles to relativistic energies can give an energy dependence to, for

example, the plasma frequency which is written as ωp =
√

neqe
γmeε0

, where γ =
(
1− v2

c2

)−1/2

is the

relativistic Lorentz factor. This relativistic energy consideration comes from the direct interaction

between the laser pulse and particle species in the plasma, where the strength of the fields in the

light is proportional to the square root of the pulse’s intensity, which can be large enough to drive

12



relativistic motion. Adjustments to plasma theory from the cold, collisionless, and nonmagne-

tized plasma assumption to account for high-intensity laser pulse interactions have been studied

previously, and as such, higher-order effects can be considered where necessary [40].

2.1 Laser wakefield acceleration

2.1.1 Single particle motion in a laser field

The basic single-particle motion of an electron in a laser field can be derived from a few simple

sets of equations, including Maxwell’s equations,

∇ ·E =
ρ

ϵ0
(2.4a)

∇ ·B = 0 (2.4b)

∇×E = −∂B
∂t

(2.4c)

∇×B = µ0J + µ0ϵ0
∂E

∂t
, (2.4d)

as well as the planar description for an electromagnetic wave,

E(x) = E0e
i(k·x−ωt) (2.5a)

B(x) = B0e
i(k·x−ωt), (2.5b)

and the relativistic Lorentz equation,

dp

dt
= qe(E + v ×B), (2.6)

where E is the electric field vector, B is the magnetic field vector, µ0 is the vacuum permeability

term, and p = γmv is the momentum of a particle. The characteristic electron motion in an
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intense planar electromagnetic field follows a figure-eight pattern due to the electric fields pushing

the electrons away from the wave’s propagation axis, while the magnetic fields impart longitudinal

momentum to the electrons proportional to the electron’s velocity (and mass). As the field strength

in a laser field increases, the electron’s γ magnitude in the influence of the laser field also increases

due to Equation 2.6. Through a linearization of Equation 2.6 into fast and slow components, one

can derive the time-averaged slow transverse motion of the electron due to what is referred to as

the relativistic ponderomotive force [41],

Fp = − e2

2⟨γ⟩me

∇⟨A2⟩, (2.7)

where A is defined as the vector potential given by the relation B(x) = ∇ × A(x) and terms

enclosed by the angled brackets indicate cycle-averaged values over the laser phase. A useful term

to describe the magnitude of this force for a given particle species is been defined as the normalized

vector potential [42–44],

a0 =
e|A|
mec

=
e|E0|
meω0c

≈ 0.85λ0[µm]
√
I0[1018Wcm−3]. (2.8)

This term describes a threshold in which the case that a0 > 1 implies that electron motion in

the transverse direction in the laser field is well in the relativistic regime, while if a0 ≪ 1, the

interaction between the pulse and particles is considered to be non-relativistic. The ponderomotive

force can thus be rewritten in terms of the normalized vector potential as

Fp = −mec
2

⟨γ⟩
∇a20

2
. (2.9)

The relativistic ponderomotive force describes a net force in the radial direction away from the axis

of a finite electromagnetic wave that acts to move mobile electrons away from the laser axis, pro-

portionally scaling with the laser intensity. We note that while the ponderomotive force does not

depend on the species charge, so both ions and electrons are pushed away from the central axis, we
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are not concerned in the context of this thesis with the motion of the ions due to the time scales of

the interactions with ultrashort pulses with a duration on the scale of 10’s of femtoseconds interact-

ing with plasma and a0 scales inversely with the mass of the particle it is interacting with. Thus, for

the pulses with normalized laser vector potentials for electrons used in this work are on the order

of 1 ≤ a0 ≤ 5, the interactions with hydrogen ions would be on the order of 0.0002 ≤ a0 ≤ 0.001.

Thus, the relativistic ponderomotive force in the regime of the laser drivers employed in this thesis

describes the phenomenon of an intense laser expelling electrons away from its path. This sets up

a charge separation between the electrons and the stationary ions, which pull the electrons back to

the axis via an electrostatic plasma wave that travels behind the driving laser.

2.1.2 Laser propagation in a plasma & description of plasma wakefields

For the sake of this discussion, the description of the transverse and longitudinal envelopes of a

laser driver will be assumed to follow a Gaussian profile unless otherwise stated. As a laser focuses

over its propagation axis ẑ, to first-order the transverse beam waist defined as [45]

w(z) = w0

√
1 +

λ2Lz
2

π2w4
0

, (2.10)

where w0 is defined as the minimum beam waist at the laser’s focal plane. Generally in a uniform

media, the beam remains roughly collimated with a tightly focused beam waist over a longitudinal

distance known as the Rayleigh range zR = πw2
0/λL, which is enclosed by the points around the

focal plane where the beam waist is
√
2 times larger than w0, and after which the edge of the trans-

verse envelope of the beam linearly diverges away from the focal plane. In a plasma accelerator,

maximizing the amount of time (i.e., propagation length) in which an electron beam experiences

the acceleration gradient within a plasma wakefield results in higher maximum energies the ac-

celerator can achieve. This motivates the apparent need for a long Rayleigh length, which could

be achieved directly, for example, by using a large F-number focal optic. However, this would

increase the focal plane waist of the beam, leading to a less intense beam along the focal length of
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the laser pulse and a reduction in the a0 parameter of the driving pulse.

Conveniently, there is a nonlinear intensity-dependant increase in the index of refraction of

plasma due to the relativistic mass increase of electrons if they, through the ponderomotive force,

reach relativistic velocities under the influence of the laser pulse. This increases the index of

refraction toward the higher-intensity center of a highly-intense Gaussian laser pulse, leading to a

focusing of the pulse. The onset of nonlinear self-focusing of a laser in a plasma medium can be

triggered by the laser power crossing a critical power threshold [46, 47],

Pcrit ≃ 17.5
ω2
0

ω2
p

[GW]. (2.11)

As the laser intensity due to this self-focusing increases, the a0 parameter at the center of the

pulse increases, further increasing this self-focusing instability. This intensity-dependant relativis-

tic focusing effect is a waveguide-like phenomenon from the ponderomotive force: the pulse front

pushes on-axis electrons off-axis, creating a radial density profile of higher-density plasma elec-

trons surrounding the laser axis. This effect counters the natural diffraction of the focused laser

for the duration that the pulse remains intense enough in the plasma to drive relativistic plasma

waves, allowing for tightly focused laser pulses to be guided at a specified focal size at lengths

longer than the Rayleigh length would limit [48]. At a matched spot size condition, these focusing

and diffraction effects can be in equilibrium to have a collimated pulse at the diffraction-limited

spot-size waist [23],

wmatched ≃ 2
√
a0c/ωp. (2.12)

As for longitudinal effects on the laser pulse, as it travels through a plasma, the longitudinal in-

dex of refraction gradients that the pulse interacts with creates a red-shift in areas where the pulse

experiences positive plasma density gradients (typically at the front of a laser driving a plasma

wave), and blue-shifts in regions of negative plasma density gradients. If the laser pulse’s duration

is more than that of half of the plasma wavelength, Llaser < λp/2, then the back of the pulse is ex-

pected to blue-shifted. This phenomenon is known as self-phase modulation and can lead to pulse
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Figure 2.1: Diagram of longitudinal (top) and transverse (bottom) electric fields within a wakefield
driven by a laser of the normalized vector potential of a) a0 = 0.1 in the linear regime, and b)
a0 = 1 in the nonlinear regime. Regions of accelerating longitudinal and focusing transverse fields
for electrons are labeled, with the accelerating + focusing regions enclosed with a dotted line.
Adapted from [51].

compression in a plasma [49], or can be exploited to achieve bulk photon acceleration in specially

tailored plasma density profiles [50]. It should be noted that the intensity-dependent phenomena

of self-focusing and self-phase modulation-induced pulse compression are both instabilities that

cause the pulse to become increasingly intense as it propagates through an underdense plasma.

As described in Section 2.1.1, a plasma wave is set up behind an intense laser pulse propagating

through a plasma via the relativistic ponderomotive force. As the laser pulse moves with a group

velocity near (but notably under) the speed of light in vacuum, this plasma wave’s phase velocity

through the plasma matches the driving pulse. The electric field within this plasma wave structure,

as it travels in the wake of the driving laser pulse, is appropriately termed a laser-driven plasma

wakefield. The radial expulsion force of the ponderomotive force is contrasted by the implosive

force of the charge separation between the quasi-stationary ions that the electrons are pushed away

from by the laser.
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The balance between these two forces describes the regime of the plasma wave propagating be-

hind the laser driver: the linear wakefield regime or the nonlinear blowout (or ‘bubble’) wakefield

regime. In the linear regime, a linear sinusoidal-profile plasma wave is driven in the density profile

of the plasma, with a sinusoidal profile of similar frequency describing the shape of the longitu-

dinal accelerating/decelerating and, with a π/2 phase shift with respect to the plasma wavelength,

transverse focusing/defocusing regions in the wakefield for an electron [24]. In the linear regime,

the accelerating field Ez, focusing field Er, and electron density profiles in the wakefield are given

by [52]
Ez

Ep,0

= − 1

kp

∂ϕ

∂ξ
(2.13a)

Er

Ep,0

= − 1

kp

∂ϕ

∂r
(2.13b)

δne

ne,0

=
1

k2p

∂2ϕ

∂ξ2
, (2.13c)

where ϕ(r, ξ) = −f(r) sin (kpξ), f(r) = a20
√

π
2

kp
4
exp

(
−2r2

w2
0

)
exp

(
− (kpcτ0)2

8

)
, is the analytic

solution for the (normalized) electric potential in the plasma wave in the linear regime with a

gaussian ponderomotive driver, δne denotes the density change from an unperturbed plasma (ne,0),

and Ep,0 = mecωp

e
is the wavebreaking field. ξ = z − vpt is a term to denote the longitudinal

coordinate in the frame of reference that is co-moving with the plasma wakefield. An example of

the field structure from a linear wakefield can be found in Figure 2.1a.

In the nonlinear ‘bubble’ regime, wavebreaking is reached and the electrons are expelled com-

pletely around a region surrounding the laser axis, leaving a bare ion channel center. This regime

has no analytical solution for nonlinear fields in 3D; however phenomenological scalings have

been made to give approximations of the field structure in this regime [23], and 1D approxima-

tion for the field structure has also been derived in literature [24]. By assuming that the electron

sheath surrounding the plasma wakefield is a perfect sphere, one can derive an approximation for
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the accelerating and focusing fields [53],

ϕ =
k2p
4
(r2 − r2b ) (2.14a)

Ez

Ep,0

=
kp
2
ξ (2.14b)

E⊥

Ep,0

=
kp
4
r⊥, (2.14c)

where rb ≃ 2
√
a0/kp is an approximation of the plasma wakefield spherical radius, r2 = ξ2 + r2⊥

is the radius from the cavity center. A laser pulse most efficiently drives the nonlinear wakefield

regime with a duration of at most half of a plasma wavelength, or cτlaser ≤ λp/2 [10]. Note that

these approximations for the fields scale linearly with ξ and r⊥, with an acceleration gradient for

electrons pointing toward the center of the wakefield, and thus in the regions far enough away

from the electron sheath around the bubble, electrons are focused toward the central axis and ac-

celerate if they are behind the longitudinal center of the bubble. This thus makes the nonlinear

bubble regime of wakefield acceleration advantageous for electron acceleration, as nearly half of

the plasma wavelength from the rear of the plasma wakefield bubble to the center is both acceler-

ating and focusing. In the linear regime, in contrast, only a phase region spanning π
2

of the plasma

wavelength’s phase is accelerating and focusing. A numerical example of the 3D field structure

in the nonlinear bubble regime can be found in Figure 1.1. An example of the field structure in a

nonlinear wakefield can be found in Figure 2.1b.

In the case of positrons, the charge being opposite to that of an electron has the consequence

that the regions that were favorably accelerating and focusing for electrons are decelerating and

defocusing for positrons, and vice versa. Where the bubble regime is optimal for maximizing the

favorable acceleration and focusing regions for electrons, it is suboptimal for accelerating positron

beams. It is thus the quasi-linear regime for a normal Gaussian-pulse driver which increases the

area that would be favorable for positron acceleration while maintaining enough intensity in the

driver to achieve high acceleration gradients.
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The regime of a given laser driver may conveniently be determined by knowing the laser driver’s

normalized vector potential a0, where a0 ≪ 1 is strongly linear and a0 ≫ 1 is strongly nonlinear,

with a quasi-linear transition region with a0 ∼ 1. The laser drivers used in this thesis all generated

plasma wakefields in the nonlinear regime.

Within the field structures of the 3D nonlinear regime, scalings for electron beam qualities

given laser and plasma properties have been derived [23]. These scalings suggest maximum energy

gains ∆γ|| depending on the limiting factor of the accelerator: the dephasing length over which an

electron beam reaches a velocity that surpasses the group velocity of the laser driver, Ldeph ∝
c
ωp

4
√
a0
3

ω2
0

ω2
p
, or the pump depletion length over which the energy in the laser pulse is depleted to

the point where the pulse can no longer generate the wakefields trailing the pulse, Lpd ∝ ca0
ω2
0

ω2
p
τ ,

where τ is the pulse duration. The derivations that arrive from these scalings suggest that electrons

in a LWFA accelerator have a dephasing-limited maximum energy gain of ∆γ|| = 2
3
a0

ω2
0

ω2
p
, and

a depletion-limited maximum energy gain of ∆γ|| = a
2/3
0

ω2
0

ω2
p
ωpτ . These scalings imply that the

maximum achievable energy increases with pulse intensity, laser frequency, and decreasing plasma

density.

2.1.3 Trapping & injection

Given the field structures in plasma wakefields noted in Section 2.1.2, one can derive the equation

for the Hamiltonian of the wake given electromagnetic potentials ϕ and A,

H =
√
(mc2)2 + (P − eA)2c2 − eϕ, (2.15)

where P = γmv+ eA is the canonical momentum, and γ can be written in terms of the canonical

momentum as γ =
√
1 + (P − eA)2/m2c2. One can rewrite this expression in the wake’s co-

moving frame coordinate ξ = z − vϕt to give the so-called wake Hamiltonian [51],

HW =
√

(mc2)2 + (P − eA)2c2 − eψ − vϕPz, (2.16)
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Figure 2.2: One-dimensional demonstration of (top) an a0 = 0.1 laser driver wake potential ϕ,
electric field E and density perturbation δρ and (bottom) the resulting phase space orbits allowed
for particles at specific longitudinal positions with specific longitudinal velocities. The green dot-
ted line represents the electric potential profile at different longitudinal positions. Reprinted from
[51].

where ψ = ϕ− vpAz. Assuming no temporal evolution of the wake, the Hamiltonian is conserved.

The normalized wake Hamiltonian is given as a constant of motion,

HW

mc2
= h0 = γ − βϕuz −Ψ, (2.17)

where Ψ = eψ/mc2, βϕ = vϕ/c, and uz = Pz/mc. This conserved Hamiltonian expression deter-

mines the trajectories of electrons interacting with a wakefield. Figure 2.2 displays an example of

the determined electron trajectories plotted in the longitudinal momentum vs longitudinal position
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phase space.

The Hamiltonian of the plasma wakefield system suggests that there are positions in the longi-

tudinal phase space within the wakefield in which a particle’s trajectory appears to be a loop, where

the longitudinal velocity increases toward the center of the wake, it decreases as it overshoots the

center position of the wake, and so on. These orbits in the phase space indicate a longitudinal po-

sition and momentum range in which electrons are ‘trapped’ within the wakefield structure. Given

the orbital trajectory in phase space, to produce monoenergetic electron beams from a wakefield

accelerator, one must have a narrow injection region within the wakefield (on the scale ≲ λp/4).

This single-particle trajectory approximation of particle trajectories is made more complex when

assuming effects like dynamic evolution of the laser driver and/or wakefields via effects such as the

field profiles in the wakefield plasma wave changing due to the electric fields from charge trapped

in the wakefield, known as beam loading [54, 55]. Common properties of beams injected into an

LWFA accelerator via self-injection include relatively high charge and moderate-to-high relative

energy spread.

The process of charge being trapped on a loop trajectory in the wake Hamiltonian is called

injection. There are several proven methods to inject charge into a laser-driven wakefield, some

of which are detailed here. Self-injection can occur from electrons gaining adequate longitudinal

energy through interactions in the high charge density sheath surrounding the wakefield bubble

such that when the charge chaotically pushes far enough into the wakefield region, it becomes

trapped [56, 57]. The threshold for self-injection to occur abundantly is typically around a laser

wavelength times intensity value greater than Iλ > 1018 Wcm−2µm2.

Ionization injection is another injection technique in which the laser is focused into a gas species

that has an inner-shell electron ionization potential near that of the peak potential of the laser field

[58–60]. An approximation for the ionization intensity to ionize a given inner-shell ionization

level-Z electron from an atom with ionization potential Ip can be written as,

Ithresh =
cI2p

128πZ2e6
. (2.18)
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This technique can be combined with gas target shaping techniques to localize the ionization in-

jection gas species region so that the injected charge undergoes uniform acceleration length [61].

Ionization injection has been shown to reliably control injection, showing tunability with electron

energy and beam charge by balancing laser power, gas density, gas species, and localization of

ionization gas species in the accelerator.

A final injection technique covered in this document is sharp density transition injection, other-

wise known as shock injection. This injection technique is characterized by significantly reducing

the plasma density in the target over a spatial scale on the order of a single plasma wavelength λp

[62, 63]. The reduction of the plasma density grows the plasma wavelength, which increases the

ion cavity radius for a wakefield in the bubble regime. When this transition occurs over a prop-

agation distance similar to a plasma wavelength, the high charge density sheath surrounding the

wakefield is suddenly placed in the accelerating field structure before the sheath charge has time

to react. In the language of the Hamiltonian description of injection, if the geometry of the wake-

field bubble changes at a specific rate, then the Hamiltonian will change at a given rate ∂HW/∂t.

All particles far away from the wake are not trapped and have potentials A = 0, ϕ = 0, thus

HW,untrapped =
√
1 + P 2c2 − v0Pz > 0. This implies a minimum condition for trapping of charge

to be HW < 0. It has been suggested, then, that the condition for sufficient electron trapping if the

bubble is expanding fast enough, trapped electrons would meet the condition [64]:

∆H =

∫
∂HW

∂t
dt =

∫
dξ

vϕ − vz

∂HW

∂t
< −1, (2.19)

where, as a reminder, vϕ is the phase velocity of the wake and ξ = z − vϕt. Several experimental

studies have looked into this technique for producing electron beams this way. The extreme locality

(small spatial scale) of the injection mechanism has proven to produce low-relative energy spread

(∆E/E < 10%) electron beams [32, 65, 66].
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Figure 2.3: Diagram of the two betatron regimes of K ≫ 1 wiggler regime (left) and K ≪ 1
undulator regime (right). Reprinted with permission from [67].

2.1.4 Betatron radiation from LWFA electron beams

While a large focus of the previous discussion of electrons accelerated via LWFA concerned their

longitudinal momentum, there are also important consequences from their transverse momentum

in the wakefield. Electrons with any finite initial transverse momentum or initial off-axis trapped

position will oscillate about and through the longitudinal axis of the wakefield. As electrons un-

dergo these oscillations, broadband X-rays, known as betatron radiation, are produced.

A description of the transverse electron motion in the wakefield can be determined by the trans-

verse fields in a wakefield, listed in Equation 2.14. Due to the oscillatory nature of electrons in

the wakefield about the longitudinal axis, these oscillations can be described with a characteristic

frequency called the betatron frequency,

ωe,β =
ωp√
2pz

, (2.20)

where the longitudinal momentum normalized to mec pz ≃ γϕa0mec(1− ξ2/r2b ) is assumed to be

slowly varying.

A dimensionless parameter, K, is often used to describe the regime of X-ray radiation from

the LWFA accelerator. K = γke,βre,β is a measure of the ratio of the oscillation amplitude to

the wavelength which spans from a “wiggler” regime of large-scale oscillations compared to the

betatron wavelength (K ≫ 1) to an “undulator” regime of small-scale oscillations (K ≪ 1), where
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ke,β ≃ 1/λp
√
2γ is the angular wavenunmber for the betatron motion, λp is the plasma wavelength,

and re,β is the radius of the betatron oscillation about the central wakefield axis. In a case typical

of LWFA experiments today, if a laser driver of a0 = 5 is focused into a target with plasma density

ne = 1 × 1018 cm−3, this would lead to a wakefield bubble radius of rb ≈ 2
√
a0c/ωp = 23.8 µm.

Electrons injected into this wakefield with energies of 1 GeV have K > 1 for all radii of betatron

orbits down to an oscillation radius of 0.17 microns, corresponding to 0.7% of the wakefield bubble

radius. If we assume an average oscillation radius of r̄β = rb
4

, this yields an average K ≈ 35;

well in the wiggler regime. Examples of these two regimes of betatron motion with exaggerated

emission cones are found in Figure 2.3.

The radiation emission of electrons undergoing betatron motion largely depends on the dimen-

sionless K parameter. For example, at the extreme limit where K ≪ 1, the wavelength of the

produced radiation from an electron undergoing betatron motion is [67],

λβ =
λu
2γ2

(
1 +

K2

2
+ γ2θ2

)
, (2.21)

where θ is the emission angle with respect to the longitudinal axis, and λu is the wavelength

of the oscillation in the rest frame of the electron. In this regime, the transverse momentum of

the electrons is much less than that of the longitudinal momentum such that βz ≃ β, and γz =√
1− β2

z ≃ γ. The electron acts like an oscillating dipole emitting a single wavelength on-axis

emission derived from Equation 2.21, which is Doppler-upshifted due to the relativistic velocity of

the emitting electrons [68],

ωβ = 2γ2ωu. (2.22)

In the opposite limit where K ≫ 1, the oscillating dipole approximation is no longer appropri-

ate due to the transverse oscillatory motion being a significant percentage of the electron’s motion.

It is for this type of radiation from an electron’s motion that an analysis technique from Jackson
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[69] may be employed to solve for the radiated power per unit frequency,

dP

dω
=
Pγ

ωβ

S(ω/ωβ), (2.23)

where

S(x) =
9
√
3

8π

∫ ∞

x

K5/3(ξ)dξ,

Pγ =
e2cγ4

6πϵ0r2e,β
,

and,

ωβ =
3

2
γ3
c

γ
.

K5/3 is a modified Bessel function of the second kind, Pγ is the radiated power, and ωβ is the

critical frequency of the synchrotron-like spectrum. If the motion of the emitting electrons is

sufficiently relativistic, then the synchrotron spectrum is measured to be more continuous, akin to

a synchrotron’s radiation spectrum.

2.2 Relativistic current filamentation instability

Theoretical derivations of plasma instabilities typically involve linearizing a system of equations

relevant to the parameters involved in an instability and arranging the resulting linearized equations

to yield a dispersion relation of the interaction. Complex roots of the dispersion relation describe

unstable modes predicted by this result. Previous studies have used these general techniques to

derive the general growth rate for the Weibel-like current filamentation instability [70–72]. A

derivation for the general growth rate of the filamentation of warm ultrarelativistic beams can be

found in Appendix A. The initial description of the equations used in this derivation and the final

result are presented in this section.

Through the assumption that the beam species is ultrarelativistic propagating into a general

second plasma species, a paraxial approximation is taken that yields the following linearized fluid
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equations for electron species s,

∂δns

∂t
+ ns∇⊥ · δvs⊥ = 0,

∂δvs⊥

∂t
≃ − qs

γsms

∇⊥ψs −
1

2
γsv

2
th,s⊥∇⊥δns,

as well as the conservation of longitudinal canonical momentum,

δvs∥ ≃ −qsδAz

γsms

,

where ⊥ and ∥ indicate components perpendicular or parallel to z, respectively, ns is the initial

(unperturbed) density of the species s, the pseudopotential ψs = ϕ − Azvs∥ with ϕ and Az the

scalar and z-component of the vector potentials expressed in the Lorenz gauge, respectively, which

may be combined into a single wave equation for ψs

−
(
∂2

∂t2
− c2∇2

⊥

)
ψs =

c2

ε0

[∑
s′

qs′(ns′ + δns′)− ρn −
vs∥
c2

∑
s′

js′∥

]
,

where ρn is a background (partially) neutralizing charge density. δAz = Az − Az0 where Az0

is the initial z component of the vector potential. Through several substitutions and a series of

assumptions (Appendix A), the growth rate of the instability for two colliding plasma species with

equivalent densities, velocities, and transverse temperatures is given by

Γ = βbωb, (2.24)

which agrees with literature [70].

Alternatively, a relativistic electron beam traveling into a plasma with a differing density and a

fast enough response time to shield charge and magnetic fields from the beam produces a growth
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rate found to be,

Γ ≃

√√√√ β2
bω

2
b

1 +
ω2
p

k2⊥c2

− 1

2
γbk2⊥v

2
th⊥ , (2.25)

which for v2th⊥ → 0, this expression reduces to the growth rate for a cold, weak beam [72]. In the

nonlinear and inhomogenous regimes the behavior becomes less easy to model analytically and we

must resort to numerical simulations.

28



CHAPTER 3

Experimental Methods

The experiments outlined in this dissertation required high-power ultrashort laser pulses to drive

the wakefield acceleration of the particle beams as the subjects of study. The laser systems that

create these driving pulses require a complex system of optics and electronics, which requires spe-

cialized staff and facilities to maintain. These labs and the characteristic parameters of their laser

pulses that were utilized in the experimental campaigns detailed in this thesis will be discussed.

The experimental gas targets and diagnostics that were installed into these laser systems’ experi-

mental areas are detailed. PIC simulations were performed as a method to simulate the physics of

the LWFA experiments in this thesis. As such, the PIC method is also mentioned.

3.1 High power laser systems

Each of the experiments outlined in this work was performed on one of three different laser sys-

tems: the Gemini laser system at the Central Laser Facility in the Rutherford Appleton Laboratory,

the Advanced Laser for Extreme Photonics (ALEPH) at Colorado State University, and the Ad-

vanced Laser Light Source (ALLS) at the Institut National de la Recherche Scientifique (INRS).

This section describes the common features of these laser systems, while the following three sub-

sections discuss each laser’s unique qualities. All of these laser facilities are high-power titanium-

doped sapphire (Ti:Sapphire) ultrashort laser systems, and as such the main pulse produced at the

end of the amplification and compression chain is centered at a wavelength of 800 nm with a pulse
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duration between 20 fs and 70 fs. The laser front-ends all operate mode-locked Ti:Sapphire os-

cillators outputting ultrashort pulses from the laser cavity at a MHz-scale repetition rate, typically

with energies on the scale of nano-Joules. Programmable acousto-optic dispersive filters are used

after the front-ends in these systems to control the spectral phase and temporal shape of the output

pulse. There is also a pulse-picker system comprised of electro-optics, such as a Pockels cell paired

with a polarizer, to control the acceptance timing of the pulse in the high-frequency front-end pulse

train that is allowed to enter the amplifying stages of the laser chain. These systems utilize CPA

to enable amplification of the pulse’s energy past the front-end of the systems and thus stretch the

pulses from the front end of the system before interacting with the energy gain amplification stages

in the laser chain. All pump amplification stages use frequency-doubled infrared light from either

neodymium-doped yttrium aluminum garnet (Nd:YAG) or neodymium-doped glass (Nd:Glass)

lasers to excite the Ti:Sapphire amplification medium. Amplification of the pulses is achieved in

stages of multi-pass amplification stages, where the number of passes is determined by the satu-

ration threshold of each amplifying crystal and how much energy the pulse gains with each pass.

After appropriate amplification, the pulse travels to a compressor usually made up of four optical

gratings to compress the pulse to as close as possible to its bandwidth Fourier-limited pulse length.

Measurement techniques of the compressed pulse length and spectral phase may vary from

facility to facility. A non-exhaustive but typical list of compressed-laser diagnostics includes a

frequency-resolved optical gating (FROG) to measure spectral phase and intensity vs delay, a

calorimeter to measure the integrated pulse energy, and a wavefront measurement and imaging

of the far-field at the focal plane to determine the Strehl ratio and wavefront uniformity. These

laser diagnostics will be discussed in more detail in Section 3.2. The following subsections will

discuss in turn each of the three laser facilities that the work in this dissertation was completed on.

3.1.1 Gemini laser system

The experiment concerning monoenergetic beams in an LWFA accelerator via shock injection in

this thesis was conducted using the Gemini laser at the Central Laser Facility [74]. The Gem-
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Figure 3.1: Schematic of the Astra-Gemini laser system and target area end stations. Reprinted
from [73]
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ini laser system is located within the Central Laser Facility at the Rutherford Appleton Labo-

ratory Harwell Campus in Didcot, United Kingdom. Gemini is the ultimate stage in the laser

system Astra-Gemini. Gemini has two separate target areas with different power and repetition

rate regimes: a moderate-energy high-repetition rate target area target area 2, and a high-energy

moderate-repetition rate target area target area 3. The work discussed in this dissertation was con-

ducted using target area 3. The laser system is a two-beam high-power ultrashort pulse system

as advertises being able to deliver two 15 J, 30 fs FWHM pulses, yielding 500 TW pulses at a

repetition rate of 3 shots per minute.

The experimental campaign that utilized Gemini in this dissertation used a laser pulse contain-

ing 12.5±0.2 J focused with an f/40 parabolic mirror into a gas jet inside a vacuum chamber. The

laser pulses were slightly positively chirped to a duration of 61 fs FWHM, giving a peak power of

195 TW. An adaptive optic was used to flatten the phase front and create an approximately Airy

focal sport distribution with a spot width of 48.6× 39.2 µm FWHM, an average peak intensity of

75 GWµm−2 and a peak normalized vector potential of a0 = 1.88 in vacuum.

3.1.2 ALEPH laser system

The experiment in this thesis probing the current filamentation instability in LWFA-produced

beams was conducted using the ALEPH laser at Colorado State University’s Advanced Beam

Laboratory in Fort Collins, Colorado. This facility is a host facility in the Department of En-

ergy (DOE)-funded LaserNetUS, a network of high-intensity laser user facilities at the time of the

experiment. Work done at this facility was made possible through official LaserNetUS support.

This facility’s 30 fs laser undergoes five stages of amplification before entering the vacuum com-

pressor in the facility, as shown in the laser chain schematic in Figure 3.2. The ALEPH system

has two modes of operation: at the Ti:Sapphire fundamental frequency at a maximum of 26 J on

target, or in a frequency-doubled high-contrast mode with up to 10 J on target [75]. There are

also two primary experimental target chambers at the ALEPH facility: a short-focal length (f/2)

primarily solid target chamber and a long-focal length (f/25) primarily gas target chamber. The
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Figure 3.2: Schematic of the ALEPH laser line amplification stages. Included at the end of this
diagram is the facility’s optional second-harmonic generation to the main beam which was not used
in the work in this dissertation. The ultimate chamber relevant to this work was a long focal length
chamber as opposed to the short focal length shown in this figure. Reprinted with permission from
[75] ©Optical Society of America.

short-focal length and long-focal length experimental areas can produce a 2.4 µm intensity FWHM

and a 40 µm intensity FWHM at focus, respectively.

The on-shot energy of each pulse was measured by a calibrated calorimeter measurement from

light leak-through of a mirror directly before the vacuum compressor and takes into account a 60%

throughput of the compressor and a 10% loss from a protective pellicle placed directly in front of

the f/25 off-axis parabola (OAP). In the experimental campaign discussed in this dissertation, the

average energy on target was 15.7 J with a standard deviation of 3.0 J. The laser’s measured pulse

length during this thesis experiment was 45 fs. The repetition rate of the system is 3.3 Hz, but the

gas load in the vacuum chamber for this experiment limited the repetition rate to 1 shot per minute

in single-shot mode.
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Figure 3.3: Image of the ALLS f/15 focus experimental chamber used primarily for wakefield
light source experiments. Reproduced from ALLS facility section on LaserNetUS website [76].

3.1.3 ALLS laser system

The betatron streaking experiment detailed in this thesis was conducted on the ALLS laser system

located in the INRS campus in Varennes, Quebec, Canada. This facility is a host facility in the

DOE-funded LaserNetUS at the time of the experiment, and work done at this facility was made

possible through official LaserNetUS support. The facility’s advertised laser quality to users in-

cludes a FWHM pulse length of 22 fs, an on-target energy of 3.2 J, a FWHM spot size of 15 µm

at focus. These advertised qualities match the qualities of the beam used in the campaign in this

thesis. The Strehl ratio of the beam measured in the experiment was 0.8. The system can shoot at a

repetition rate of 2.5 Hz, but the operational mode used for this thesis was single-shot on-demand

mode due to limits to repetition rate due to radiation safety, diagnostic data collection, and vacuum

chamber gas loads.
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3.2 Laser diagnostics

This section describes various laser diagnostics and metrology methods which are common across

ultrashort laser facilities to measure the energy, pulse duration, spectral phase, and wavefront qual-

ities of the laser pulses used in this thesis. These measurements characterize the laser pulse to

primarily be able to calculate laser intensity IL, simply given by the relationship

EL =

∫ ∞

−∞
dt

∫∫
S

ILdA , (3.1)

whereEL is the energy in the laser pulse and dA is a differential area defined on a surface S normal

to the laser Poynting vector. For a pulse that is gaussian in time and space with FWHM duration

τL and minimum waist w0 the intensity is IL = 2
√

ln 16/π3EL/(w
2
0τL) ≃ 2EL/(πw

2
0τL).

3.2.1 Energy measurement

A measurement of the energy of the pulse in these laser facilities is essential in the design of their

use in the experiment, as the intensity of a focused LWFA laser pulse will determine much of the

physics of the LWFA interaction. Laser energy measurements are typically done using a combi-

nation of photodiodes measuring leak-through from various optics in the laser chain calibrated by

calorimeter readings throughout stages of the laser chain. This method involves the placement of a

photodiode behind a highly reflective dielectric mirror (usually with characterized reflectance over

99%) to measure the small amount of transmitted light through the dielectric optic. The photodiode

measuring this light sends a proportionate voltage signal to an oscilloscope where the voltage trace

is recorded. This voltage level is correlated with the amount of light in the laser pulse, or otherwise

the energy in the laser pulse for a pulse of similar wavelength bandwidth. The integrated energy

for a pulse can be measured by a calibrated power meter. An example of such a power meter is

a calorimeter which measures the energy in an incident laser pulse by the heat it produces on its

sensing surface. The photodiode voltage level is then correlated to the calorimeter measurements

to produce an on-shot output of laser energy. This method of energy metrology relies on two main
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assumptions: that the pulse bandwidth remains stable so the transmission percentage of the pulse

on the leak-through mirror remains constant, and that there is a linear scaling of the photodiode

signal with the laser energy. These assumptions may be confirmed with measurements of the laser

spectrum, and by ensuring the photodiode remains in a linear regime of input vs output signal.

This method can also be done by replacing the photodiode with a calorimeter and calibrating it in

a similar way with a second calorimeter directly in the laser chain.

3.2.2 Pulse duration measurement

A variable needed to calculate laser intensity is pulse duration. As femtosecond-scale pulses are

among the quickest events ever engineered, technologies that are typically used to measure tem-

poral qualities of light with longer pulses such as photodetectors (with fastest impulse response

times at tens of picoseconds) or fast oscilloscopes (with quickest analog response times down to

about ten picoseconds) are not adequate to resolve these ultrashort pulses. Temporal measurement

techniques have been produced that utilize the overlap of the pulse with a reference copy of it-

self at a known delay to achieve an autocorrelation measurement from nonlinear optical effects to

measure the duration of the pulse. Two typical setups for these measurements which are common

to ultrashort laser pulse laboratories are discussed here: autocorrelation and frequency-resolved

optical gating (FROG).

An intensity autocorrelator operates by using a beam splitter to split the pulse into two copies.

One copy enters a delay stage to vary the relative timing between the two pulses. They are sent

with a symmetric crossing trajectory into a thin second-harmonic generation (SHG) crystal. The

produced second-harmonic signal is on-axis due to the symmetry of the crossing k-vectors in the

crystal and is recorded with an on-axis camera [77]. By scanning the delay and taking measure-

ments of the SHG energy level, translating to integrated pixel values on the slow detector collecting

the light, one can retrieve the temporal autocorrelation of the pulse signal with itself. That evolu-

tion of the autocorrelation signal can then be used to calculate the temporal intensity envelope of

the input pulse, assuming a temporal envelope shape of the input pulse, which is usually assumed
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to follow a sech2 envelope shape according to ultrafast laser theory.

While autocorrelation is the standard way to measure ultrashort pulse temporal envelopes, it

only measures the intensity envelope as a function of delay, and does not measure the phase of the

pulse which is also important to characterize. Advancements to the autocorrelation measurement

to measure the spectral phase of the laser pulse have been made by way of the development of

the FROG technique first described in [78] be utilizing self-diffraction of overlapping pulses in a

nonlinear sample. Although self-diffraction was the first nonlinear mechanism used to demonstrate

FROG, the use of an SHG crystal to use the generated on-axis SHG to create a frequency vs time

delay FROG trace is also possible [79]. The SHG-FROG is nearly identical to the setup of a SHG

autocorrelator with the replacement of the intensity sensor with an optical spectrometer following

the second-harmonic generating crystal. The expression, for the intensity of the signal on the

FROG detector using SHG to generate autocorrelation signal is

ISHG
FROG(ω, τ) =

∣∣∣∣∫ ∞

−∞
E(t)E(t− τ)e−iωtdt

∣∣∣∣2 , (3.2)

where ω is the frequency of the input light, τ is the delay in the delay stage. An iterative algorithm

to solve for the instantaneous spectral phase is designed to quickly converge on the solution of the

spectral phase and intensity that satisfies both the nonlinear interaction signal strength criteria and

the intensity relation in Equation 3.2. The resulting trace yields an intensity heatmap in ω, τ space

of the pulse once solution convergence has been reached.

3.2.3 Focal spot measurement

A measurement of the focal spot is essential to understand the peak intensity of the focused pulse

and measure the uniformity of that energy distribution and wavefront quality at the LWFA interac-

tion point. The simplest way to measure this is to image the focal spot onto a camera with the laser

operating at low energy; however, it is not uncommon to measure the focal spot or with the laser

operating at full energy to include thermal lensing effects in the measurement, and to attenuate the
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Figure 3.4: Example of the vacuum focal spot measurement taken at the ALEPH laboratory during
the current filamentation instability experiment in this thesis. The spatial scale of the image is
∼ 25 pixels/10 µm.

beam so to not damage the CCD detectors. This method assumes that further amplification of the

laser does not significantly change the far-field wavefront of the pulse. The camera is spatially

calibrated so that the pixel/∆x is known such that the number of pixels of the focal intensity on

the camera chip can be used to calculate the radius of the focal spot. By assuming an ideal focal

spot transverse envelope, which is often either a Gaussian envelope or an Airy disk profile, the

average deviation away from an ideal focal spot for a given wavelength and focusing optic can be

determined by the Strehl ratio of the pulse, given by:

S.R. = e−(2πσ/λ)2 , (3.3)

where σ is a measure of the RMS wavefront error. X- and Y- rotation axis adjustments to the

alignment of the focusing optics in these laser systems are made to maximize the Strehl ratio and
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Figure 3.5: a) Render of 1) an interferometer probe laser, 2) a main accelerator driving laser, and
3) a plasma target utilized in this dissertation for the current filamentation instability experiment
in this thesis. b) An example of a raw image from the target shown, and c-e) the flowchart of the
process used to retrieve the density for gas targets for experiments in this dissertation. The dotted
line in e) represents the average value of the longitudinal array of the mean density value about the
center of the channel by n-pixels (10 in this case), and is quoted plasma density for a plasma unless
stated otherwise.

achieve as uniform a Gaussian or Airy disk focal spot shape as possible. Figure 3.4 shows the

raw measurement of the imaged focal spot taken during the campaign at the ALEPH laser system

measuring the current filamentation instability.

3.3 Plasma & beam diagnostics

3.3.1 Plasma density measurement: interferometry

Electron plasma density, being one of the three primary variables that describe plasma and a vari-

able that is significant to the LWFA interaction, is important to diagnose on-shot in the plasma

targets used in the experiments outlined in this thesis is important. Optical interferometry is a

technique that can used to measure plasma density in such a manner. In this thesis’ experiments,
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a probe beam that has a large transverse diameter compared to the interaction plasma traverses

through the interaction with the plasma region vertically off-center of the large pulse. A Michel-

son interferometer is used post-interaction, with one arm of the interferometer containing a roof

prism to flip the beam vertically, so that the region of the beam that interacted with the plasma

(called the ‘subject’ probe) interferes with the region of the beam that did not travel through the

plasma (called the ‘reference’ probe) and creates fringes that are recorded by a CCD camera. One

of the arms in the interferometer has its optics installed on a micrometer-controlled delay stage to

control the temporal overlap between the two arms. The delay is adjusted until fringe contrast is

maximized.

The fringes in the overlapped reference and subject regions of the probe beam are generated

from a phase difference of the probe laser in those two regions due to traversing through regions

of different integrated indices of refraction, η. This two-dimensional phase shift map may be

expressed as,

∆ϕ =
2π

λ0

∫ ∞

−∞
∆ηdx , (3.4)

where x is the distance along the optical path, λ0 is the wavelength of the probe beam, η =√
1− ω2

pe

ω2 is the index of refraction of the plasma, and ωpe =
√

nee2

ε0me
. This can be expressed in

terms of the plasma density:

∆ϕ(x, r) =
2π

λ0

∫ ∞

−∞

√1− ne(x, r)

nc

− 1

 dx , (3.5)

which can be simplified for a uniform plasma slab of thickness L with a Taylor expansion for small

ne/nc as

∆ϕ(x, r) ≈ π

λ0

(
ne(x, r)

nc

)
L. (3.6)

This phase shift array can be inserted into a generalized non-axisymmetric Abel inversion

method to reconstruct the map of the electron density [80]. Unless otherwise stated, any quoted

plasma densities reconstructed using this method represent the average density around the center
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Figure 3.6: Horizontal (left) and vertical (right) midplane visualizations of the magnetic fields
within the magnetic gap regions of a representative arbitrary magnetic dipole gap. In each midplane
visualization, the calculated divergence of the magnetic field is zero throughout the domain.

and along the length of the fringe shift region.

3.3.2 Beam energy measurement: magnetic spectrometer

After beams have been accelerated via LWFA, the energy spectrum and angular divergence of the

particles often need to be measured in an on-shot basis. In LWFA systems, this measurement is

made with a magnetic spectrometer system. A magnetic spectrometer consists of a dipole magnetic

field in the path of the charged particle beam which disperses particles to different trajectory angles

based primarily on the energy of the individual particles and the transverse magnetic field strength

according to the relativistic Lorentz force of the magnetic field in the dipole region. Other factors

that influence the output of trajectories of the particles from the dipole region are the pointing angle

of the beam into the dipole gap region, the distance between the source of the beam to the entrance

of the dipole gap, the length and width of the magnetic dipole faces, the uniformity of the dipole

field, the fringe-fields around the dipole, and the acceptance-angle of particles into the dipole gap

region. The dispersed particles are measured by a detector screen, which is typically either an
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Figure 3.7: Example of output from 3D particle stepper code used to generate an energy-to-position
dispersion curve correlation for a given spectrometer geometry, field strength (1 Tesla), and beam
energy and angular properties. Witness electrons ranging from 50-1500 MeV pass through the
dipole field region with on-axis pointing and with 5 mrad pointing angle to the top, left, bottom,
and right of the beam’s on-axis trajectory to simulate the effect of divergence angle on the measured
beams.
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Figure 3.8: Particle trajectories (top) and resulting E(x) dispersion relationship to determine the
correlation between electron energy and position on the scintillator screen in the dispersion direc-
tion (bottom) for the current filamentation instability experiment at the ALEPH laboratory. Dipoles
consisted of central field strength of 0.97 T.

image plate or a scintillator that is sensitive to high-energy leptons. Positions along the detector

screen are correlated to the energy of the particles landing on that position given a relation known

as the dispersion curve of the spectrometer. Angular divergence can also be determined from this

diagnostic, as the spatial profile of the beam transverse to the direction of dispersion is largely

unperturbed by the dispersion in the magnetic spectrometer. The consequence is that the size of

the beam in the non-dispersed direction on the detector screen may be used in combination with

the electron-trajectory distance between the screen and the particle source or angular acceptance

aperture (if there is one present) to determine the divergence angle of the beam.

To determine the energy dispersion curves of the magnetic spectrometer system, typically a
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computational particle-stepper is used to simulate particles of different energies traveling through

the geometry of the magnetic spectrometer system. A custom three-dimensional particle track-

ing code designed to model electron spectrometers is employed. This uses a relativistic Boris

algorithm [81] particle pusher to calculate the particle trajectories through an analytic dipole field

produced from overlapping analytic fields from rectangular parallelepiped block magnets [82] with

the same gap-height, width and length measurements of the dipole used in the experiment. A tall

parallelepiped block assumption has the effect of straightening and making more uniform the fields

in the overlapping field region, much like the yoke effect in the dipoles used in the lab. The qual-

itative shape of the field structure within the dipole gap produced by this model can be found in

Figure 3.6.

Often, these systems are calibrated by assuming a perfectly uniform field confined perfectly

within the volume of the magnetic dipole gap. While this approximation is relatively safe to make

for particles traveling on-axis in the center of the dipole gap region, it does not capture the off-

axis magnetic-field components to electron trajectories, the magnetic field gradients in and around

the dipole, nor the bent fringe fields around the dipole volume region. These fields contribute to

particle focusing/defocusing effects in the beam being measured by the spectrometer, as shown in

Figure 3.7. In this example, an hourglass-like angular profile appears along the 5 mrad divergence

trajectories for different energies of electrons going through a single 1 Tesla central field-strength

dipole spectrometer with the particular setup shown. This particular hourglass profile is due to the

lowest energy particles being dispersed enough to exit the side plane of the magnetic dipole gap,

where high enough energy particles transition into exiting the rear exit plane of the gap, changing

the profile of the transverse focusing fields that the particles experience in their trajectories. This is

a motivation to simulate magnetic fields as close to the fields as the dipole magnets used in the lab.

The influence of the dipole field on the particles’ trajectories was tracked starting within a region

inside and around the volume of the space defined by the gap between the magnets in the dipole.

The particle tracking results for the reference beam pointing in the current filamentation insta-

bility experiment used to determine the campaign’s reference electron energy vs. screen position
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correlation are found in Figure 3.8. Due to electron beam pointing jitter issues in this experiment,

a narrow angular discriminating aperture was not included in front of the ESPEC dipoles. To

compensate for this, on-shot E(x) dispersion curves were generated using the measured pointing

angle of the electron beams to model electrons with matching angular pointing entering the ESPEC

system.

For the betatron beam streaking experiment conducted at the ALLS laser system, the facility

provided calibrations for their electron spectrometer that yielded the E(x) dispersion relation for

electrons measured in that experiment. Examples of ESPEC measurements from this campaign can

be found in Figure 5.9. The electron spectrometers in both experiments conducted at the Gemini

laser facility were calibrated in the positron generation via a similar method to that shown in Figure

3.8.

3.3.3 Beam emittance measurement: emittance mask

Beam emittance measurements were made by analyzing the profile of a beam after passing through

a high-Z emittance mask and being dispersed by a magnetic dipole via the following method, also

summarized in the publication detailing the results from Chapter 7 [83]. First, we assume that the

beam is angularly selected using a circular aperture, as was the case in this thesis, at an aperture

plane zap with radius Rap. The beam profile was modeled as an azimuthally symmetric clipped

Gaussian distribution such that only particles with R2
ap ≥ x2i,ap + y2i,ap are transmitted, where xi,ap

and yi,ap are the transverse coordinates of the i-th particle at the aperture plane. This profile is

dispersed according to the individual particle energies onto a spectrometer screen. The particle

distribution S ′
y(x) is measured at the detector plane zdet where x and y are transverse coordinates

perpendicular and parallel to the dispersion plane of the spectrometer respectively. Due to the

combination of energy spread and divergence, the profile S ′
y(x) is due to particles over a range

of different energies where their initial propagation angle θi,y and energy Ei result in the particle

intersecting the detector plane at the position y. With the assumption that the spectrum N(E) is

slowly varying, then each slice measurement S ′
y(x) represents the integral of the beam profile over
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y, i.e.,

S ′
y(x) = 2Ay,0

∫ √
R2−x2

0

exp

[
−x

2 + y2

2σ2
x

]
dy

S ′
y(x) =

√
2πAy,0σx

(√
R2 − x2

2σ2
x

)
exp

[
− x2

2σ2
x

]
(3.7)

where Ay,0 is the amplitude of the particle distribution, R = Rapzdet/zap is the projected size of

the aperture at the detector plane and x ≤ R. The functional form of equation 3.7 is used to

fit the amplitude of the modulated signal Sy(x) when retrieving the apertured beam properties as

described below.

Several steps were followed to extract the particle emittance from the spectrometer signals in

Chapter 7 in which this measurement was taken. First, a variable threshold filter was used to re-

move hard hits caused by stray photons hitting the CCD directly. Second, the defocusing of the

effect of the magnetic dipole fringe fields was removed by re-scaling the measured signal in the

non-dispersion direction such that the spatial frequency of the grid pattern was made constant for

all energies. Vertical slices were taken through the resultant image, averaging over 4 mm in the dis-

persion direction to produce the signal modulation Sy(x) as a function of x at a given y−position.

The scattered particles from the grid formed a smooth background on the detector, which was re-

moved by fitting a Gaussian to the values at the minimum of the observed modulations. The signal

envelope was similarly found by fitting the beam profile function, Equation 3.7, to the signal max-

ima. The RMS width of the fitted envelope was then divided by the source-to-screen distance to

obtain the beam divergence σθ.

An ideal zero source size beam would produce a sharp step-function within the bounds of

the scattering signal and the beam envelope, with the spatial period of the magnified grid size.

The blurring of this pattern was observed due to contributions of the finite spatial resolution of the

diagnostic (215 µm) and the source size σx of the beam, which was found by iterative minimization

of the mean squared error between the measured signal and the calculated signal for a given source

size. The geometric emittance was calculated as the product of the measured divergence and source
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Figure 3.9: Example of the emittance retrieval process using an emittance mask used in Chapter 7.
a) Annotated raw data of positrons landing on the first scintillator screen after being deflected by a
dipole magnetic field. b) Data, fitted ideal signal, and retrieved signal from the emittance retrieval
process.

size, i.e. ϵ = σxσθ. An example of a measured signal and retrieved modulation signal is shown in

Figure 3.9.

Synthetic data can be created to benchmark the retrieval process by numerically propagating

results from a Monte-Carlo simulation and removing particles that would hit the solid bars of the

emittance measurement grid. The dispersion of the magnet was added by shifting the particles

transversely according to their energy using the same dispersion function as for the experimental

spectrometer. The particles are selected according to their position on the spectrometer to create

the modulated signal Sx(y) for a given energy band. Due to the significant beam divergence, there
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Figure 3.10: Example synthetic positron spectrometer particle distribution. Particles that pass
through the grid freely propagate onto the detector plane, and are dispersed according to their
energy. Taking a slice along the y-axis mixes some particle energies due to the effect of the beam
divergence. Particles labeled ’energy band’ have energies within 450-550 MeV. Selected particles
have x positions corresponding to the expected position for zero-divergence particles within the
same energy range. The signal Sx(y) is generated by making a histogram of selected particle y
coordinates.

is some trajectory crossing such that some particles of different energies are selected, and some of

the correct energy is omitted, as illustrated in figure 3.10.

3.3.4 Betatron emission measurement: transmission filter pack

In the experimental campaign concerning the temporally-resolved measurement of the energy gain

of a LWFA electron beam via its betatron radiation, the measurement of the spatially-resolved

betatron X-ray critical energy spectra was required. For this experiment, the betatron radiation

propagated out of the vacuum chamber through a Beryllium window, the X-ray filter pack (see

Figure 3.11a), and a fixed distance of air before being incident on a Princeton Instruments SCX

4300 X-ray CCD coupled to a Gd2O2S : Tb phosphor screen. All of the integrated materials were

considered to determine the X-ray transmission, as seen in Figure 3.11b. Figure 3.11c shows a
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Figure 3.11: a) The X-ray filter array design used on the streaked betatron beam experiment in
Chapter 5 and b) its corresponding transmission curves over the X-ray energy range relevant to the
experiment. c) An example image was taken of the betatron radiation output interacting with the
filter pack recorded by an Andor indirect X-ray CCD.

data shot taken by the X-ray CCD with the filter in the beam line. The spectral reconstruction

procedure involves interpolating from the unfiltered regions to reconstruct the X-ray beam profile.

After normalizing the filtered regions using the measured X-ray beam profile, the spectrum can

be retrieved through an iterative algorithm starting from a guessed critical energy Ec of an as-

sumed synchrotron-like spectrum and obtaining the best fit to the transmission of the filter column

elements [84, 85].

3.4 Gas targets

As laser-driven wakefield acceleration involves the interaction with intense ultrafast laser pulses

with underdense plasma and the most common laser wavelength for high-power ultrafast laser

systems is typically λl = 800 nm, a plasma density suitable for LWFA can be derived. Firstly,

the plasma must be below the critical density nc =
ε0me

e2
ω2
p for the laser to propagate through the
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Figure 3.12: a) Side and b) top-down profile views and c-d) interferometric measurements of the
transverse density profile along the length of the accelerator for the gas target used at the ALLS
facility.

length of the accelerator. Secondly, the plasma density in the accelerator must be within a range

that favorably agrees with the LWFA laser/plasma parameter to allow for efficient acceleration

[23]. This can be achieved via gas jet or enclosed gas cell targets produced via fast and inexpensive

additive manufacturing, or by high-precision machining of steel or aluminum. Once the driving

laser pulse ionizes the gas, the gas species and backing pressure can be controlled to yield a desired

plasma electron density.

An additive manufacturing process advantage allows highly customizable gas target shapes to

produce tailored density profiles to fit an experiment’s needs. In gas jets, this can be done by

changing any intricate internal shape of the inlet nozzle, for example, potentially leading to a

change in the Mach number and profile of the gas exiting a supersonic flow jet [86]. One could use

a gas cell instead of a gas jet in LWFA experiments, which improves beam stability, divergence,

and energy spread of the resulting beams [61]. In the case of a gas cell, customization from additive
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Figure 3.13: a) Side and b) top-down profile views of the gas jet and shock-producing blade at the
zblade = 0 mm position from a CAD model of the gas jet.

Figure 3.14: Side profiles of the three filamentation gas cells used in the current filamentation
instability experiment in this thesis. The open windows in the gas cells had optical-grade glass
microscope slides fit into them to allow probe light to propagate through them.

manufacturing can yield a variable acceleration length and/or localize a region in the accelerator’s

length to, for example, contain an ionization injection gas species [85].

Several examples of gas target designs from the experimental campaigns are included for ref-

erence. Figure 3.12 shows the side and top profile of the CAD file for the supersonic gas jet

target used in the experiment, which measured angularly-streaked betatron beams. This figure

also shows neutral gas interferometric measurements taken during the experiment to confirm the

density gradient at the edge of the supersonic gas flow, which agreed with measurements taken

before the experiment. This gas target had two stages: first, the laser interacts with a 1 mm×5 mm

(length×width) injector stage with a mixed gas (99.5% Helium + 0.5% Nitrogen) controlled by a
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Parker solenoid valve with a backing pressure of 30 PSI with the laser either 2.0 mm or 2.5 mm

vertically offset from the gas nozzle exit face. After this injector stage, the accelerator transitions

to the narrower 10 mm×1.2 mm (length×width) pure-helium gas acceleration stage, which had

a typical backing pressure of 300 PSI fed to its solenoid valve. The two stages’ nozzle openings

were separated by 0.5 mm in the longitudinal direction. The interior of the nozzle was designed

with a parabolic cross-section to achieve supersonic flow based on a supersonic gas nozzle design

for laser wakefield application [87]. The throat of the nozzle was 200 µm wide. Each stage had an

independent gas valve triggered by the timing signal of the ALLS laser system.

The experimental study of acceleration of shock-injected electron beams was performed at the

Gemini facility using a gas jet designed to generate a sharp shock feature along the longitudinal

propagation length of the laser in the gas profile. This was achieved using a razor blade oriented

with a pitch-angle of −32.4 ± 0.3◦ to the horizontal plane and placing its edge 4 mm above the

gas nozzle’s exit plane. The blade was attached to a motorized stage that allowed movement in the

longitudinal direction independent from the gas jet’s positioning system. The supersonic jet had

an inlet throat of 1 mm diameter that expanded conically to a diameter of 15 mm over a vertical

distance of 23.3 mm. Pure helium gas at 100 bar backing pressure was controllably injected into

the jet with a pulsed solenoid valve. The LWFA driving laser was focused 14 mm above the exit

face of the gas cell. It propagated a gas distance that did vary due to the blade position over the gas

jet. However, it maintained a distance ∼ 15 mm for the most optimal high-energy monoenergetic

beams. The blade geometry was measured in order to be included as accurately as possible in

CFD simulations due to the sensitivity of shock-producing features in shock front formation in

supersonic fluid flows. The results of these measurements can be found in Appendix C.1.

The gas jet used in the positron generation experiment had the same dimensions as the target

used in the shock injecting experiment, except without the razor blade present, and instead used a

gas mixture of 2% nitrogen and 98% helium in order to increase electron beam charge.

In the campaign to measure the current filamentation instability, gas cells were chosen instead of

gas jets to maintain a gas density that was as uniform across the target as possible. The accelerator
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gas cell was a 3D-printed 2 – 22 mm variable-length gas cell and the filamentation cell length

range was split across three 3D-printed variable-length gas cells as seen in Figure 3.14: a 0.2 –

5 cm cell, a 5 – 10 cm cell, and a 10 – 15 cm cell. The gas species used in the filamentation cells

was iterated between hydrogen, helium, nitrogen, and argon for each cell, and the backing pressure

was scanned as a primary variable in the experimental campaign.

3.5 Particle-in-Cell (PIC) simulations

Particle-In-Cell (PIC) refers to a computational method to simulate the interactions between

charged particles and electromagnetic fields. This section will briefly introduce the main con-

cepts and computational loop in this method and detail the specific codes used in this dissertation.

For a more detailed explanation of PIC principles please refer to Birdsall & Langdon’s textbook

on computational plasma physics [88]; or to any of several contemporary papers that summarize

the method and describe modern amendments and additions to solvers in PIC codes [89–91].

The PIC algorithm simulates individual particles that possess characteristic charge and mass

for a given species, as well as position and momentum values that are defined at the continuous-

space location of each particle. The number of particle objects is specified by the user. Separately

defined by the user are the initial charge density and momentum distributions of the particles.

Defining both the number of particle objects for a given species with a characteristic charge as

well as the charge density distribution separately is allowed by weighting the charge and mass into

each particle object given the initial distribution of charge density on the grid. These weighted

particle objects are referred to as macroparticles, and they represent local distributions of a particle

species as a point object while maintaining the charge-to-mass ratio of that species. By weighting

the charge and mass of macroparticles, we can simulate the total charge and mass of particles in a

plasma without the need to model every single particle in that plasma computationally.

The simulation domain is comprised of a spatial grid of points at which the electric and mag-

netic fields are defined. The particle positions and momenta are defined in free space while the
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Figure 3.15: Flowchart representation of the sequential categories of calculations in a particle-in-
cell simulation. Subscripts j, k, and l represent cardinal unit vectors in a three-dimensional spatial
grid, and i represents a property of the i−th macroparticle. The user-defined initialized values
represented by the blue and red items in the top-left of the figure are added to the simulation only
on the first loop of the computational cycle, where the charge is first interpolated to the grid and
the resulting fields are added to any external fields defined by the user.

electromagnetic fields are defined at discrete points on a grid; this raises the question of how the

interactions between fields and particles take place if they are not necessarily defined at the same

spatial locations. The general answer is to interpolate values on the grid to particle points and to

then also interpolate values from particle points onto the grid. That is the PIC algorithm in its most

basic form: interpolation of free-space charge density and currents from individual macroparticles

to a grid to update electromagnetic fields and then interpolation of those fields back onto the parti-

cles to update their positions and momenta. A flowchart representation of this computation loop is

found in Figure 3.15.

After a user defines initialization parameters such as initial plasma species’ charge and current

distributions and any initial electrostatic or electromagnetic fields in the simulation domain, the

PIC computational process can be broken down into 4 categories of calculations: I) calculating

electric and magnetic fields using Maxwell’s equations, II) interpolating fields from the grid to
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particles, III) updating macroparticle momenta and updating their position using their momenta,

and IV) interpolating the resulting updated charge and current densities from the particles to the

grid. These sections correspond to the Roman numeral labels in Figure 3.15. In part I) of the

PIC algorithm, Maxwell’s equations (Equation 2.4) are solved on the simulation grid. To get

field values on the simulation grid, one must either discretize Maxwell’s equations like is done

in the standard Yee algorithm [92], or calculate the fields in spectral space [93]. In part IV) of

the computational cycle, the Lorentz force (Equation 2.6) on each macroparticle is solved using

the field values interpolated to the particle positions. This force is used to update the particles’

positions and momenta. These steps are usually done using a computational leap-frog scheme.

The interpolation methods used by the solvers in parts II) and IV) of the computational cycle

can vary in interpolation degree (linear, cubic, bicubic, quadratic, etc). While interpolation allows

for the efficient PIC method to interact discrete fields with particles on a continuous plane, the ap-

proximation of field, charge, and current values leads to nonphysical noise in the simulation, which

can have the effect of adding energy to the simulation via a phenomenon known as grid heating. A

higher-order interpolation method will mitigate these adverse effects at a higher computation cost.

Another theoretical consideration is whether the time step size and the grid spatial size in each

direction can adequately resolve the physics in each dimension. A general condition that must

be met when considering the velocities of the objects being modeled comes from fluid dynamics

and is known as the Courant–Friedrichs–Lewy condition for explicit time step solvers. This equa-

tion states that the time step ∆t and grid size in each coordinate direction, ∆x, ∆y, ∆z, given a

characteristic velocity, say c, should be set such that

c∆t

√
1

∆x2
+

1

∆y2
+

1

∆z2
≤ 1. (3.8)

Further constraints on the spatial and time step sizes can be imposed by the physics being modeled,

such as high-density plasmas requiring fine enough spatial resolution to resolve the Deybe length

of the plasma, simulations with lasers requiring a sufficient number of grid cells per wavelength to
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properly resolve the electromagnetic waves, or simulations with long time-scale dynamics like ion

diffusion to not have a time step so low to be impossibly computationally expensive to run.

When deciding to run a PIC code there are several options for different codes, both commercial

and open-license, to choose from. Although all PIC codes operate with the same computational

cycle, some offer auxiliary solvers to solve advanced physics interactions such as general rela-

tivity effects in extreme astrophysical plasmas [94] or quantum electrodynamics effects like pair-

production from high-field interactions [95] as examples. Beyond auxiliary physics solvers, other

codes are optimized to efficiently calculate particular geometries of interactions [96], or to manip-

ulate the structure of the grid to load-balance calculations as the simulation progresses [97]. Nearly

all PIC can simulate particles from 1 to 3 spatial dimensions while maintaining fully 3-dimensional

momentum spaces. Within the scope of the simulations done in this dissertation, there were two

PIC codes that were relied on depending on the modeling requirements: the OSIRIS 4.0 code [98]

and the FBPIC code [93].
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CHAPTER 4

Monoenergetic Beams in a Laser Wakefield

Accelerator Via Shock Injection

4.1 Introduction

Although the development of LWFA as an alternative accelerator technology has been quite an

active field in the past several decades, there are a few beam fidelity requirements for the appli-

cations of the beams from accelerators that currently hinder the technology as a replacement of

conventional RF accelerators. Many potential applications of beams accelerated via LWFA ne-

cessitate, for example, reduced relative energy spreads compared to what most of the published

results in the past two decades report (ranging from ∆E/E ∼ 5%–100%, heavily dependant on

the injection mechanism) while maintaining central energies in the E > GeV range. For exam-

ple, experiments measuring radiation reaction between an electron beam and an intense laser pulse

benefit from having electron beams with energy spreads ∆E/E < 10%, where it has been shown

that approximately 10 shots would be needed with a beam energy of 1 GeV and laser pulse of

a0 = 5 to discriminate between semi-classical and quantum radiation reaction models; which, for

an electron with energy spread of 50% would take over 100 shots [99].

Longitudinal phase space trajectories in a plasma wakefield’s Hamiltonian for electrons suggest

that localizing the spatial region in which injection occurs in the accelerator’s co-moving frame of

reference ξ = z − vϕt, the resulting energy spread of the accelerated beam will be minimized. As

such, one may localize to as small a ∆ξ region as possible the region of injection in the accelerator
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to limit the amount of time injection occurs. There are several possible ways to achieve this, in-

cluding localized ionization injection, cross-beam injection schemes, and rapid density-downramp

injection, otherwise known as shock injection. The latter of these is the focus of this chapter.

The general criteria for shock injection are that the plasma density must decrease significantly

on the spatial scale of the plasma wavelength, λp =
vϕωp

2π
, where vϕ is the phase velocity of the

plasma bubble. If the density transition occurs on the scale of the plasma frequency, the high-

density electron bunch at the back of the wakefield’s sheath suddenly transition from the ’un-

trapped’ region of the original plasma bubble’s Hamiltonian to the ’trapped’ area of the new plasma

bubble’s Hamiltonian. The analysis of this interpretation below is drawn from previous work on

the topic [62, 64].

In this work, we demonstrate the generation of low-energy spread beams at centroid energies in

the range 1.2–1.3 GeV using shock injection with a 195 TW laser pulse driver. Similar experiments

have previously shown electron beams with up to 2 GeV monoenergetic electron beams but on laser

systems with higher peak power than the facility where this experiment was conducted [100]. A

notable prior result on a 200 TW laser system validates the results found in this work, producing

8.5–23.6 pC beams injected via shock injection with energies exceeding 800 MeV and energy

spreads (2.4%–4.1%) over an acceleration length of approximately 6 mm [101]. The shock in this

work was created by placing a blade in the flow of a supersonic gas jet to make a sharp-density

transition. The electron beam properties were shown to be sensitive to the longitudinal position of

the shock.

The experimental results and numerical modeling detailed in this chapter are a part of an in-

progress manuscript. The project was led by Stuart Mangles and Matthew Streeter. The team

consisted of Nicholas Bourgeois, Jason Cole, Cary Colgan, Elias Gerstmayer, Brenden Kettle,

Eva Los, Zulfikar Najmudin, Rajeev Pattathil, Gianluca Sarri, Guillermo Marrero Samarin, Aaron

Alejo, Matt Zepf, Christian Roedel, Dominik Hollatz, Harsh, Felipe Salgado, Chris Murphy,

Christopher Baird, Chris Underwood, Chris Ridgers, Chris Arran, Dan Symes, Mario Balcazar,

Alexander Thomas, Mattias Marklund, and Tom Blackburn. My contribution included assisting
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with experiment setup and running numerical CFD simulations alongside Matthew Streeter and

Alexander Thomas to simulate the gas target’s shock-front profile.

4.2 Methods

Figure 4.1: Schematic showing the experimental setup for this work. The results from this work
were taken alongside a counter-propagating beam experiment. The counter-propagating tight
focal-length laser was not utilized in the data discussed in this chapter; only the long focal-length
drive pulse was used.

An experiment was conducted using the Gemini laser at the Central Laser Facility. Laser pulses

containing 12.5± 0.2 J were focused with an f/40 parabolic mirror into a gas jet inside a vacuum

chamber, as shown in Figure 4.1. The laser pulses were slightly positively chirped to a duration

of 61 fs FWHM, giving a peak power of 195 TW. An adaptive optic was used to flatten the phase

front and create an approximately Airy focal spot distribution with a spot width of 48.6× 39.2µm

FWHM, a peak intensity of 75 GWµm−2 and a peak normalized vector potential of a0 = 1.88 in

vacuum.

A pulsed solenoid valve pressurized to 100 bar was coupled to a conical nozzle to create the

supersonic gas jet. The conical nozzle had an exit diameter of 15 mm positioned 14 mm below

the laser beam height. A steel blade was mounted perpendicular to the laser axis 4 mm above the

nozzle exit at a fixed angle of −32.4± 0.3 ◦ to the horizontal plane. Due to the gas jet’s supersonic

flow, a shock front was generated in the gas flow above the blade. In this, a density modulation

was introduced along the path of the laser wakefield interaction. The position of this shock zinj was

59



Figure 4.2: Example of shock locator code process for three different blade positions’ monoener-
getic beam results. a) The raw image undergoes a b) Laplace kernel operation, which is Fourier
filtered and vignetted to make vertical shocks in the center of the data region more visible. c) This
is blurred and thresholded, which is then d) also blurred and thresholded to reduce false selection
of small high-frequency contrast features in the image. f) The angularly-summed energy spectrum
with colorbars normalized to the highest charge density in the spectrum for each shot. The blade
positions of these shots are 1) 1.0 mm, 2) 1.5 mm, and 3) 2.5 mm.

varied by translating the blade along in the laser propagation direction. A transverse probe beam

was used to measure the on-shot channel structure and electron density through shadowgraphy

and interferometry. A magnetic dipole was used to disperse the electron beams in the horizontal

plane onto two Lanex scintillator screens. The signals on these two screens were recorded with

optical CCDs (Andor Neo), which were used to determine the angularly resolved spectra of the

generated electron beams. The signal on each screen was used to determine the pointing of the

electron beam in the plane of dispersion to allow for retrieval of electron spectra in the energy

range 200–2500 MeV.
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Figure 4.3: (Top) Relative angularly-integrated and energy-integrated charge on the (Bottom) elec-
tron spectra observed in a scan of the razor blade position across the gas jet ordered from left-to-
right by increasing shock position. Each spectrum spans the angular range of ±5 mrad around the
beam centroid.

To determine the effect of the shock, the blade position was scanned, moving the shock position

from zinj = 0 mm to zinj = 6.9 mm, as measured by the transverse probe shadowgraphy. Between

five to nine repeat shots were taken at each blade position, in which the shock position fluctuated

randomly with a standard deviation of ±0.12 mm due to fluctuations in the gas flow. The shock

location was determined through a process of taking the Laplacian of the shadowgraphy images

to detect the high-contrast edges of the shock front. These Laplace images were Fourier-filtered

to remove predominately horizontally-oriented features in the images, and were also vignetted to

make the pixels in the region of the laser’s path most dominant in the image. To determine the

central position of the shock feature, these Laplace images were blurred using a Gaussian filter

and thresholded twice to blend the edges of the shocks and remove minor high-contrast artifacts

in the images. The centroid of any remaining features was recorded as the position of a shock in

the image. Three examples of this shock location process for different blade positions are found in

Figure 4.2. These highlight a general decrease in peak energy and a broadening of energy spread

as the shock progresses toward the back of the gas jet. Figure 4.3 shows the angularly-integrated
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electron spectra for each shock position, for which these trends can also be observed. The shock

position changes faster than the blade position due to the fluid flow angle in the supersonic gas

target and the flow distance between the shock-producing blade and the laser height above the gas

jet.

4.3 Results and discussion

Figure 4.4: Angularly integrated electron number spectra for the optimised shock position zinj =
2 mm. The values indicated in the inset show the energy, charge, and FWHM energy spread of the
high energy peaks in the spectra.

Low-charge (8 ± 4 pC) electron beams with charge extending up to 2 GeV were observed for

zinj = 0, consistent with self-injection in the unperturbed gas flow. A clear threshold is visible

at zinj = 2.0 mm, where the shock front triggered significant injection. At this point, the total

measured charge increased to 120± 30 pC, with an isolated spectral peak at 1.2-1.4 GeV appearing

for 7 out of 8 shots. For 5 of those shots, the charge in the high energy peak exceeded 18 pC,

while the others were much lower. Moving the shock position further into the gas flow resulted

in increased total charge and energy spread. In addition, the maximum electron energy is reduced

with increasing zinj , consistent with the reduced acceleration length in the remaining plasma.
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Figure 4.5: Experimentally extracted average density profile from interferograms for shots with
the blade position zblade = 1.0 mm, where monoenergetic GeV electron beams were measured.

The number spectra for the five optimal electron beams observed at zinj = 2 mm, integrated over

±2 mrad are shown in Figure 4.4. The high energy peaks of these beams contained 33± 8 pC at an

energy of 1.24± 0.04 GeV. The measured percentage energy spread values were 5-9%, although

these values were convolved with the divergence spread of the electron beams, and so are lower in

reality. For each beam, a second lower energy peak was observed, consistent with injection into

the second period of the plasma wakefield.

The longitudinal electron density profiles were determined by measurements of the accumulated

phase of the transverse probe. This was corroborated with 2D fluid simulations performed using

Ansys Fluent, the results for which after 2× 10−4 s of flow time shown in Figure 4.6. These

simulations used 3734008 nodes to resolve the gas flow from a 2D midplane cutout of the gas jet

63



Figure 4.6: Results from 2D fluid simulation of the razor blade placed 2 mm in front of the gas jet’s
edge 200 µs of flow time after valve opening. a) The density heatmap in the gas jet domain using
a logarithmic color bar scale. b) The line-out representation of the density at the height above the
jet opening where the laser travels.

used in the experiment, with a pressure inlet set to constant pressure of 100 bar into a vacuum

environment set to 1% of atmospheric pressure (0.001 bar) for the sake of the fluid simulation’s

stability. The razor blade was modeled after the angle and dimensions of the blade used in the

experiment as best as could be reproduced via measurement of the blade. The Spalart-Allmaras

turbulence model was chosen to improve the convergence of the simulation while also capturing

turbulence effects in the fluid evolution. The simulation had an explicit time step size of 1× 10−8 s

with an adaptive refinement operation on the mesh to dynamically resolve sharp gradients in the

density profile as they evolve over time. A 1 cm-long straight reservoir region with a width of 1 mm

was added to the bottom of the jet’s entrance to initialize the pressure gradient of the inlet pressure

at the bottom of the reservoir to the ambient pressure at the top. This also helps improve the inlet

conditions by moving the inlet away from the entrance of the conical jet opening, as supersonic

flow quickly establishes at that point. The vertical simulation domain boundaries above the gas

jet exit and the top boundary were defined as pressure outlets with a pressure set to the vacuum

pressure in the simulation. Due to the nature of 2D fluid simulations not being able to capture the
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full 3D expansion of the gas propagating through the nozzle, the density magnitude for the plateau

following the shock was scaled from these fluid simulations to correlate with the measured plasma

density for this region, as seen in Figure 4.5.

In order to explore the injection dynamics and demonstrate the injection of a low energy spread

beam, relativistic particle-in-cell simulations were performed using the quasi-cylindrical particle-

in-cell code FBPIC [93]. The simulation region was 100× 160 µm2 in the propagation (z) and

radial r directions respectively. The fields were calculated on a grid of 2000× 200 (z × r) points,

with two azimuthal θ modes. The plasma was simulated with 2× 2× 4 (z×r×θ) macro-electrons

per cell and an immobile ion background. The probe measurements determined the initial plasma

profile and compared to the hydrodynamic simulations shown above. The hydrodynamic simulated

profile was linearly interpolated to define the simulated plasma profile, as shown in Fig. 4.7a. As

defined in the experimental section, the laser was initialized with the measured temporal and spatial

profile, assuming these are separable functions.

The simulations show the formation of a plasma wake, Fig. 4.7b, which, on crossing the shock

boundary, expands to trap a well-defined beam of electrons, Fig. 4.7c. This beam has a small

energy spread and temporal duration, as shown in the momentum space diagnostic in Fig. 4.7d,

along with the spectrum shown in an inset panel. The trapping is highly sensitive to the global

density, magnitude, and steepness of the shock, as well as the laser conditions and evolution,

representing a multidimensional parameter space to search. In the simulation here, a large charge

is trapped, which overloads the wake, leading to a substantial gain in energy spread, Fig. 4.7e. This

is because the feedback of the beam charge on the plasma wake is so strong it strongly modifies

the longitudinal electric field, Fig. 4.7f, leading to the growth in energy spread. When the injected

charge is properly optimized, as in the experiment, the resulting flattened fields are well known to

maintain the beam energy spread [55].
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Figure 4.7: Quasi-3D simulations with FBPIC. (a) The density profile from the hydrodynamic
simulation that was used in the simulation. (b) and (c) show the plasma wave just before and
after the shock transition, showing the trapping of a short and monochromatic bunch. (d-e) the
momentum space and spectrum (inset) (d) just after the shock transition and (e) near the end of the
simulation. (f) shows the plasma wave’s beam profile and longitudinal electric field just after the
shock transition.

4.4 Conclusions

This campaign has demonstrated a method for generating narrow energy spread electron beams

at 1.2 GeV. These electron beams are ideal for applications such as studying strong-field radia-

tion reaction [29, 102]. Compared to previous LWFA-based radiation reaction experiments, using

electron beams such as those generated in this work would allow for a much higher degree of

discrimination between semi-classical and quantum-based models due to the ability to observe a

reduction in the electron beam energy and the increase in energy spread that would result from the

stochastic photon emission process [99]. When the position of the shock front in the accelerator

was scanned further into the length of the accelerator, the resulting average electron beam energy

decreased, charge increased, and relative energy spread increased.
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The generated electron beams were shown to be particularly sensitive to the longitudinal density

profile, which varied considerably due to the chaotic dynamics of the supersonic gas flow. High

current and high spectral brightness beams would be expected to be generated consistently by

harnessing this technique with a more stable gas target. The consistent production of high-energy

monoenergetic electron beams could be a potential route to LWFA-based free-electron lasers and

other accelerator applications.
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CHAPTER 5

Streaked Laser Wakefield Trajectory Producing

Angular vs Time Correlation in Wakefield

Accelerator

5.1 Introduction

As the total energy gain achievable via LWFA is limited by a mixture of diffraction, depletion,

and dephasing of the driving laser, the endeavor of optimizing the design of the accelerator to

maximize the quality of the beams would benefit from on-shot measurements of these phenomena

in an accelerator. Typically dephasing, which is the phenomenon that occurs as electrons gain

energy and outrun the phase velocity of the wake in the plasma to the point where they leave the

accelerating-field region of the plasma bubble and begin to decelerate, is the limiting factor for

energy gain at high-power LWFA facilities. There has been recent work to mitigate dephasing in

laser-driven plasma accelerators with so-called ‘dephasingless’ acceleration schemes [21]. These

types of acceleration schemes extend the dephasing length of the laser in a controlled manner,

potentially to the point that diffraction or pump depletion limits energy gain; however, recent work

has also addressed mitigating diffraction by using plasma channel profiles as guiding structures for

the laser driver [26, 103].

On-shot measurements of the temporally resolved energy growth of the beams are needed to be

able to measure phenomena such as dephasing occurring in an accelerator so that parameters could
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be tuned in real-time to optimize the output of an LWFA accelerator. Previous works have used

invasive multi-shot methods to take such a measurement of dephasing, involving either scanning

the effective length of the accelerator to track the energy of the electrons produced at each length

[65, 104–107] or by colliding the beam with a probe pulse to induce Thompson scattering and

measuring the output from that interaction [108]. These methods depend on a high level of stability

in the accelerator system as averages of several shots (ranging from 3 to 10, for example, in prior

experiments [65, 104]) at each location are used to determine the mean energy gain at that location,

and the probing location must be scanned over multiple points along the accelerator to achieve an

energy-growth measurement along the length of the gas target. As such, they do not capture the

energy gain vs time for any one shot, but as an average over many shots.

This work presents an experimental verification of a method for measuring the on-shot energy

growth of an electron beam by exploiting an approximately quadratic correlation in the X-ray crit-

ical energy of a betatron beam to the electron beam energy that produced it. On-shot measurement

of streaked betatron signal as a tool to diagnose wakefield-accelerated electron beams’ energy

growth was first proposed by Yong Ma et. al. (2018) [109], who showed through theory and sim-

ulation that a pulse-front tilt can be induced in a driving laser pulse with a controlled transverse

plasma density gradient in the accelerator gas target. First, the transverse trajectory for a laser in

the linear regime can be derived, and then effects from intense laser propagation through nonlin-

ear plasma media are considered. The plasma density gradient, described by np(x), where x is the

transverse direction, drives a transverse gradient in the laser phase velocity according to the plasma

dispersion relation for light. This spatially varying density gradient gives the phase velocity of

vϕ = c/

√
1− np(x)

nc

, (5.1)

where c is the speed of light in vacuum, and nc is the critical density for the laser pulse. The pulse

front tilt results in the beam steering toward the low-density side of the transverse density gradient

as a result of refraction. For a known longitudinally-constant density gradient in the transverse
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Figure 5.1: A theoretical and simulated curved laser trajectory example for an intense laser wake-
field driving pulse (a0 > 1) traveling perpendicular to a transverse density gradient (a). Snapshots
of the wakefield acceleration along different points in its curved trajectory are also shown (b).
Reprinted with permission from [109], AIP Publishing.

x-direction the theoretical trajectory can be determined from Snell’s law:

d

dx
ν(x) cosα = 0, (5.2)

where ν = c
vϕ

is the refractive index in the plasma and α is the grazing angle of the laser with

respect to the longitudinal z-axis. If we assume a linear transverse density gradient of the form of

ne(y) = n0 + y n0

L
, we are left with a theoretical parabolic trajectory,

y(z) = Φ(z2 − zzs), (5.3)
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where Φ = np/ (4Lncr cos
2 α0) and zs = tanα0

2Φ
, where np and α0 refer to the plasma density and

the initial grazing angle of the laser at the point x = y = 0.

This can be made more accurate for the case of a driving laser pulse in the nonlinear plasma

wakefield regime, where nonlinear evolution of the pulse causes a spatially variable red-shift in

the pulse described by the expression dλ/dx = σa0 (np/ncr)
3/2, where σ is a scale factor relating

the steepness of the gradient and the distance from the rising front of the laser pulse. A variable

red-shift results in a variable critical density, leading to a variable parabolic path in the pulse. This

process is discussed in Ma et al. [109], where σ is fit to agree with 2D PIC simulations of the

curved trajectory along a wakefield accelerator in a transverse density gradient such that σ = 0.17.

An example of a curved trajectory from the theoretical framework discussed above compared to

a 2D PIC simulation of a driving pulse of a0 > 1 is in Figure 5.1 showing quite good agreement

between simulation and theory.

The physics of electron energy gain and betatron emission is included in Chapter 2; however, it

is helpful to the understanding of the discussion in this chapter to highlight the correlation between

properties of the betatron X-ray emission with the properties of the electron beams in the wakefield.

The critical energy Ec and the divergence angles parallel to an electron’s plane of oscillation θ||

and transverse to the direction of oscillation θ⊥ of the betatron X-rays can be related to the electron

beam via the following equations [67]:

Ec(z) =
3

2
ℏωβ(z)K(z)γ(z)2

=

[
3ℏe2

4ϵ0mec
rβ0(n0γ0)

1/4

]
np(z)

3/4γ(z)7/4.
(5.4)

θ||(z) =
K(z)

γ(z)
=
ωp(z)rβ(z)

c
√
2γ(z)

(5.5)

θ⊥(z) =
1

γ(z)
, (5.6)

where γ is the relativistic Lorentz factor, K =
γωβrβ

c
is the characteristic betatron oscillation
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strength parameter, ωβ = ωp√
2γ

is the betatron frequency, and rβ ≃ rβ0

(
n0γ0
npγ

)1/4
is the betatron

oscillation amplitude dependant on the initial betatron amplitude r0, the initial plasma density n0,

and the initial normalized particle energy γ0. We note that the term within the square brackets of

the ultimate expression for Ec is independent of the temporal evolution in the accelerator and is

a constant determined by the initial rβ0, n0, and γ0 terms. The betatron critical energy and diver-

gence characteristics are therefore determined by the the energy of the electrons and the plasma

density in the accelerator. It is this relationship that this experiment exploits in order to measure

the temporally-resolved energy growth of the electron beam in the accelerator: as the electrons

gain energy, the critical energy of the betatron photons increases. By transversely sweeping the

electrons as they are accelerated the instantaneous pointing of the electron beam changes, and thus

the angular emission of the betatron beam yields a measurement of the growth of the critical energy

of the betatron beam with respect to angle.

If all terms except for γ(z) in Equation 5.4 are known, then the z− resolved energy of the

electron beam can be solved for as γ(z) =
(
Ec(z)/

[
3ℏe2

4ϵ0mec
rβ0(n0γ0)

1/4
])4/7

np(z)
−3/7. It should

be noted that the initial betatron parameters rβ0 and γ0 are quite difficult to measure experimentally;

however, since we do measure the final energy of the electron beams γf , the corresponding final

betatron critical energy Ecf and the corresponding plasma density in the accelerator npf , we can

fit the value of rβ0 to scale with these values assuming an electron beam at position z with energy

γ(z) and an uncorrelated betatron oscillation width rβ0. This results in an expression for the

longitudinally-resolved energy of the electron beam from the betatron critical energy emitted at

angle θ(z):

γ(z) =

[
Ec(θ(z))

Ecf

]4/7 [
npf

np(z)

]3/7
γf . (5.7)

The work outlined in this chapter resulted in a paper that has been accepted for publication at

the time of submitting this thesis: Single-shot diagnosis of electron energy evolution via streaked

betatron x-rays in a curved laser wakefield accelerator, Y. Ma, J.A. Cardarelli, P.T. Campbell, et

al. Physical Review Letters (2024). My role in this work was to provide in-person support for
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Figure 5.2: The target and diagnostic setup of the experiment. Not shown is the transverse inter-
ferometer used to measure the on-shot plasma density in the target.

the experiment throughout the campaign and to contribute data analysis of the ESPEC diagnostic.

Yong Ma and Alexander Thomas contributed to the project’s conceptualization and experimental

advising. In-person experimental support was provided by Nicholas Beier, Paul Campbell, André

Antoine, Mario Balcazar, Rebecca Fitzgarrald, and myself; as well as from the research faculty and

staff at the Advanced Laser Light Source (ALLS) laboratory: François Légaré, Sylvain Fourmaux,

Joël Maltais, Stéphane Payur, and Claude Sirois. Yi Fei Li assisted with gas target design, and

Yong Ma did the bulk of precursory experimental planning and data analysis shown in this chapter.

This experiment was made possible by support from the DOE Office of Science, Fusion Energy

Sciences under Contract No. DE-SC0021246: the LaserNetUS initiative at Advanced Laser Light

Source; DOE grant DE-SC0022109, NSF grant 2108075, and DOE grant DE-SC0020237.

5.2 Methods

This experiment took place at the Advanced Laser Light Source (ALLS) laboratory at the Institut

National de la Recherche Scientifique (INRS) in Quebec, Canada as a sponsored campaign within

the LaserNetUS program. The setup of the experiment can be found in Figure 5.2. The laser’s
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Figure 5.3: The two cases of target geometry in which shots were taken. In case 1 the density
gradient inducing angular streaking is along the x-axis transverse to the initial laser trajectory.
Case 2 rotates the target by 25 mrad such that the laser in the acceleration stage of the gas target
will travel first up and then back down the steering density gradient.

characteristics measured at the time of this experiment include an energy of 3.2 J, a FWHM dura-

tion of 22 fs, a spot size of 15 µm, a Strehl ratio of 0.8, and a pointing stability of 2.6 µm. The

pointing of the laser was measured as an on-shot diagnostic using leak-through light from the final

dielectric turning mirror before the focusing optic. The gas target used in this campaign was a

3D-printed two-stage ”T”-shaped supersonic gas jet made of stereolithographed Acurra 60. The

first injector stage had a longitudinal length of 1 mm and a transverse length of 5 mm and expelled

a gas mixture of 99.5% helium + 0.5% nitrogen. This gas mixture is intended to utilize ionization

injection at the front of the accelerator to inject charge locally and maximize acceleration length

for the bulk of the injected charge. The second accelerator stage was 10 mm long and 1.2 mm wide

with pure helium gas.

The two stages’ nozzle openings were separated by 0.5 mm in the longitudinal direction. The

interior of the nozzle was designed with a parabolic cross-section to achieve supersonic flow based

on a supersonic gas nozzle design for laser wakefield application [87]. The throat of the nozzle

was 200 µm wide. Each stage had an independent gas valve triggered by the timing signal of the

ALLS laser system. Before the experiment, the longitudinal and transverse density profiles were

characterized using neutral density gas and a CW diode laser via interferometry using a fast-gated
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Figure 5.4: Results of reconstructed neutral gas density measurements via interferometry of the
accelerator stage with the transverse direction in the x-direction. The height above the orifice of
the gas jet is labeled on the left y-axis, with density line-outs for selected heights above the target
corresponding to the right y-axis.

CCD, akin to previously published methods [110]. Results for the transverse density profile for

the accelerator stage with 600 PSI backing pressure can be found in Figure 5.4, where notably

the density gradient at the transverse edges of the high-density gas profile at different heights is

characterized.

In the setup were on-shot diagnostics measuring the laser pulse trajectory, the electron beams’

energy, divergence, and pointing, and the betatron photons’ critical energy and angle of emission.

The laser pulse trajectory in the accelerator was measured with a top-view CCD collecting scattered

light emission from the ionization front along the laser’s path in the accelerator. An example of

this diagnostic measuring both a straight and a curved trajectory is shown in Figure 5.5. The elec-

tron beams were dispersed in the direction transverse to the streaking direction by two removable

10 cm long dipoles of strengths 1.12 T and 0.83 T, and measured by scintillating LANEX screen

in the electron spectrometer system. The energy range of the spectrometer was 0.1 ≤ E ≤ 1 GeV.
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Figure 5.5: Top-view diagnostic from the experiment demonstrating measurement of the plasma
emission in the cases where the laser was shot in the transverse-center of the accelerator jet (a),
and where the laser was shot along the highest density gradient edge of the accelerator jet (b). This
is an example of the the target in ’Case 1’ configuration.

The direction of the dispersion in the y-axis (as opposed to the transverse x-axis that the streaking

takes place) so that the angular dispersion due to the electron spectrometer does not severely in-

fluence the measurement of the pointing of the electron beams in the streaking direction, and also

that the streaking would not affect the energy dispersion relation relating position and energy on

the LANEX screen. The betatron spectrum and emission angle was measured by a Princeton In-

struments SCX 4300 CCD with a Gd2O2S : Tb phosphor screen in front of the chip placed 1.35 m

away from the source outside of the vacuum chamber with only a Be window and air outside the

chamber between the source and the CCD. The phosphor screen emits at a constant wavelength,

so the CCD’s chromatic quantum efficiency need not be taken into account while the phosphor

screen’s absorption vs photon energy is well calibrated. This CCD has a chip size of 50 mm x

50 mm, and a pixel size of 24 µm x 24 µm, which means the acceptance angle from the source

to the chip was 37 mrad. The position on the chip is correlated to the angular emission from the

source. This CCD thus serves as a measurement of the angular streaking of the emission of the

X-rays.

The angularly-resolved spectrum of the X-rays incident on the CCD is measured using a

transversely-periodic X-ray filter pack. This filter pack consists of 11 different materials and thick-
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Figure 5.6: The transmission as a function of photon energy for the series of materials and material
thickness that made up the vertical-grid X-ray filter with the material and the thickness in microns
labeled.

nesses stacked along the y-axis, repeated 25 times in the x-axis (the direction of angular streaking)

with a spacing of 1 mm between each repeated column to give a measurement of background

and local betatron beam profile in the region of each column. Each material and thickness has a

characteristic X-ray transmission for different energy X-ray energies. The transmission of each

combination of material and thickness for the filter used in this campaign is shown in Figure 5.6.

The mean spectrum at each filter location is retrieved with a forward least-squares fit of the trans-

mission through each filter element normalized to the background profile given by the unfiltered

regions of the X-ray image. A solution for the critical energy Ec at each column along the x-axis

is obtained iteratively from an initial guess assuming a synchrotron-like spectrum from the wake-

field source to find the best-fit from the transmission of every filter in each column, as is routine to

reconstruct X-ray energies from wakefield-produced betatron beams [84, 85]. The width of each

column represents an angular resolution of 1.7 mrad for each energy measurement along the x-

axis. As Equation 5.7 suggests, this limit in the resolution of angle θ(z) in the measurement of Ec

77



Figure 5.7: The process correlating the angularly-resolved betatron spectra with the temporal mea-
surement of the average energy within the electron beam from the X-ray CCD image of the streaked
beam (a). This yields a critical energy to angle-of-emission correlation (b), which, combined with
the top-view measurement of the trajectory angle along the longitudinal z position along the accel-
erator (c), can be used to measure the Z-position evolution of electron energy and angular pointing
correlated to the longitudinal position within the accelerator (d).

leads to a limited resolution of the longitudinal points measured along the accelerator. Specifically,

a 1.7 mrad angular resolution corresponds to a δz = 1.1 mm longitudinal resolution in the energy

gain of the electron beams.

5.3 Results and discussion

An example of the measurement of the energy gain as a function of longitudinal position in the

accelerator is shown in Figure 5.7. The process of this reconstruction of the electron temporal
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Figure 5.8: Measurements of the streaking from various diagnostics for the straight-on transverse
gradient case (case 1) and the grazing-incident angle case (case 2) as the transverse x−position
of the accelerator is scanned. For case 1 results, a dotted line is added to represent the position
where the laser enters the transverse density gradient so that points to the right side of the line are
interacting with the transverse density gradient in the accelerator. The measurements shown are
the difference of positions of the laser center at the entrance and exit of the accelerator (a, e), the
angular deviation of the peak of the betatron beam on the X-ray CCD with respect to the central
laser axis (b, f), the transverse angular deviation of the electron beams measured on the ESPEC (c,
g), and processed angularly-integrated ESPEC scintillator images (d, h) for each shot at a given x
position.
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energy gain from a streaked LWFA shot is as follows. First, the X-ray CCD image of the betatron

interacting with the X-ray filter pack is analyzed to give the on-shot angular pointing vs betatron

critical energy correlation. Then the top-view measurement of the laser ionization front is used

to determine the on-shot correlation between the longitudinal position along the z-axis and the

pointing angle between the x- and z-axes made by the trajectory. Finally, the pointing angle of the

electron beam is correlated to the pointing of the betatron beam to give the pointing angle of the

critical energy vs the longitudinal position of the electron beam correlation. Thus, from the rela-

tions in Equation 5.7, the average electron energy per z-position in the accelerator is determined.

It is worth noting that while the electron energy first increases with the longitudinal position in

the accelerator, there is a measured decrease in the beam’s energy in the rear of the accelerator.

This decrease in energy can be explained by the electrons reaching the dephasing length in the

accelerator and beginning to decelerate.

In both target case geometries shown in Figure 5.3, the transverse x-position of the target was

scanned to either gradually transition the transverse position of the laser in the accelerator from

the approximately constant high-density region in the middle of the gas jet to the density gradient

at the edge of the accelerator jet in case 1, or to scan the total curvature obtained by the laser in

case 2. The results of these scans for the change in the transverse x-position of the laser from

the back to the front of the accelerator, the change in X-ray peak pointing angle, the electron

pointing angle, and electron spectra for these position scans can be found in Figure 5.3. In case 1

geometry, this scan showed a clear dependence on the curvature of the trajectory on the position

of the laser entering the accelerator with respect to the position of the quasi-linear density gradient

at the edge of the density profile. When the laser entered the center of the acceleration density

plateau region, no net curvature in the profile was measured in the top-view diagnostic. However,

when the laser was incident on the density profile in the accelerator starting at around x = 0.4 mm

in Figure 5.8, a curvature was observed resulting in a maximum laser x−position deviation of

300 µm between the front and back of the accelerator. It is worth mentioning that this trajectory

curvature is in good agreement with PIC simulations performed with similar plasma and laser
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parameters as was performed in Ma et. al. [109]. The streaking of betatron X-rays was also

observed in the X-ray CCD diagnostic, and the critical energy of the X-rays was measured to vary

along the angularly streaked axis. The electron spectra had a roughly consistent profile for x-

positions within the density gradient as those measured within the plateau of the accelerator, with

a decrease in maximum energy reached as the average plasma density in the accelerator density

decreases due to the transverse gradient, which agrees with known energy-gain scaling of LWFA

acceleration [23].

In case 2 geometry, on the other hand, the scanning of the x−position of the target changed

the total curvature of the streaking, but the streaking was present at all x−positions. The elec-

tron spectra in the case 2 geometry were measured to have maximum energies greater than those

measured in the case 1 geometry, which suggests that rephrasing of the electrons in the wakefield

occurs due to the density up-ramp which allows the electrons to gain further energy beyond the

dephasing length limit in a constant-density gas target [109, 111–115]. This increase in maximum

electron energy was also observed as an increase in maximum betatron X-ray critical energy.

A systemic issue with the ESPEC diagnostic during the experiment was a poor signal-to-noise

ratio in the captured signal and the presence of high-frequency noise due to difficulty with shielding

the CCD from radiation. The plan to develop a script to identify both the mean transverse position

of the electron beam on the ESPEC screen and the electron beam spectra was made difficult by

these issues, and thus required image processing techniques to make the electron beam data more

prominent in the collected images. First a small square kernel (3 x 3 pixel kernel) median filter

was used on the image, and then a low-pass Hamming window Fourier filter was applied to the

images. While this filtering did improve the signal-to-noise issue in the dataset, the algorithm

used to find the maximum integrated angular position of the electron beam on the LANEX screens

was prone to misidentifying the transverse positions of the beam due to the integrated influence of

large amounts of radiation snow-like noise on the images as high-energy single photons saturate an

appreciable percentage of the pixels on the CCD. While these ’snow’ features vary in size, shape,

and intensity, they were, on average, smaller and more circular than the elongated electron beam
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Figure 5.9: The resulting ESPEC waterfall plots for two target x−position scans for the case 1
geometry (top row) and for case 2 geometry (bottom row) when the raw ESPEC images are only
median filtered (left column), and where they have been through de-noise image processing and
Fourier filtering (right column). These are same ESPEC waterfall plots that are shown in (d) and
(h) in Figure 5.8. Each column in these waterfall plots represents an ESPEC image integrated in
the angular direction of the scintillator screen. The colorscale in each of the four axes is normalized
to the maximum dN/dE within its respective axis.

distribution on the ESPEC screens. Thus, the idea to identify features with a minimum circularity

below a maximum area in the pixel space of the images was employed to identify the boundaries

around these radiation ’snow’ features and interpolate the background values from the boundaries

to the inside of each ’snow’ hard hit. This effectively removes the majority of the snow noise from

the images. When combined with the median and Fourier filtering, it greatly enhances the signal-

to-noise ratio in the images and improves the accuracy of the algorithm finding the maximum
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integrated pixel row to retrieve the transverse position of the electron beam on the LANEX screen.

The influence of this image filtering process as compared to simple median filtering of the images

on the ESPEC measurements can be seen in Figure 5.9.

5.4 Conclusions

This experiment successfully demonstrated angular streaking of a laser driver due to transverse

plasma density gradients from a supersonic gas jet along the propagation length of a wakefield ac-

celerator to measure the angular dependence of the critical energy of the resulting betatron beams.

The critical energy of betatrons from a LWFA accelerator correlates with the growth of electron

beam energy within the accelerator. This is a demonstration of a novel diagnostic technique to

measure on-shot electron beam energy gain. On-shot measurements of electron beam dephasing

and rephasing were observed, proving that energy gain limits can be measured on-shot allowing,

as an example, to optimize the energy gain of the accelerator by dynamically changing the ac-

celeration length. This streaking technique can be used for various applications as well, such as

generation of a controlled curved plasma channel [116] for guiding pulses in LWFA [117], for cou-

pling of staged LWFA facilities [118], or for guiding pulses and beams for compact synchrotron

sources [119].
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CHAPTER 6

Parametric Studies of Current Filamentation

Growth in Laser Wakefield Accelerated Beams

6.1 Introduction

Understanding the physics of Weibel [120] or current filamentation [72, 121] instability in plasma

is of great interest and importance in many contexts. For example, suppression of this instability

is crucial for the stopping and depositing energy of the fast electrons in the fast ignition concept

of inertial confinement fusion [122, 123]. This instability is also one of the leading mechanisms

of shock formation in space, which can explain the observation of energetic particles and is a con-

tributing explanation for measured astronomical gamma-ray bursts [124]; it has been thought to

contribute to gamma-ray radiation generation mechanisms [125]; it can impact laser-ion accelera-

tion mechanisms [126].

Weibel first identified a class of transverse electromagnetic instabilities arising in a plasma with

velocity space anisotropy [120]. In the extreme case of counter-streaming electron flows, a Weibel-

like instability can occur, with the beam breaking up into a series of current filaments [70, 72, 121,

127]. For the current filamentation instability the primary mechanism in linear theory for initially

homogeneous beams is as follows. In equilibrium, there is no net-current owing to the counter-

streaming beams and charge neutrality. Inhomogeneity in the plasmas’ current density profiles

leads to transverse magnetic modes, which feedback on the regions of higher current density in the

beam, leading to an exponential increase in these current density filaments inside the beam.
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A simple analysis of the linearized fluid equations for ultrarelativistic, collimated beams yields

a growth rate [70, 72],

Γ = ωpβb

√
nb

γnp

= βb

√
nbe2

γ0meϵ0
, (6.1)

where Γ is the exponential growth rate term, ωp is the electron plasma frequency of the background

plasma, βb = vb
c

is the normalized velocity of the relativistic beam, nb is the plasma density of the

beam species, γ is the Lorentz factor for the relativistic beam γ = (1 − βb)
−1/2, and np is the

density of the background plasma electrons. This arises from highly simplified linear theory, and it

is important to understand the behavior of filamentation in the presence of other instability modes

[128, 129], short beams [130], nonlinear behavior and inhomogeneity [70, 121, 131], or quantum

effects [132], to mention a few examples.

There have been recent experiments to probe the current filamentation instability with relativis-

tic electron beams using a traditional accelerator facility [33]. In these experiments, similar to this

Chapter’s work, the electron beam is unneutralized and propagates into plasma, so the physics of

the filamentation is different from the idealized current and charge-neutral case considered in pre-

vious theoretical studies. A single-mode analysis can be shown to yield approximately the same

growth rate for a single beam propagating in plasma as colliding beams provided the return current

and screening effects of the plasma mitigate the bare charge and current of the beam (see Appendix

A).

There has been a previous study to use electron beams generated via LWFA to study the current

filamentation instability for a single beam [28]. A limitation of this previous experiment was that

the acceleration and filamentation processes took place in the same gas target, making it difficult to

separate laser-plasma interaction and filamentation instability effects. Further, the data repetition

rate was low, which limited the parameter space that could be investigated. In the studies here,

by using a higher repetition rate system and separating out the acceleration and filamentation pro-

cesses with two gas targets, we can study a wider parameter space, including different gas species

and a continuous scan in plasma density and length. We can provide a controlled experiment by

alternating between gas on and off shots.
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This chapter is detailed in an in-progress manuscript, Parametric Studies of Current Filamenta-

tion Growth in Laser Wakefield Accelerated Beams by Jason Cardarelli, Yong Ma, Paul Campbell,

Brandon Russell, et al. In-person experimental support was provided by Paul Campbell, Yong Ma,

Rebecca Fitzgarrald, myself, and the research staff and faculty at Jorge Rocca’s ALEPH laboratory

including Shoujun Wang, Huanyu Song, John Morrison, Ryan Nedbailo, and Reed Hollinger. Re-

mote support and contribution toward project conceptualization was provided by Stuart Mangles,

Gianluca Sarri, Brenden Kettle, Matthew Streeter, Daniel Seipt, and Meriame Berboucha. Brandon

Russell, Paul Campbell, Yong Ma, and Alec Thomas helped set up and run supporting numerical

simulations. Sophie Carlson assisted in testing image thresholding algorithms. I conducted the

bulk of the data analysis with support from Yong Ma. Acknowledgment to NSF (Grant # 1804463)

and the DOE Fusion Energy Sciences Lasernet US (Grant # DE-SC0021246).

6.2 Methods

An experimental campaign at the Advanced Laser for Extreme Photonics at the Colorado State

University took place to probe the behavior of the current filamentation instability in electron

beams produced via LWFA. Figure 6.1 shows a diagram of the experimental setup. A laser pulse

with FWHM duration 30 fs and a central wavelength of 800 nm was focused using an f /25 fo-

cusing optic to a FWHM spot size of 40µ m (yielding a laser strength parameter a0 = 2.16) to

drive wakefield acceleration of relativistic electron beams in the accelerator gas cell. The gas tar-

get for the wakefield acceleration was a 3D-printed 2 – 22 mm variable length gas cell which

produced electron beams of mean charge 3.2× 10−10 ± 1.0× 10−11 C with a standard deviation

of 1.7 × 10−10 C with centroid energies in the range 200 – 600 MeV via self-injection. These

statistics were taken for shots with only the accelerator gas cell plasma present, accounting for

283 shots over 3 data runs. The electron beam and residual laser pulse were allowed to exit the

rear of the acceleration cell and traverse a distance in the range of 1.7 – 2 cm to the entrance face

of a second 3D-printed variable-height gas cell, where the interaction between the electron beam

86



Figure 6.1: Experimental setup. The main laser first focuses into the accelerator gas cell which
has an interferometer probing its plasma. The beams propagate a distance of 1.7 cm to the next
filamentation gas cell, which spans a length range of 0.2 cm to 15 cm and is also probed for an
interferometer measurement. This second gas cell was controlled independently from the first,
allowing measurement of the electron beams with and without filamentation gas within a data run.
The electron beams then traveled to the 45-degree oriented electron profile (EProfile) LANEX
scintillating screen, which has an image captured by a CCD oriented 45 degrees with respect to
the screen’s normal vector. Finally, the electron beam exits the back of the chamber through a 1”
Ultem window (not shown) and travels into a 0.97 T dipole system to disperse the electrons onto a
LANEX scintillator to measure the energy of the produced beams.

and the background plasma ionized by the post-acceleration, diverging laser pulse occurred. This

second cell was one of three unique cells consisting of different length ranges: a ‘short’ length

filamentation cell ranging from 0.2 cm – 5 cm, a ‘medium’ length filamentation cell ranging from

5 cm – 10 cm, and a ‘long’ length filamentation cell ranging from 10 cm – 15 cm. The total para-

metrically scanned filamentation plasma interaction length was covered by the three cells due to

spatial constraints of the experimental chamber. By separating the two gas cells, the filamentation

plasma was isolated from the wakefield accelerator plasma and the two gas targets’ lengths and

densities could be controlled independently.

The plasma density in the gas cells was measured via interferometry using a probe pulse picked

off from the driving pulse. The electron beams propagated a distance of 1.08 m from the LWFA
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source to a scintillating LANEX screen, referred to as the ‘EProfile’ screen in this work, in the

beam path oriented 45 degrees from orthogonal to the laser propagation direction through the

chamber in the horizontal plane. The light was collected with a camera oriented on the opposite

side of the screen also with a 45-degree perspective offsetting horizontal-skew in the image of the

beam on the screen due to perspective skew. Qualitative examples of this diagnostic over a range

of filamentation cell lengths and gas backing pressures may be found in Figure 6.2, with many

more examples provided in Appendix B where qualitative trends of the filamentation structure at

different lengths and pressures can be observed.

The electron beam then propagated out of the chamber through a 1” diameter 635 ± 50 µm

thick Ultem window to an electron spectrometer consisting of a series of three connected dipoles

of central field strength 0.92 T with a magnetic gap of dimensions 4” long by 1.5” tall and a gap

width of 0.75”. A scintillating LANEX screen was oriented at the back of the magnet with an angle

of 38.7 degrees with respect to the exit plane of the dipoles to collect the electrons dispersed by

the dipoles. For all runs with hydrogen gas in the filamentation stage, the total distance from the

LWFA source to the entrance plane of the spectrometer system was 1.83 m. Qualitative angularly-

integrated examples of this diagnostic displaying sequences of shots turning on and off the gas

supply to the filamentation gas cell may be found in Figure 6.3. As opposed to a typical electron

spectrometer setup in a LWFA experiment, a slit to discriminate the angle of propagation from the

source to the spectrometer was not included due to the coupled facts that pointing fluctuation of

the electron beams in the system was appreciable and that there was a relatively large longitudinal

distance between the source and the dipoles. This led to the amount of charge consistently going

through the spectrometer system to be of a signal level difficult for our imaging system to distin-

guish from the background signal if a slit was in place. To compensate for this fact, when analyzing

spectrometer data a weighted centroid of charge on the EProfile screen within the angular window

that allows charge to enter the dipole entrance gap was used to retrieve a centroid pointing angle

of charge entering the spectrometer.

This pointing angle was then used to create shot-to-shot spectrometer energy dispersion rela-
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tions, taking into account the pointing of the particles to the spectrometer by using a relativistic

Boris particle pusher [81] to model an energy spectrum of particles traversing through an analytic

3D dipole magnetic field produced in the gap of two rectangular parallelepiped magnetic dipoles

[82] with the same transverse and longitudinal dimensions and central magnetic field strength as

the ones used in the experiment. Not including a pointing discrimination slit or aperture did pro-

duce a measurement error in our ESPEC proportional to the divergence spread of the particles

entering the spectrometer. The geometry of the dipole system also introduced measurement error

of the beam energy. Given the length of the square-yoke dipole system, there is a pointing angle

dependent on shot characteristic cutoff energy where the particles are swept into the yoke of the

magnet and are heavily attenuated before reaching the ESPEC scintillator. This causes a lower re-

solvable energy limit that can be measured by the ESPEC system. Since the pointing angle is given

by the weighted centroid of the charge on the EProfile screen, if this centroid feature on the EPro-

file screen is not more energetic than the cutoff energy, then those particles will not be measured by

the ESPEC diagnostic, leading to an artificially high energy measurement for those shots. Charge

in the electron beams was calibrated by overlapping an MS image plate with the ESPEC LANEX

screen and correlating the charge within the ESPEC angular aperture on the EProfile screen and

the PSL value retrieved from the image plate measurements.

6.3 Results and discussion

The data was analyzed to measure the characteristics of the electron beams after interacting with

the filamentation plasma. On the EProfile screen, the longitudinally-integrated transverse charge

distribution of the beam was measured. From this distribution, post-filamentation beam qualities

are retrieved, including the area of the beam signal on the EProfile screen, the number of filament

features within the beam, and the ratio of the signal located within filaments vs the entire beam. A

definition of what qualifies as a filament and what qualifies as a beam signal on the screen may be

made for quantitative measurements of these EProfile images. Before the images are analyzed, the
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Figure 6.2: Representative filamentation hydrogen gas on (top row) / off (bottom row) pairs of
shots for different lengths and filamentation gas cell plasma density as labeled above every column
of images.

background signal is subtracted using a reference image, and a median filter of kernel size 3 × 3

is applied to reduce the influence of hot pixels. The dynamic range of the signal collected from

the EProfile diagnostic was reduced to unsigned-integer base 25, leading to pixel intensity values

ranging from 0 to 31. The coarsening of the dynamic range smooths the local fluctuation of pixel

values and yields contours for regions of similar pixel intensities. The images were cropped to

an identical region for all shots, which subtends the angular width of particles allowed to exit the

rear of the longest gas cell. Three filamentation parameters were measured on the EProfile screen:

the total beam area, the filament-to-global charge ratio, and the number of inner filaments in the

transverse profile of the beam.

A beam area of the charge signal on the EProfile screen was defined as the area subtended

in these images of all pixels with at least a pixel value of 3 (∼ 10% of the image’s maximum).

Given the relatively large distance between the filamentation target and the EProfile screen and

the nature of the CFI fields to increase the transverse momentum spread of the electron beam,
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Figure 6.3: Qualitative example of sequential filamentation hydrogen gas on (red) vs. off (blue)
shots for the 3 filamentation gas cells used. The color scale for each of the three cell groups is
normalized to the maximum integrated dN/dE for the examples in each cell.

one should expect to see an increase in beam area as filamentation increases. Filaments in the

beam profiles are then defined as follows: any inner-most contour with at least a pixel intensity

value of 6 (approximately 20% of the maximum signal level in the image), which encloses a

local maximum and has at least a minimum area equivalent to a circle with a radius of 5 pixels.

The global beam signal is simply an integration of the pixel values on a background-subtracted

EProfile image. The local signal around the beam filaments was found by taking half the local

maximum value at each filament and integrating the pixel values within the surrounding contour

values at that half-maximum level. For an ideal transverse Gaussian profile, this corresponds to the

FWHM of the distribution. The charge ratio may be used by creating a mask for the image using

all of the contours within the image that define filaments and summing the pixel intensity in the

Image×FilamentMask product; the global charge is done similarly by using the mask produced

from the global charge contour. As the filamentation instability causes strong fields to form around

current density peaks in the beam profile that cause the filamentation to grow, this also pushes

charge in the area surrounding the beam filaments away from the filament region into the global

distribution around the beam. This can be seen as a halo-like feature or large-wavelength structure
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Figure 6.4: Examples of 1) raw EProfile images and 2) the inferred filamentation parameters of
beam area (light blue), filament FWHM charge area (red), and individual filaments (light green)
from the image processing algorithm on a) a nonfilamented reference shot with one filament, b) a
moderately filamented shot with four filaments, and c) a highly filamented shot with ten filaments.

around filamented beam profiles, as seen in Figure 6.2. One final signature of CFI measured in

this campaign was the relative energy loss between shots with the filamentation gas cell turned on

versus it being turned off, as there is expected to be a transfer of energy from the relativistic electron

beams to the energy in the strong fields around the beam filaments. In addition to the previously

mentioned disclaimers, it should be noted that due to an observed lower average pointing angle of

the beams in the angular window to enter the electron spectrometer system with the filamentation

gas cell turned on, these shots have, on average, an error biasing higher measured centroid energy

in the beams compared to the shots without the filamentation cell turned on. Thus, if energy loss

is observed at all, it is of a great enough magnitude to overcome these measurement limitations.

The results of these measurements with the parameter space of the length and plasma density

are visually separated in Figure 6.5 and combined as the length normalized to the skin depth of

the filamentation cell in Figure 6.6. All of the filamentation shots are binned together to allow

statistics of several shots in a similar area of the parameter space to give a better measurement of the

instability growth in that region of the parameter space. In Figure 6.6, a red line and shaded region

are added to the plots to represent the linear fits of the raw data. This is not included to suggest

that the data behaves linearly but rather is included to show the average trend of the data over the
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Figure 6.5: Weighted 10 × 10 histogram spanning the length (x-axis) and filamentation plasma
density (np) parameter space that was scanned in the experiment. Blank spaces in this parameter
space represent regions where data was not taken or there were not enough valid shots to provide
reliable statistics.

Lωp/c space that the plasma density and length scan cover — whether these values are overall

increasing or decreasing over this parameter space. The general trends shown by these linear fits

begin to show an expected trend suggesting growth of the filamentation instability: increasing beam

area, increasing number of filaments, decreasing filament over global charge ratio, and decreasing

relative energy between filamentation on shots compared to local filamentation off reference shots.

Equation 6.1 suggests that the theoretical growth rate of the instability only depends on the

variables of a beam’s density and energy. On-shot beam charge can be retrieved from charge cal-

ibrations in the EProfile system and energy measurements are given by the electron spectrometer.

To retrieve an estimate for the on-shot beam density in the filamentation gas cell, a few assump-

tions can be made regarding the volume of the beam in the filamentation plasma. The beam can
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Figure 6.6: Evolution of the I) total area of the beam on the EProfile screen, II) number of inner-
contour filaments that exceed a minimum area threshold, III) the integrated pixel values in the
global region (50% of the max contour value or larger) to integrated inner-contour filament pixel
values, and IV) The ratio of average energy of the nearest 6 reference shots to the energy of a
given data shot, assuming a threshold signal-to-noise ratio on the ESPEC screen. The x-axis is
the length of the filamentation gas target interaction times the measured filamentation background
plasma frequency divided by the speed of light (number of plasma wavelengths). Each data point
is an equally weighted bin of averaged data with the standard deviation of that data shown around
the average as error bars. Linear fits are shown to highlight the behavior of these measurements as
a function over the scanned parameter space for length and plasma density.

be assumed to be roughly a cylindrical distribution of charge with a radius at the entrance of the

filamentation gas cell given by the distance between the two gas cells L0 and the divergence angle

of the beam θdiv: rb,0 ≈ L0 tan θdiv. The longitudinal duration of the beam, ξb, can be assumed to

span about 10 µm; as a measurement of the beam duration could not be made with the diagnostics

in this experiment and this assumed length is around a quarter-to-half of the plasma wavelength for

the regime of plasma density from this experiment. The quarter-to-half of the accelerator plasma

wavelength duration estimate comes from this being within the length of the favorably accelerating

and focusing region of a laser-driven wakefield in the nonlinear bubble regime [23]. This method
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Figure 6.7: The estimated growth rate multiplied by the elapsed filamentation time of the CFI
instability with hydrogen gas in the filamentation gas cell given the average of a filamentation
shot’s nearest 6 reference shots’ energies (yielding γ and β), as well as their inferred average beam
density from the measurement of charge and divergence. Instability growth is plotted both in the
style of Figure 6.6 (left) and Figure 6.5 (right).

reliably calculates the initial expected growth rate of the instability as the beam travels with an

initial divergence angle, and its charge density dynamically increases as the filamentation grows.

The initial growth rate multiplied by the time the beam travels through the plasma should be a

first-order estimate for the amount of filamentation the beam undergoes.

The effect of the beam traveling through the filamentation cell plasma can affect the beam’s

measured divergence, energy, and total charge; thus, only local shots with filamentation gas turned

off can be used to give an estimate of the CFI growth rate for filamented shots. This all gives

an expression for the measured initial CFI growth rate based on reference shots around a given

filamentation data shot:

Γ0 = βb

√
nbe2

γ0meϵ0
= βb

√[
( qb
e
)/(π(L0 tan θdiv)2ξb)

]
e2

γ0meϵ0
. (6.2)

We can multiply this by the filamentation length over the speed of light to give the estimated

e-foldings of the instability based on the initial growth rate for different regions of our scanned

parameter space. The results of this calculation can be found in Figure 6.7. These estimates can

be used to qualitatively compare the results from Figure 6.5 and Figure 6.6, and any deviation

95



from the trends in these plots to the trends in Figure 6.7 could be explained by a deviation of the

filamentation behavior from the 1D growth rate model.

A trend of the expected initial filamentation rates suggests an increase in filamentation instabil-

ity with increasing Lωp/c and with increasing filamentation length and background plasma density.

It should be noted that the 2D histogram plots are more susceptible to local statistical fluctuations

compared to the Lωp/c scatter plots due to the smaller density of contributing binned at each point

in its parameter space. If the trends in the magnitude of the growth rate observed in the 1D Lωp/c

plots and the 2D histograms for the hydrogen filamentation parameters in Figure 6.5, this could

support the growth rate theory’s postulate that the instability does not depend on the background

plasma density. For the longest length gas cell’s points in Figure 6.5, for example, Figure 6.7 sug-

gests a noticeable decrease in filamentation across the jump from plasma density of np ≈ 0.8×1018

cm−3 to np ≈ 1.15× 1018 cm−3. Interestingly, in our measurements for beam area, number of fil-

aments, and the ratio of local to global charge for the filaments, there is hardly any difference in

the average values measured between those two data regions. One could point to this as evidence

that the increase in plasma density increased the degree of filamentation instability compared to

the decrease expected solely from the measurement of the input beam charge and energy param-

eters. An alternative explanation for this could be that within this large-length parameter space,

the interaction between the beams and the filamentation plasma may be within the saturation limit

of the current filamentation instability, where filamentation parameters are more or less constant,

with the beams potentially susceptible to highly nonlinear behavior.

To gain insight into the growth of the instability, simplified 3D simulations were performed

using the PIC code OSIRIS [98]. These simulations were set up to represent a beam with a short-

duration top-hat longitudinal profile, similar to that expected for an LWFA electron beam, as it

propagates through the plasma in the second gas cell. To do this, a box with dimensions 5.7 µm

× 714 µm × 714 µm and resolutions ∆x = 0.7 µm and ∆y = ∆z = 1.08 µm were used. The

transverse resolution provides 5 cells per skin-depth (c/ωp) in the background plasma at the peak

density that we simulate, 1 × 1018 cm−3. A moving window was used, therefore the beam prop-
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agated through the background plasma as would be the case in the experiment. The background

plasma, representing the ionized gas in the second gas cell, was initialized as electrons with a

stationary neutralizing background. This was done because we did not expect the ions to move

significantly over the length of the electron beam. Open boundary conditions were used for par-

ticles and fields. The background plasma was, therefore, tapered linearly toward the boundaries,

and a vacuum gap was included to reduce boundary effects. This background was initialized at rest

with a temperature of ∼51 eV. The electron beam was initialized as a population of electrons with

a Gaussian transverse spatial profile and a top-hat profile in the longitudinal (x-direction). This

beam propagated in the positive x-direction with an energy ∼360 MeV. A longitudinal thermal

velocity gave an energy spread ∆E/E = 20%. The beam’s divergence was set by initializing a

spatially varying transverse velocity that varied linearly with y and z. This is what would be ex-

pected for a point source. A full-angle divergence of 5 mrad was used. Additionally, a transverse

temperature of ∼ 1.3 keV was used. The background and beam were initialized with 8 and 27 par-

ticles per cell respectively. The beam was initialized with electric and magnetic fields calculated

using the potential form of Maxwell’s equations in cylindrical coordinates using the Lorenz gauge

and assuming negligible transverse velocities and ultrarelativistic beam energy such that the wave

equation reduces to a two-dimensional Poisson equation. For a Gaussian beam of the form,

ne(y, z) = n0 exp

(
−(y − y0)

2 + (z − z0)
2

2σ2

)
, (6.3)

the fields may be derived,

Ey =
e

ϵ0

−n0σ
2

(y − y0)2 + (z − z0)2

[
1− exp

(
−(y − y0)

2 + (z − z0)
2

2σ2

)]
(y − y0)u(l − |x|), (6.4)
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(y − y0)2 + (z − z0)2

[
1− exp

(
−(y − y0)

2 + (z − z0)
2

2σ2

)]
(z − z0)u(l − |x|), (6.5)

By = −Ez/vx, (6.6)

Bz = Ey/vx. (6.7)
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Figure 6.8: 3D OSIRIS simulation of an ∼ 360 MeV electron beam propagating through a back-
ground plasma with a density of 1018 cm−3. Row 1 shows the py − pz phase-space while rows 2-4
show slices taken near the middle of the beam at x = 0.4 µm of the beam density and magnitude
of the in-plane electric and magnetic fields.

Here, u(x) represents the unit step and acts to truncate the fields to the extent of the beam, which

has a length of 2l. Due to the relatively small transverse velocities and highly relativistic longitu-

dinal velocities, these fields were found to be accurate.

Fig. 6.8 demonstrates the evolution of a beam in a slice taken at x = 0.4 µm. At t = 0, the

beam is initialized in a background that is 2000 times denser than the beam with the fields given by

the equations written previously. Due to the dense background’s small Debye length, the beam’s

electric fields are rapidly shielded. Additionally, because the background is very dense relative to

the beam, although the beam is highly relativistic, a return current is formed within the background
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Figure 6.9: 3D OSIRIS simulations of an ∼ 360 MeV electron beam propagating through vacuum
(row 1 and 2), through a background plasma with a density of 1018 cm−3 (row 3) and with an
energy ∼ 100 MeV propagating through the same background (row 4).

that is sufficient to shield the magnetic field. This overall shielding results in the beam’s ability to

propagate with its initial divergence angle. As the beam continues to propagate through the plasma

we observe the formation of high-frequency filaments in the transverse density profile of the beam.

These filaments also appear in the py − pz phase-space; however, the shape of the phase-space is

approximately constant.

Similar simulations were performed at lower background densities and showed slightly different

dynamics. At a background density twice that of the beam both the electric and magnetic field of

the beam were not shielded. While this is different from the high density case, the result is the

same, the beam is allowed to propagate maintaining its initial divergence. However, with a low
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Figure 6.10: 2D OSIRIS simulation of an ∼ 360 MeV electron beam propagating through a back-
ground plasma with a density of 1018 cm−3. The beam is seen to rapidly focus due to the partial
shielding of the electric field.

density background we also do no observe the formation of filaments.

In Figure 6.9 row 1 and 2 the propagation of the beam through vacuum is shown which demon-

strates that the density profile is noisy even without a background plasma to generate filaments

however the phase-space is smooth. In row 3 the propagation through the 2000 times more dense

background is shown where radial filaments form in the density profile. The growth of these fila-

ments is increased with a reduced beam energy as is shown in row 4 where a ∼ 100 MeV beam

with a 20% energy spread was propagated through the same background density. The type of fil-

aments we observe in these simulations is qualitatively different from what was observed in the

experiment (Figure 6.2). However, these simulations are only preliminary. The more pronounced

filaments may appear with different background plasma temperatures where the electric field may

be more strongly suppressed compared to the magnetic field. Additionally, in the experiment after

propagating 1.83 m to the detector, structure in the phase-space should dominate the image ob-

served on the detector screen. Comparing Figure 6.8 row 1 to Figure 6.9, we do see significant

structure that does not appear in the phase-space of the beam propagating through vacuum. Further

simulations are necessary to obtain a better agreement with the experimental data.

100



Note that these results are very different from what would be observed if a simulation was run

in 2D. For example, Fig. 6.10 shows a 2D simulation representing a slice of a beam propagating

through a 2000 times more dense background. In this case the background tries to shield the fields,

but overcompensates, resulting in oscillating longitudinal electric fields. This does not happen in

3D because the beam continuously propagates into unperturbed plasma. The partial shielding of

the fields allows the beam to focus rapidly. The 3D effects are therefore important and necessitate

the use of the more computationally intensive 3D simulations.

6.4 Helium, nitrogen, and argon filamentation gas species

In addition to scanning length and plasma density in the filamentation gas cell, filamentation gas

species were also scanned to probe the effect on the ion species in the filamentation plasma. The

results for hydrogen were shown in the prior discussion of this chapter. Included here are results

from replacing hydrogen with helium, nitrogen, or argon. Although these scans were completed

similarly to that of Hydrogen, the results are presented with the caveat that there is a question as

to whether the gas maintained a uniform ionization state (and therefore uniform plasma density)

the entire probed length in the experiment. An estimate of the gas ionization level as a function

of longitudinal propagation in the filamentation gas cell assuming laser energy and f -number used

in the experiment can be found in Figure 6.11. As is shown clearly in this Figure, a fully ionized

plasma is maintained through the duration of the plasma in the filamentation cell. The helium gas

undergoes a transition from fully ionized to single-level ionization after about 2 cm of filamentation

gas length within a 10 mrad region about the laser axis. Likewise, it is estimated that nitrogen

and argon have two ionization level transitions in the longitudinal duration of the filamentation

cell. The effect of these density transitions between distinct plasma densities on the growth of the

instability is not well-defined, so the following results are presented separately from the results

of the measurements using hydrogen gas in the filamentation cell from this experiment. As the

filamentation cell’s interferometer probe had a width of 1.8 cm and was centered approximately
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Figure 6.11: The laser intensity (a) and the relative ionization level (b) from the laser power along
the radial and longitudinal range of the filamentation gas cell. Longitudinal positions are relative to
the front of the acceleration gas cell for hydrogen (top-left), helium (top-right), nitrogen (bottom-
left), and argon (bottom-right).

1 cm in front of the entrance of the filamentation cell, the filamentation probe was not in an ideal

location to capture the density shift predicted by the model used to produce Figure 6.11. This

ionization level transition should be kept in mind in interpreting results.

Figures 6.12, 6.13, and 6.14 show the measured results for filamentation in the form of 10x10

2D histograms (axes in the same orientation as in Figure 6.5), 1D binned data over the scanned

Lωp/c space (axes in the same orientation as in Figure 6.6), and the estimated filamentation growth

magnitude based on initial conditions of the beams for filamentation gas species of helium, nitro-

gen, and argon respectively. These figures will be discussed in turn, and trends from these plots

will be compared to the results from measurements taken with hydrogen as the filamentation gas

species. The density vs length parameter space covers a fairly different distribution for these gases

when compared to hydrogen due to different backing pressures and gas cell-fill fluid dynamics.
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Figure 6.12: 2D histogram (top left) and 1D binned evolution of the measured growth parameters
(top right) for helium filamentation gas with axes identical to that of Figure 6.5 and Figure 6.6.
Measured estimates of the initial CFI growth rate in these two visualization styles are oriented
directly beneath the 2D histogram and 1D binned fit plots.

The results using helium as a filamentation gas species are shown in Figure 6.12. When looking

at the 1D binned data on the right-hand side of the plots, one notices a few different and more

uneven trends than those measured in hydrogen. While there is an increase in beam area and a

weak increase in the average number of filaments that does agree with hydrogen’s behavior, there

is also, however, an increase in the filament charge over the global charge ratio. The measured

filamentation based on the initial growth rate in the cell, as seen in the bottom row on the right-hand

side of the figure, first increases and then dips down before increasing again, which is a general

trend that differs from the trends seen in the hydrogen dataset. This is due in large part to the short

cell, consisting of shorter lengths, having the widest ranges of plasma densities, and notably having

the lowest lengths as well as the highest densities. The distribution of growth of the filamentation

is better visualized in the 2D histogram plots. Comparing the trends in the beam area and number

of filaments, which are expected to increase with increasing filamentation, and filament charge to
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Figure 6.13: 2D histogram (top left) and 1D binned evolution of the measured growth parameters
(top right) for nitrogen filamentation gas with axes identical to that of Figure 6.5 and Figure 6.6.
Measured estimates of the initial CFI growth rate in these two visualization styles are oriented
directly beneath the 2D histogram and 1D binned fit plots.

global charge ratio and relative energy loss, which should decrease with increasing filamentation,

a weakly varying parameter space washed out by a outlier in beam area and number of filaments

at around a filamentation gas length of 4 cm and plasma density of 0.85×1018 cm−3. While the

trends in these plots are not in obvious disagreement with the trends suggested by the estimated

entry filamentation growth rate, they do not agree with these trends either.

The same figure structure is applied to data taken by using nitrogen gas in the filamentation

cell, which is found in Figure 6.13. Interestingly, the maximums and minimums of the beam area,

number of filaments, and filament charge to global charge ratio do not correlate well with the

trends shown in the measured growth estimates shown in the bottom left plot. The length at which

a global maximum in growth rate estimate occurs is a local minimum in the beam area and number

of filaments parameters. This may be due to several density down-ramps within the filamentation
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Figure 6.14: 2D histogram (top left) and 1D binned evolution of the measured growth parameters
(top right) for argon filamentation gas with axes identical to that of Figure 6.5 and Figure 6.6.
Measured estimates of the initial CFI growth rate in these two visualization styles are oriented
directly beneath the 2D histogram and 1D binned fit plots.

cell causing dynamics during the filamentation process that would affect the growth rate of the

instability such that the final filamentation parameters do not align well with an estimate based on

the entry conditions of the electron beams into the filamentation gas cell.

Finally, the results for argon are presented in Figure 6.14. By looking at the 2D histogram plots

on the left-hand side of the figure, one can notice a fairly clear trend that the beam area and filament

charge to global charge ratio happen to suggest the opposite trends in the measured filamentation

parameters than the initial filamentation rate estimate would suggest - in particular, this suggests

that at the shortest lengths and higher plasma densities, there is a maximum in the filamentation

parameters measured. While the number of filaments is a more varied result, there is also a trend

in the 2D histogram that suggests that the region of pixels in the short lengths and higher densities

are brighter on average than those at the highest lengths and lowest densities, which disagrees with
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the predicted growth rate plots; however, there are some high-filament local outliers in the regions

predicted to have high-growth, as well. By looking at the 1D binned data plots, the trends that pop

out are that beam area, number of filaments, and filament charge over global charge all increase

with respect to Lωp/c.

One may notice that while all filamentation gas species displayed an overall increase in the

number of filaments and beam area as a function of Lωp/c, two gases (hydrogen and nitrogen)

showed an overall linear-fit decrease in filament charge to global charge ratio. The other two gases

(helium and argon) displayed the opposite trend with an overall fit increase in this ratio. Nitrogen,

to be fair, did have a uniquely parabolic shape to the fitted distribution of data points in Lωp/c

space, but preserved a negative linear fit. This work does not explore the exact reason for these

gases to produce seemingly opposite trends in the charge distribution of beams that undergo CFI in

their ionized plasmas. An interesting commonality between these groups of gases is that hydrogen

and nitrogen are diatomic gases as opposed to the monatomic gases of helium and argon. An

exploration of this particular effect is suggested as a future area of study to focus on, where a

similar experiment could be conducted ensuring that the level of ionization of each different gas

species is kept uniform over the length of filamentation.

6.5 Conclusions

We measured the relativistic current filamentation instability in the case of an ultrarelativistic elec-

tron beam with femtosecond-scale duration traveling through an independently controlled back-

ground plasma from ionized hydrogen. These measurements were parametrically scanned over

a wide range of background plasma densities in the filamentation cell and filamentation plasma

length. Properties of the electron beams, which served as indirect measurements of the degree

of filamentation growth, were derived and agreed with theoretic growth rates within a reasonable

degree, considering statistical fluctuations within the data. At the limit where the highest number

of e-foldings for the instability were expected, the instability parameters expected by the theo-
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retical models were deviated from in some portion of the parameter space; however, future work

would need to be done to discriminate the effect of the saturation of the instability for these shots.

Similar parametric scans were taken using helium, nitrogen, and argon in the filamentation cell,

but are presented with the caveat that the degree of ionization, which was not measured in the

experiment, was likely non-uniform along the length of the plasma. This likely led to transitions

between plasma densities at different portions of the species lengths, the effect of which is not

explained by current theoretical models. 3D PIC simulations were run of the beam traveling ap-

proximately 1/3 of the longest filamentation cell distance from the experiment to help explain the

measured filamentation dynamics. Although more work is actively being done to improve these

simulations, there is evidence that the filamentation in phase-space — which is what was measured

in the experiment — depends somewhat on the plasma density. Future simulations will show the

filamentation along the entire filamentation cell length and plasma density range as was performed

in the experiment.
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CHAPTER 7

Laser Wakefield Accelerator Source of Positron

Beams Suitable for Injection into a Plasma

Accelerator

7.1 Introduction

While the topic of plasma-based acceleration of electron beams at high-power laser facilities has

been widely explored, experimental studies of plasma-based acceleration of positrons have been

limited in large part due to the scarcity of positron sources that have sufficient energy and emittance

qualities to be injected into a wakefield accelerator. The main positron source for these experiments

has been the SLAC facility [34–36, 133]. This is largely due to the prohibitive fidelity requirements

that positrons must possess to be injected efficiently into a wakefield accelerator. As an example,

the required transverse and longitudinal size properties of positron beams to be injected into a

plasma wakefield accelerator with a plasma density of np = 1017cm−3 based on baseline studies

for laser-plasma linear colliders would be σx, σz ≲ 10 µm [134]. The required amount of charge

for favorable beam-loading conditions in the wakefield would be in the range of 10’s of pC [55],

while plans for future lepton colliders call for positron beams with chargeQ+ ≳ 10 nC with energy

E+ > 10 GeV [135].

Positron sources typically consist of ultra-relativistic low-emittance electron beams colliding

with a high-Z target to generate high-energy photons via bremsstrahlung in the solid, which then
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interact with the solid to generate electron-positron pairs in a QED cascade shower. This process,

which is summarized here, is detailed in a publication from Sarri et al on the topic of generating

collimated positron beams from a wakefield accelerator source [136]. If we assume that the inci-

dent relativistic electron beams are collimated along the normal vector of the solid’s surface, any

resulting particle cascades should be expected to travel on the same axis as the incident electron

beam [137]. This ensures that the distribution of positron output from the interaction between

the high-energy beam and the high-Z target depends on the distribution function of the incident

electron beam with a given mean energy, and the thickness of the high-Z target. At high enough

energies, the energy loss of particles due to scattering within the high-Z material can be neglected

as it is much less a factor compared to energy loss due to photon emission via bremsstrahlung,

and then subsequent bremsstrahlung-induced or direct Trident process electron-positron pair pro-

duction. The radiation length of the material can be estimated by assuming these interactions

are predominately in the total screening regime. This is true when an electron with energy E

emits a photon with energy ω, producing a value of S ≫ 1, where S = αZ1/3E(E − ω)/(ωm).

α is the fine structure constant, m is the rest-mass of an electron and a Thomas-Fermi model

of the atom is assumed [138]. These assumptions can yield an approximate radiation length

of Lrad ≈ 1/ (4α(Zα)2nλ2CL0), where n is the number density in a unit volume of the solid,

λC = 3.9 × 10−11 cm is the Compton wavelength, and L0 = log (183Z−1/3) − f(Zα) with

f(x) =
∑∞

l=1 x
2/l(l2 + x2). With a given target thickness in units of radiation length δ, an ap-

proximation of the kinetic equations for produced electrons and positrons (f±) and gammas (fγ) is

given as [137]

∂f±
∂δ

= −
∫ 1

0

ψrad(ν)

[
f±(E, δ)−

1

1− ν
f±

(
E

1− ν
, δ

)]
dν +

∫ 1

0

ψpairfγ

(
E

ν
, δ

)
dν

ν
, (7.1)

∂fγ
∂δ

=

∫ 1

0

ψrad(ν)

[
f−

(
E

ν
, δ

)
+ f+

(
E

ν
, δ

)]
dν

ν
− µ0fγ(E, δ), (7.2)
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where the expressions

ψrad(ν) =
1

ν

[
1 + (1− ν)2 − (1− ν)(

2

3
− 2b)

]
, (7.3)

ψpair(ν) = ν2 + (1− ν)2 + ν(1− ν)(
2

3
− 2b), (7.4)

µ0 =
7

9
− b

3
, (7.5)

b = 1/18 log (183/Z1/3), (7.6)

relate to an electron’s cross section for the QED bremstrahlung and pair production processes

in the presence of an atom with ionization state Z. The description of the distribution function

for electron/positron pairs yields an ideal target thickness for a given beam energy E to produce

maximum positron yield, as a thinner target would reduce the flux of relativistic positrons produced

via the initial electron beam bremsstrahlung interaction, and a thicker target would reduce the flux

of relativistic positrons due to energy loss and scattering.

The divergence angle of the emitted radiation is approximately proportional to the divergence

angular cone of the incident electron beam as it interacts with the high-Z target. For a target

with a thickness less than or equal to the radiation length of that material, the divergence angle of

highly relativistic electron beams (and thus the produced positrons) is described as
√

⟨θ2e+⟩ ≈ 1/γ2

[138]. If the target is thicker such that a cascade is likely triggered, the angular divergence cone

can be related to δ = d = Lrad the thickness of the target in units of radiation length:
√

⟨θ2e+⟩ ≈
19.2MeV/c

p

√
δ,where p is the momentum of a given particle [139]. This suggests that in thick targets,

an increase in energy of the incident positrons will also favorably reduce the divergence angle

to produce a more collimated positron beam - although the effect is balanced by the divergence

increasing proportionally with the square root of the target thickness.

As the quality of electron beams produced via LWFA continues to increase, the feasibility of

using these accelerators as an alternative source of electron beams to generate high-quality positron

beams is becoming closer to being a reality. These accelerators have demonstrated being able to
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femtosecond duration micron-scale source size electron beams with ultralow emittance to the GeV

level [140]. Importantly, modern developments in laser and target control in these accelerators have

demonstrated stable, consistent electron beam output for continued pulses over long periods [141],

demonstrating the feasibility of these sorts of accelerators to be used to produce consistent positron

beams. The femtosecond duration of the electron beams produced via LWFA is a significant quality

in the context of generating positrons that can be injected into a plasma wakefield accelerator

due to the sub-10 micron longitudinal size requirement paired with the fact that the produced

positron beams approximately preserve the spatial qualities of the incident electron beam. These

facilities have thus proven capable of producing the electron beams required to generate positron

beams, with several studies separately producing relativistic positron beams with energy in the

100’s of MeV [136, 142, 143], high density and quasi-neutral electron-positron beams [39], and

even observations of pair-plasma dynamics [144]. In order to realize acceleration of positrons in

a plasma accelerator, however, the high-energy, low energy-spread, and micron-scale normalized

emittance is required.

In this chapter, the results from an experimental campaign are presented which demonstrates

that high-fidelity positron beams that meet the requirements for injection into a wakefield acceler-

ator may be generated with LWFA accelerated electron beams from a 150 TW laser system. This

experiment presents positron beams consisting of N+ ≥ 105 positrons measured after success-

fully being energy-selected to a 5% energy bandwidth with energies E+ > 500 MeV. Emittance

measurements of these energy-selected beams are presented, which show micron-scale normal-

ized emittance values. This low emittance combined with the inherent ultrashort duration of the

beams suggests that these beams possess adequate angular and temporal properties for injection

into a plasma wakefield accelerator. The measurements of the positron beams are comparable to

Monte-Carlo simulations of a representative electron beam from an LWFA accelerator interacting

with the high-Z target in the experiment. Outputs of the particles from these Monte-Carlo simu-

lations were used as input beams into PIC simulations of these positrons being efficiently injected

as a witness beam into a plasma wakefield. These results from this experiment at a moderately
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Figure 7.1: Diagram of the laser, targets, and diagnostic setup used in this campaign. The laser first
interacts with the LWFA plasma accelerator target. Then, it is diverted with the tape drive so solely
the electrons can propagate from the accelerator to the converter target. After this is an emittance
mask followed by a lead wall with a collimation aperture. Electrons (red) and positrons (blue) are
separated by Dipole 1 and interact with scintillators for electrons (LE1 & LE2) and positions (LP1
& LP2). Positrons also interact with an energy band selection aperture and are steered back toward
the laser axis with Dipole 2.

high-power laser facility are encouraging for the prospect of high-power laser facilities serving as

an alternative accelerator source of high energy, high fidelity positron beams due to the favorable

scaling in beam and spatial characteristics of beams that can be produced from laser systems with

higher peak power [145, 146].

The work presented in this chapter culminated in a 2024 paper by Matthew Streeter, Cary Col-

gan, Jason Cardarelli, Yong Ma, et al. published in Scientific Reports [83]. Gianluca Sarri and

Matthew Streeter led the campaign. Thomas Audet, Luke Calvin, Matt Streeter, Yong Ma, and I

worked on supporting numerical simulations. The experimental team consisted of Cary Colgan,

Nicholas Cavanagh, Eva Los, Hamad Ahmed, Brenden Kettle, Dan Symes, and Rajeev Pattathil,

coordinated by Matthew Streeter, Cary Colgan, Stuart Mangles, Zulfikar Najmudin, and Gian-

luca Sarri. I also contributed to the numerical modeling of the electron spectrometer diagnostic

and, in particular, the transverse focusing effects of the two-dipole system. Matthew Streeter con-

ducted most of the data analysis. Support for this project came from EPSRC (EP/V044397/1,

EP/N027175/1, EP/V049577/1), STFC (ST/V001639/1), the NSF (grant #2108075), and from the

staff of the Central Laser Facility.
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7.2 Methods

This experimental campaign was conducted on the Gemini laser at the Central Laser Facility [74].

The setup for this experiment can be found in Figure 7.1. The 800 nm Gemini laser parameters

at the time of the experiment include an energy of 7.9 ± 0.5 J, and a FWHM pulse duration of

48±7 fs yielding a peak power of 156±9 TW. The driving pulses were focused into a 15-mm exit

diameter LWFA gas jet from an f/40 OAP at a facility-limited repetition rate of 1
3

Hz. The gas jet

provided a gaseous mixture of 2% nitrogen and 98% helium which yielded a measured electron

density of ne = (1.5±0.2)×1018 cm−3. The focal spot from the OAP had a 1/e2 transverse radius

in the x and y directions of 37 ± 3 and 52 ± 4 µm, respectively. Dividing the peak power by the

spot size gives a peak intensity of I0 = (3.1± 0.3)1018 Wcm−2.

Given the fact that there are converter materials and particle diagnostics on-axis after the accel-

erator that the electrons produced via LWFA were meant to interact with, the remaining laser pulse

energy after the accelerator had to be removed from the axis. This was achieved by using a 125µm

polyimide tape as a plasma mirror to reflect the pulse off-axis. The plasma mirror target was re-

generated by installing the spool of the tape in a motorized tape drive, allowing it to be used in

every shot in this project. The lead positron-generating 45-degree wedge-shaped converter target

is placed 50 mm away from the LWFA exit plane of the gas jet nozzle and placed on a motorized

stage to control the effective length of the converter target L that the LWFA electrons interact with

within a range of 1 ≤ L ≤ 25 mm. The positrons are produced within this lead converter target

through a two-step bremsstrahlung-induced Bethe-Heitler process [136].

290 mm behind the rear face of the converter target a 5.0 mm thick tungsten mask composed of

slits with a regular period of 1.1 mm (550 µm gaps). This mask was put in the path of the electron-

positron beams to perform energy-resolved emittance measurements of the beams. The method

of these emittance retrieval measurements will be briefly described here and is expanded on in

more detail in the Methods chapter in this dissertation, Chapter 3 Section 3.3.3. To summarize the

method, an impression of the emittance mask is left in the profile of the beams that pass through

it, which show up as shadow-like stripes in the beam profiles when scintillating screens measure

113



them. Focusing effects on the particle beams in the non-dispersive direction from the dipoles

are remedied in the analysis of the mask patterns on the scintillators by transforming the images

such that the spatial frequency of the stripes in the images of the LANEX screens are constant

throughout the length of the screen. 4 mm slices in the images of the scintillators along the length

of the screen’s energy dispersion axis are taken to retrieve signal modulation as a function of

x, the position along the axis transverse to the dispersion direction, at a given dispersion axis y

position on the screen. By fitting a Gaussian function to the values at the filtered portions of the

image of the mask in the beam, the background signal at the minimum value in the profile can

be removed. The envelope of the resulting profiles at given y positions is retrieved by fitting an

analytic function of the mask’s shape to the observed profile in the image, yielding an RMS width

in the fitted mask features in the beam profile that gives a measure of the beam’s divergence angle

by dividing this RMS width by the distance between the screen to the source of the particles (the

converter target). A source size of the beam, σx, is determined by minimizing the error between

the measured transition-of-signal at the edges between the filtered signal and non-filtered signal

regions beam profile and numerically calculated synthetic images of particles with varying source

size with the measured divergence angle from the previous step in the process. This results in

a measurement of the geometric emittance of the beam, which is defined for a beam with little

correlation between source position and transverse velocity as the product of a beam’s divergence

and its source size, ϵ = σxσθ.

A lead shielding wall with an on-axis 10 mm diameter aperture followed this converter target,

only allowing particles emitted from the converter target with less than a 12.6 mrad half-angle tra-

jectory from the central axis to travel onward to the energy and emittance diagnostics. A magnetic

dipole with an integrated field strength Bxz = 0.3 Tm was placed after the exit of the lead wall

to disperse electrons and positrons in opposite directions, which were measured by LANEX scin-

tillating screens referred to by the names LE1 and LP1 in Figure 7.1 respectively. The correlation

between 3D particle dispersion trajectory and energy was calculated numerically using the Boris-

pusher within an analytic dipole field as described in the Methods chapter of this thesis, Section
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3.3.2, in order to give a calibration of particle energy to position on the scintillator screens. These

screens recorded the spectra of these particles with kinetic energy γmec
2 greater than 200 MeV

and less than 2500 MeV and vertical divergence angles −15 ≤ θy ≤ 15 mrad.

The two screens were placed at different yaw angles and distances from Dipole 1 due to exper-

imental limitations: a yaw (angle from the laser axis) of -41.1◦ with a distance of 134 cm for LP1,

and a yaw of 45.4◦ with a distance of 137 cm for LE1. The electrons were allowed to travel through

LE1 and then propagate 1 m to a second scintillating screen LE2 to increase the measurement ac-

curacy of particularly high-energy electrons. In the path of the dispersed positron beam was placed

a 25 mm wide slit to allow a selected energy bandwidth from Dipole 1, and then a magnetic dipole,

Dipole 2, which is identical to Dipole 1. Dipole 2 acts to put the positrons back toward the z-axis

in a dog-leg configuration. After energy selection and being swept back to the longitudinal axis

from Dipole 2, the positrons were measured by a second scintillating screen, LP2.

Benchmarks of the emittance retrieval process are done by using synthetic data generated from

a particle physics Monte-Carlo package, FLUKA. An analytic copy of the emittance mask is used

to filter away particles at the emittance mask plane in these simulations. The dispersion effects

of Dipole 1 are included to determine the dispersed trajectories for each particle determined by

its longitudinal velocity, which leads to these synthetic images including trajectory crossing in the

spectrometer system due to uniformly distributed energy spread in the beam and a finite divergence

angle of the beam. This generated synthetic images of particle beams on the scintillators which

interacted with the emittance mask on the particle screens. These synthetic images were analyzed

via the same methodology as the experimental data.

7.3 Results and discussion

The electron beams from the LWFA accelerator were optimized to produce as many positrons

in the converter target as possible. As the spectrum of the positron/electron pairs produced via

the bremsstrahlung-induced Bethe-Heitler pair production process is expected to be broadband
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Figure 7.2: Typical examples of measurements of the LWFA electron beam source. a) Angularly-
resolved and b) angularly-integrated electron spectra from the accelerator (red), along with the
average (black) and standard deviation (grey) of example shots. Also shown is a simple analytic
approximation used as an input for the spectrum of electron beams in Monte-Carlo positron gener-
ation simulations. c) A snapshot of the plasma emission from the accelerator during a shot on this
experiment with a description of the gas jet.

irrespective of the spectrum of the input electron beams, the optimization meant producing electron

beams with high charge to maximize the electrons inducing the pair production conversion process.

In order to characterize the electron beams that will interact with the converter target, the spectra

and angular measurements of the electron beams from the accelerator were taken with the plasma

mirror tape drive after the gas target, but without the lead converter target in the beam line. Out

of ten reference shots without the converter target in this data collection run, there was a 30% rms

variation in total charge due to shot-to-shot variations in laser and plasma conditions. The five shots

with the highest beam energy are shown in Figure 7.2a, with Figure 7.2b showing the angularly-

integrated spectra with statistics regarding the variation in energy shot-to-shot. The average shown

in Figure 7.2b is taken as the expected LWFA spectrum when interpreting results with the lead

converter target placed in the beam line. The mean charge of electrons with sufficient energy to

land on the electron spectrometer (with energies > 200 MeV) was measured to be 1.4 ± 0.2 nC.

The lowest half of the shots’ charge taken in the reference shot run that was not included in the

consideration of the mean energy still consisted of a relatively high charge for wakefield accelera-
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Figure 7.3: Positron spectra measured after energy-selection for different positions of the energy
selection slit. The data is background-subtracted and smoothed with a Gaussian filter that spans a
10 MeV bandwidth, as indicated by the shaded RMS scatter error in the data. The central energy
and FWHM bandwidth of each spectrum is noted in the legend of the figure.

tors, with an average beam charge of 0.9 ± 0.3 nC. The recorded angular of the beams after they

have interacted with the tape drive was estimated to fit a square of a Lorentzian distribution with a

FWHM of θ = 3.8± 0.4 mrad.

To demonstrate the energy selection process for positrons produced via the interaction of high-

charge electron beams with the high-Z converter target, the transverse position of the selection slit

was scanned using a converter thickness equal to approximately 0.9 radiation lengths (5.0 mm).

The energy spectra after the second dipole as measured on LP2 are shown in Figure 7.3. When

selecting beams with central energyE > 500 MeV, more than 105 positrons per shot were recorded

within a FWHM bandwidth of ∆E/E ≤ 5%. This demonstration of successful energy selection of

positrons output from a LWFA accelerator electron source suggests this RF accelerator technique

can be utilized in laser/plasma accelerator facilities to capture a selected energy band of positrons.

This energy selection was successfully performed over several target thicknesses.

Energy-resolved emittance values for electrons and positrons were measured on the LANEX

screens following the emittance mask, the lead shielding wall, and the magnetic dipole. The emit-

tance mask modulated the distribution profile of particles on the LANEX screens, as can be seen in

Figure 7.4. The spatial frequency of the modulated profile is energy dependent due to defocusing
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Figure 7.4: Example a) positron and b) electron spatial charge density as a function of position on
the LE1 and LP1 screens (xp, yp, xe, xe) for a single shot with a converter thickness of 8.0mm and
the emittance mask in the beam-line. The particles corresponding to the given particle energies in
MeV are shown as vertical red dashed lines.

of particularly lower energy particles exiting the side fringe fields of the magnetic dipole where

their longitudinal momentum on their dispersed trajectories induced greater magnetic defocusing

on the angular axis, as is evident in the example profiles as the ’bending’ of the modulation stripes.

In analyzing these images to reconstruct the on-shot emittance values, images were rescaled so

that the intensity modulation in the beam profile is straightened out and the modulation width is

constant along the length of the LANEX screen. For lower energies, this adds error to the emit-

tance measurement that results in an overestimation of the source size by about 5% for particles

with energies E < 300 MeV. In addition to this source of error, the spatial resolution of the spec-

trometer blurred the modulation pattern in the beam profile where the magnetic defocusing was

greatest, leading to a total uncertainty of about 30% in the source size measurement for particles

with energy E < 350 MeV. For particles with energy above this 350 MeV threshold, the error in

the measurement is reduced.

As mentioned in the methods section, we need the divergence (σθ =
√
⟨x′2⟩) and rms source

size (σx =
√

⟨x2⟩) to retrieve the emittance for a beam with a negligible angle-position correlation
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Figure 7.5: Measured electron and positron beam properties as functions of particle energy for
different converter thicknesses. The a) spectra (charge per 5% bandwidth), b) source size, c)
divergence, and d) geometric emittance are given for each converter length as shown by the color-
bars at the side of the figure. For each converter thickness, only the shots resulting in the highest
charge of the positron beams were used for the analysis; the lines shown are thus an average of 4,
6, 3, and 8 shots for converter lengths of 1.0, 2.0, 4.0, and 8.0 mm, respectively (rms variation of
≈ 43% in the spectrum and ≈ 20% in emittance). Each line results from a Gaussian weighting
of each measurement point using a kernel width of σE = 25 MeV. The typical input electron
spectrum (black-dashed) is shown in a) for comparison

(⟨xx′⟩), such that ϵ =
√
⟨x2⟩⟨x′2⟩ − ⟨xx′⟩ ≈ σxσθ. It is assumed that ⟨xx′⟩ is negligible in this

instance because the large scattering angles in the high-Z target largely randomize the position-to-

transverse velocity distribution at the high-Z target plane. By following the method of retrieving

the beam divergence by fitting the envelope of the signal on the screen to the source-to-screen

distance; and retrieving the beam source size by fitting a Gaussian distribution to the edge of the

modulation grid pattern and reconstructing the source size with an iterative deconvolution, we

have enough information to solve for the approximation of the emittance of the beams. Monte-

Carlo simulations indicate that the small level of remaining correlation implies that the positron

beam is equivalent to an uncorrelated beam originating from 100 – 200 µm inside the rear surface

of the converter. Therefore, the correlation term was neglected and the geometric emittance was

calculated as the product of the measured divergence and source size.

Figure 7.5 shows the spectra, source size, divergence, and geometric emittance of the produced

electron and positron beams separately for converter thicknesses of L = 1.0, 2.0, 4.0, and 8.0 mm,

corresponding to radiation lengths of 0.2, 0.4, 0.7, and 1.4, respectively. While the number of
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electrons consistently decreases with converter thickness, a converter length of 4.0 mm was found

to maximize the positron yield from the target. While the radiation length of the converter target

is in the ≲ 1 regime, pair production observed should be expected to be dominated by an initial

interaction between electron beam particles and the high-Z target - ie before many pair-production

cascade events are triggered. If we were to increase the converter target thickness to 4-5 radiation

lengths, it should be expected that the incident electron beam has undergone several large-angle

scattering events converting energy into electron-positron pairs; however, this would be undesirable

as the net yield and positron energy would decrease due to the produced positrons scattering and

triggering further cascades in the lead converter. Both electron and positron source size weakly

decreases with energy: from 140±10 µm at 300 MeV to 110±10 µm at 600 MeV with fluctuations

between 200 and 300 MeV. The rms divergence was nearly constant for electrons and positrons at

σθ = 5.3±0.3 mrad - however, it is noted that this is limited by the acceptance angular range from

the aperture in the lead shielding wall in the experiment. Because of the fixed angular divergence

of the beams from the converter, the measured source size of the beam determined variations in

measured emittance. The positron geometric emittance exhibited a gradual linear decrease as a

function of energy with values of ϵ = 640 nm at E = 200 MeV and ϵ = 480 nm at E = 600 MeV

for a 1.0 mm converter. As previously predicted [142], the geometric emittance of the positrons

was consistently lower than that of the scattered electrons. There was a measured rms variation

of 43% in the spectrum and 20% in emittance due to the shot-to-shot variations of electron beams

from the LWFA accelerator.

Simulations using the particle physics Monte-Carlo code FLUKA [147] were run by Matthew

Streeter to simulate the generation of the produced positron beams from the interaction between

the primary electron beam and the lead converter target, as discussed in the paper describing this

experimental work [83] and summarized here. 106 electrons were initialized within a distribution

of energies following the LWFA electron spectrum approximation shown in Figure 7.6. The num-

ber of particles output from the simulation was then scaled up by 8738 to match the charge of the

experimental electron beam. A lead converter of variable thickness L was placed in the path of
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Figure 7.6: Positron beam a) spectrum (charge per 5% bandwidth), b) source size, c) divergence,
and d) geometric emittance plotted for a 1.0 mm thick lead converter. The experimental data
(red) is plotted alongside FLUKA simulations for zero drift distance for the primary electron beam
(black); including the drift distance and the primary electron beam divergence and source size
(cyan dashed); and including the 12.6 mrad shielding aperture (blue).

the electrons, and the momenta and position of all electrons, positrons, and photons were recorded

as they exited the rear surface of the converter. To simulate the effects of the finite divergence

of the electron beam, each particle was assigned random angular shifts (∆x′i and ∆y′i) from the

probability density function f(x′) = f0[(x
′/θw)

2+1)]−2, which approximated the measured trans-

verse profile of the primary electron beam with θw = 2.9± 0.3 mrad, where f0 is a normalization

constant. The momenta and positions of the particles were altered according to these shifts, and

using the length between the LWFA exit and the converter rear face of 50 mm to allow the electron

beam to diverge before entering the converter target. The transverse particle positions were also

modified according to the expected LWFA electron source size of 1 µm [148–150], although this

contribution was negligible. Particle distributions were then calculated at the longitudinal plane

for which the correlation term ⟨xx′⟩ was minimized to reflect the stochastic relation between trans-

verse position and angular distribution within the converter target. The results of the numerical

simulation for a converter thickness of L = 1.0 mm show good agreement with the experimental
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data (blue and red lines in Figure 7.6, respectively) with an rms average difference for all converter

lengths of 15%, 3.5%, 2.8% and 0.5% for the spectrum, emittance, source size and divergence,

respectively.

The measured spectrum of the particles in this experiment was affected by the 5.3 mrad aper-

ture in the beamline, as lower-energy positrons from the pair-production cascade process have, on

average, a higher divergence angle than the higher-energy positrons from the source. This is shown

in Figure 7.6, where the numerical results that most closely match the experimental measurements

for the properties of the produced positron and electron beams are the ones that consider this limit-

ing aperture. The agreement between simulation and experiment for the source size and emittance

of the positron beams also depends on considering the divergence and drift distance between the

LWFA primary beam source and the converter target.

The source size of the positron beams can be scaled down from the results presented in this

work by reducing the travel distance between the exit of the LWFA accelerator and the entrance

plane of the converter target. For the measured LWFA electron beam with FWHM divergence of

3.8 mrad, a typical beam waist at the LWFA source of 1 µm, and a converter thickness of 1 mm,

the positron source size at 600 MeV could be reduced to 2.7 µm by having the primary electron

beam directly enter the converter target from the LWFA source. This case is discussed in the publi-

cation which resulted from this experimental campaign [83] and showed this positron beam would

have a divergence σθ = 5.5 mrad, a geometric emittance ϵ = 15 nm, and a normalized emittance

ϵ̄ = γβzϵ = 18 µm at 600 MeV. Scaling laws can be used to calculate positron yield, spectrum,

and emittance parameters for different target thicknesses and primary beam source size [145, 146].

When the converter target is placed directly after the primary electron beam source, simulations in-

dicate that differences in electron source size or divergence will have a small effect on the positron

beam characteristics, which can be taken into account by adding it in quadrature. For example,

doubling the electron source size only increases the positron source size by approximately 10%.

The simulations also show a spreading in the duration of the positron beam of 0.1 fs for positrons

within a 5% bandwidth of 600 MeV implying that the positron beam duration will be similar to that
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Figure 7.7: a-b) The longitudinal electric fields of the plasma wakefield are generated by the laser
pulse (yellow orb) and the witness positron bunch (density in a logarithmic color-scale) at the
beginning of the plasma and after 96 mm of propagation. c-d) The positron longitudinal phase
space before and after acceleration, with the energy spectra indicated by the red lines. e) The
average energy and normalized emittance of the trapped bunch, defined as being comprised of
particles that remain within ±50 µm of the central axis.

of the primary electron beam (i.e., σz ≲ λp/2 = 14 µm for ne = 1.5× 1018 cm−3, corresponding

to τ ≲ 50 fs).

7.4 Particle-in-Cell simulations

Simulations were performed using the particle-in-cell code FBPIC [93] to assess the suitability of

the generated positron beams for post-acceleration in a plasma wakefield. As an example following

a baseline study on plasma accelerators [134], the laser wakefields were produced by the interaction
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Figure 7.8: Output in same format as Figure 7.7 for the output of a simulation that only includes
positrons with energy above 500 MeV from the input FLUKA-generated particles. This demon-
strates the chromatic selection that would be present in a magnetic chicane or quadrupole electron
transport system.

of a Gaussian laser pulse with radius rL = 70 µm, pulse length τL = 56 fs, pulse wavelength of

λL = 1000 nm, and normalized vector potential of a0 = 1.5. The accelerator target consisted of a

pure helium plasma with an electron density of 2 × 1017 cm−3 and a length of 10 cm enclosed by

two 0.5 mm-long linear ramps.

As FBPIC employs a cylindrical grid with azimuthal decomposition, two cylindrical modes

were used to capture the physics of the wakefield formation and acceleration. The simulation was

performed in the Lorentz boosted frame with a Lorentz factor of γ = 10. The number of particles

per cell set for each coordinate direction was 2 along ẑ, 2 along r̂, and 6 along θ̂. The simulation

box lengths were zlength =
(

6c
ωp0

+ 2λp0

)
≈ 220.6 µm and rlength = 2 × rmax = 2 × 15c

ωp0
≈
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2 × 178.2 µm for ẑ and r̂ respectively, where ωp0 =
√

e2ne0

ϵ0me
is the plasma frequency of the peak

initial density in the accelerator, and λp0 = 2πc
ωp0

is the plasma wavelength. The number of cells in

the ẑ-direction was Nz = ⌊ zlength

∆z
⌋ = 1764, where ∆z = λL/8. In the r̂-direction this number of

cells was defined as Nr = ⌊ rmax

∆r
⌋ = 89, where ∆r = 2× λL. The time step size of the simulation

was set to be ∆t = rmax/(2× γ ×Nr)/c ≈ 0.334 fs.

The initial positron particle distribution was obtained from FLUKA simulations of the interac-

tion of the LWFA electron beam with a 1 mm converter. A random shift of ±5 µm taken from a

uniform probability distribution was added to the longitudinal position of each positron to approx-

imate the effect of the primary electron bunch duration. This longitudinal spread is consistent with

an upper limit of 14 µm estimated for the positron beams obtained in the experiment. The positron

bunch was initialized at the peak of the positive accelerating field of the plasma wakefield.

Figure 7.7 shows a summary of the main results of the simulation. For these laser and plasma

conditions, a quasi-linear wakefield is generated behind the laser pulse with a peak accelerating

field of 13 GVm−1 and a period of 75 µm. After 96 mm of propagation in the plasma, 31% of

the charge remains in a focused positron beam which is accelerated to an average of 1.0 GeV with

a relative rms energy spread of 20%. The beam is chirped, however, and so the energy spread

could be reduced further using a plasma dechirper [151]. After an initial increase mainly due to a

mismatch between the bunch emittance and the plasma focusing forces, the normalized emittance

of the trapped positron beam remains approximately constant throughout the acceleration, at ϵ̄ =

33.0± 0.2 µm.

The conditions to inject a positron beam directly after the converter source, as simulated and

shown in Figure 7.7, could be achieved in the lab by employing a thin plasma mirror directly fol-

lowing the converter target in the positron beam path, where a laser wakefield driving laser pulse

could be reflected by this plasma mirror and focused into an LWFA accelerator gas target close

to the plasma mirror. Alternatively, positron beam transport magnets can be used for both energy

selection, transport, and transverse focusing into a plasma wakefield a given distance away from

the converter target. Magnetic transport systems like this are employed at conventional acceler-
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ator facilities and are part of the design process for the future plasma-based accelerator facility

EuPRAXIA, for example [152]. As an example of this capability, we performed FBPIC simula-

tions of wakefield acceleration of the energy-selected positron bunch energy centered at 500 MeV

with a 5% energy spread in the same conditions as those discussed above, the results for which

can be found in Figure 7.8. In this case, approximately 50% of the positron bunch is trapped and

accelerated up to an energy of 1.2± 0.3 GeV with a normalized emittance of 57 µm.

7.5 Conclusions

It is shown in this work through a process of putting the converter source relatively close to the

LWFA source of primary electrons that the resulting positron beams are of suitable energy and

emittance for external injection into a plasma wakefield accelerator. The optimized positron beams

from this experiment are energy selected using a magnetic chicane, where N+ ≥ 105 positrons

within a 5% bandwidth around 500 MeV were measured. A limited number of previous exper-

iments studying wakefield acceleration of positrons externally injected witness positron beams

with similar geometric emittance to our inferred beam properties into plasma wakefields, though at

higher energy [34–36, 153]. Properties of these previous studies’ post-accelerated positron beams,

as well as the properties of the witness positron beam source at SLAC that they used as their injec-

tion source, are compared to the positron beams produced in this experiment in Table 7.1. These

previous studies demonstrate this work’s positron source suitability to provide witness beams for

wakefield acceleration studies. The inherent short duration of the positron beam produced from

a short-duration primary electron beam is naturally suited for injection in a positron-accelerating

wakefield structure without the need for complex beam manipulation, as confirmed by the proof-

of-principle simulations reported in this article.

From Table 7.1, it can be seen that the energy of the energy-selected position beams was less

than that of those produced at SLAC’s FACET-II positron source. Also, the charge measured in

the energy-selected positron beams from this campaign, around 16 fC, was smaller than those
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Measured Inferred [153] [34] [35] FACET-II [145, 154]
E (GeV) 0.6 0.6 28.5 20.3 20.3 10
σx (µ m) 100 2.7 25 < 100 50 4
σz (µ m) - ≲ 4∗ 730 30 - 50 35 6.4
ϵ (nm) 480 15 14× 3 5× 1 7 -
ϵ̄ (µm) 560 18 390× 80 200× 50 300 7000× 3000

N+ ≳ 105 - 1.9× 1010 1.3× 109 5.3× 109 3.1× 109

Table 7.1: Summary of measured and inferred positron parameters, compared with sources used for
previously reported proof-of-principle positron wakefield acceleration experiments and the modern
linear accelerator positron beamline at SLAC’s FACET-II. ∗Note that this value is the RMS of a
uniform distribution with a width of 14 µm.

produced at SLAC’s source, producing beam charge on the order of ≳ nC. With higher primary

electron beam energies like, for example, the E >5 GeV beams produced at high-power laser

facilities [155], and minimized drift distance between the LWFA source and the converter target,

positron beams with nm-scale geometric emittance, 10 µm-scale normalized emittance, and E+ ∼

1 GeV-scale positron beams [145, 146]. Increasing primary electron energy would enable higher-

charge positron beams from an LWFA positron source like the one described by this experiment

[146].

For LWFA facilities to provide adequate alternative positron sources for future plasma wakefield

experiments, the stability and positron fluxes of the positron beams should ideally be improved

from the results of this proof-of-concept experiment. Modern laser systems have demonstrated

improved LWFA output stability [141], which could be used to address the stability requirements

for these facilities. Positron beam flux, as well, can be increased by using a high repetition rate

laser system. Components utilized in this chapter’s experimental setup that could limit accelerator

repetition rates, such as the tape drive plasma mirror, have been demonstrated to be operable on

kHz laser rates [156]. The laser system’s rate limited this experimental campaign to a repetition

rate of 1/20 Hz. There is no fundamental limitation to the accelerator or converter design that

would impede pushing repetition rates of this positron source into the kHz-regime.
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CHAPTER 8

Conclusions

8.1 Summary

This thesis comprises work from four experiments based on laser wakefield acceleration of elec-

tron beams on high peak-power laser systems. Two of these projects focused on optimizing laser

wakefield accelerators as an accelerator technology and their associated diagnostics. Chapter 4 dis-

cussed work to minimize the relative energy spread to ∆E/E < 10% forE >GeV LWFA electron

beams from a sub-200 TW laser system through the use of shock-front induced density transition

injection. The demonstration of high-energy, low-relative energy spread beams is becoming in-

creasingly relevant as the development of PW -level laser ultrashort laser systems across the world

[15, 157], granting access to laser fields and electron energies suitable for high-field quantum elec-

trodynamics (QED) experiments [99, 158]. This injection mechanism had been shown to reliably

generate low relative energy-spread beams before this experimental campaign [65, 66]. Still, it

had not at the time of the experiment been shown to produce beams greater than 1 GeV using this

injection mechanism without using laser powers greater than 500 TW [100, 159]. Since this exper-

iment, a publication has shown near-GeV electron beams using shock injection and an acceleration

distance of 6 mm [101]. This work had the unique quality of scanning the position of the shock

front across the length of the accelerator, which led to observations of a decrease in beam energy,

an increase in relative energy spread, and an increase in beam charge as the shock front progressed

toward the center of the gas jet. The effect of the decrease in energy as the shock propagates fur-
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ther into the length of the accelerator can be explained by a reduction in acceleration length due

to the charge-injecting shock front moving closer to the rear of the accelerator. The increase in

charge and relative energy spread of the beams may be explained by beam loading effects due to

higher-density gas flows in the shock front as the blade interacts with more central bulk flows of

the accelerator. However, the driving pulse’s evolution into the accelerator, as the shock front is

moving longitudinally with respect to the laser’s focal plane, may also influence this. Explaining

the increase in charge and relative energy spread would benefit from work to investigate pulse

evolution effects in this accelerator system via PIC simulations.

Another experiment in Chapter 5 focused on developing laser wakefield acceleration as an alter-

native accelerator technology measured the betatron radiation output from an LWFA beam as the

accelerator’s driver pulse propagated across a controlled transverse density profile to reconstruct

the energy growth of the accelerated beam. This novel diagnostic technique to measure temporally-

resolved energies of electron beams from a LWFA accelerator is the first of its kind to resolve

on-shot energy growth of these beams from their betatron emission. The diagnostic mechanism

is summarized: a transverse density gradient in the profile of the gas target induced a pulse-front

tilt on the driving beam, which resulted in the driving pulse ‘turning’ toward the low-density side

of the gradient. This parabolic transverse trajectory generated an angular pointing-to-longitudinal

position correlation in the accelerator. This was taken advantage of by measuring the spectrum of

the betatron radiation, which is emitted on-axis and has a photon critical energy that depends on

the electrons’ energy. A combination of an X-ray CCD and a stack filter resolved the angularly

resolved betatron beam critical energy, yielding a longitudinally resolved measurement of electron

energies in the accelerator. This diagnostic technique may be important for future LWFA facilities,

which are increasingly moving toward using on-shot diagnostics as feedback controls of the laser

and targets to optimize experimental parameters similar to automated controls which have already

begun to be implemented in laser systems [160]. The method is presented as a general diagnostic

to experiments where on-shot energy growth measurements would be helpful to, for example, op-

timize the acceleration length for a given accelerator target to maximize the energy gain and have
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electrons exit the accelerator before dephasing takes place, reducing the energy in charge within

the LWFA beam.

This thesis also presented the application of electron beams from a LWFA accelerator in studies

of interactions of relativistic electron beams with matter. Chapter 6 focuses on measurements of

the current filamentation instability. This experiment scanned a wide space of length and back-

ground plasma in an independently controlled filamentation plasma species. This naturally oc-

curring astrophysical instability results in high-current-density filaments forming in relativistic

beams traveling through a background plasma. Beyond the academic interest in studying this phe-

nomenon in the context of astrophysical plasmas as the origin of gamma-ray bursts [124, 125],

this instability is also important to understand as a mechanism for energy absorption and transport

in the high-density, high-temperature compressed plasmas of inertial confinement fusion experi-

ments [122, 123]. We observed filamentation that, by and large, followed expected trends in the

instability via several indirect measurements of the beam after filamentation occurred. There was a

notable statistical fluctuation, particularly in the high expected growth-rate extreme of the dataset.

PIC simulations were conducted to show the growth of filamentation using beam and plasma pa-

rameters similar to those used in the experiment.

Chapter 7 discusses an experiment that produced low-emittance, relativistic positron beams

through the interaction of LWFA accelerated electron beams and a high-Z target. The thickness

of the converter target was scanned, and the production of electron/positron beams was mea-

sured in agreement with the theory for the two-step bremsstrahlung-induced Bethe Heitler process.

Measurements of the emittance of the positrons after angular discrimination and energy selection

showed a population ofN+ > 105 positrons in a 5% bandwidth around 500 MeV which had a mea-

sured normalized emittance inferred from Monte Carlo simulations to be 18 µm at the converter

target. While this is relatively little charge in these beams compared to the ∼nC-scale positron

beams produced at, for example, SLAC’s FACET-II beamline, the charge of the positron beams

should scale favorably from an LWFA source by both minimizing the source size & drift distance

of the primary electron beam into the high-Z converter target, and also with increasing laser driver
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energy, as can be reached at many modern high-intensity laser facilities. PIC simulations showed

a successful injection of positron beams similar to those measured in this campaign being success-

fully injected into a wakefield accelerator. This work is significant, as the need for more sources

of high-fidelity positron beams suitable for injection into a plasma accelerator has hampered the

progress of experimental campaigns on the topic. This experiment demonstrates the ability of

high-power laser facilities to operate as positron sources in the future.

In conclusion, experiments were conducted that demonstrated optimization and developments

in laser wakefield acceleration as an alternative accelerator technology for electron beams. As

this technology matures, the prospect of using it to answer fundamental questions regarding in-

teractions involving high-energy electron beams becomes increasingly feasible for a wide range

of studies, such as those presented on the current filamentation instability’s growth in relativistic

electron beams or the generation of low-emittance energy-selectable positron beams.

8.2 Challenges

Anyone who has spent time conducting research in a laboratory (particularly one utilizing high-

power lasers to study plasmas) can attest that no experiment is without its challenges. Regarding

the shock injection project, setting up a CFD fluid simulation that was stable enough to simulate

the shock formation from a supersonic jet injecting gas into a vacuum environment with a blade

object in the fluid’s path was a particular challenge. This is a mixture of several difficult aspects for

fluid simulations to resolve: high-pressure inlet in a vacuum with supersonic flows consisting of

shock fronts. This was overcome by reducing the complexity of the turbulence model used in the

simulations, employing dynamic load balancing to the simulation grid, and running the simulations

with fine temporal resolution.

The current filamentation instability experiment experienced consistency issues with the laser

accelerator source, resulting in an appreciable pointing jitter. This made collecting a measurable

signal in the electron spectrometer with a narrow angular aperture extremely inconsistent. We
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removed the aperture from the magnets for most of the data runs. While this increased the consis-

tency of charge landing on the ESPEC screen, it also increased the error of the energy measurement

due to the beam’s angular divergence. A shot-to-shot pointing correlation was used to generate an

energy dispersion curve for particles landing on the spectrometer screen for each shot. As well for

this project there was the issue that for the 4 gasses scanned in the filamentation cell, 3 were likely

not uniformly ionized for the extent of the length scans of those gasses. A future similar experi-

ment could take place with a combination of an increase in laser power and a reduction in distance

between the accelerator gas cell and filamentation gas cell to ensure maximized laser power prop-

agating through the filamentation gas cell to ensure uniform ionization of the filamentation gas

species.

The positron generation project produced interesting magnetic focusing artifacts in the electron

beam profiles, as shown in Figure 7.4. In the end, the analysis of the emittance diagnostic was

simple enough to transform the images for LE1 and LP1. However, there was an interesting ‘bow-

tie’-like focusing feature on the screen that captured positrons after the energy electron process.

Figure 8.1 shows the results from numerical simulations which confirmed the suspicions that these

beam structures were due to focusing from the dipole fields in the post-energy selection chicane.

The focusing properties of dipole arrangements should be carefully considered in future experi-

ments, with 3D particle tracking necessary to understand these artifacts, as developed as part of

this dissertation work.

8.3 Future prospects

The future of laser wakefield acceleration as an accelerator technology is exciting, especially in

the setting in which this work is being written at the University of Michigan as the ZEUS laser

prepares for commissioning shots on its high-power target area [15]. Optimizations in the energy

and emittance qualities of this technology bring us closer to the use of laser wakefield accelera-

tors to be used, for example, as injection sources of particles to FEL light sources [161, 162], or
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Figure 8.1: Example of magnetic focusing experienced by energy-selected positron beams (bot-
tom) diagnosed through numerically stepping particles with parameters consisting of a Gaussian
spread of angular distribution from on-axis to 24 mrad through an analytic model of dipole fields
similar to those used in the experiment (top).

for synchrotron storage rings [163–165]. Extensions of using these sources of relativistic electron

beams have been suggested for generating muons via interactions with a high-Z target in a manner

similar to that which the positron generation project in this thesis described; however, the energies

desired for that application extend into the E > 10 GeV [166, 167]. This energy level is conve-

niently in the range of the expected design parameters of electron beams that can be produced at

the ZEUS facility’s high-peak power target area. As these high-power LWFA facilities turn their

attention increasingly towards experiments measuring QED effects in relativistic electron beams,

these types of experiments generally benefit from the increases in spectral quality (high energy
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with low relative energy spreads), in understanding the effects of beam profile uniformity and,

potentially, low-divergence relativistic positron beams that are discussed in this thesis.

With the rejuvenated interest in internal confinement in general from the modern breakthroughs

in reaching record-breaking yields of greater than unity [20], there may be an increased interest in

“fast ignition” schemes, which involve relativistic electron currents to heat the compressed fuel.

Instabilities such as current filamentation and other Weibel-like instabilities have been known for

decades to be a source of energy loss [122, 123, 168]. Experiments extending on the work in this

dissertation making use of LWFA and the ability to isolate the instability, for example, at higher

density should be of interest.
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APPENDIX A

Linear Growth Rate for the Filamentation of Warm

Ultrarelativistic Beams

We consider the case of an infinite length, ultrarelativistic (γb ≫ 1) charged particle beam of

charge qs and mass ms propagating in the ẑ direction (i.e. no gradients in z) through either a

second, counterstreaming beam with a neutralizing ion background (the idealized current filamen-

tation case) or a uniform plasma of initial number density n0, similar to the experimental case.

To generalize this situation, we consider two species labeled s, having an isothermal transverse

pressure 1
2
msnsγ

2
sv

2
th,s⊥. The ultrarelativistic beam allows us to make the paraxial approxima-

tion that the transverse motion is non-relativistic (d(γsvs⊥)/dt ≃ γdvs⊥/dt), and we assume the

plasma motion is nonrelativistic, yielding the following system of linearized fluid equations for the

electron species s,
∂δns

∂t
+ ns∇⊥ · δvs⊥ = 0 , (A.1)

∂δvs⊥

∂t
≃ − qs

γsms

∇⊥ψs −
1

2
γsv

2
th,s⊥∇⊥δns , (A.2)

and conservation of longitudinal canonical momentum

δvs∥ ≃ −qsδAz

γsms

, (A.3)

where ⊥ and ∥ indicate components perpendicular or parallel to z, respectively, ns is the initial

(unperturbed) density of the species s, the pseudopotential ψs = ϕ − Azvs∥ with ϕ and Az the
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scalar and z-component of the vector potentials expressed in the Lorenz gauge, respectively, which

may be combined into a single wave equation for ψs

−
(
∂2

∂t2
− c2∇2

⊥

)
ψs =

c2

ε0

[∑
s′

qs′(ns′ + δns′)− ρn −
vs∥
c2

∑
s′

js′∥

]
,

where ρn is a background (partially) neutralizing charge density. δAz = Az−Az0 where Az0 is the

initial z component of the vector potential. Using js∥ = qs(nsvs∥ + nsδvs∥ + δnsvs∥), we obtain

(
∂2

∂(ct)2
−∇2

⊥

)
ψs =

1

ε0

[
ρ0 +

j0vs∥
c2

−
∑
s′

qs′δns′
(
1− βs∥βs′∥

)]
+
ω2
pβs∥

c
δAz , (A.4)

where βs∥ = vs∥/c, j0 =
∑

s qsnsvs∥ is the initial current density and ρ0 = ρn −
∑

s qsns is the

initial free charge. Note that the Lorentz factors γs are absorbed into the definition of the plasma

frequency ω2
p =

∑
s ω

2
ps =

∑
s q

2
sns/γsms. Taking the divergence of Eqn. A.2 and substituting for

ns0 times Eqn. A.1, we obtain

(
∂2

∂t2
− 1

2
γsv

2
th,s⊥∇2

⊥

)
δns =

qsns

γsme

∇2
⊥ψs ,

which may be Laplace transformed in time for conjugate variable ω and Fourier transformed in

space for k⊥ and substituted for δns in Eqn. A.4, assuming that we neglect the transients arising

from the Laplace transform (i.e. L(∂δn/∂t) = −iωδn(ω) + δn(t = 0) ≈ −iωδn), resulting in

−
(
ω2

c2
− k2⊥

)
ψs =

ρ0c+ j0β0
ε0c

+
∑
s′

(
1− βs′∥βs∥

) ωps′2

Ω2
s

∇2
⊥ψs′ +

ω2
pβs∥

c
δAz , (A.5)
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where Ω2
s = ω2 − 1

2
γsk

2
⊥v

2
th,s⊥. It is convenient to study the combinations of potentials ψ± =

(ψ1 ± ψ2)/2, which leads to

(
k2⊥ − ω2

c2

)
ψ+ =

ρ0c+ j0β0
ε0c

+ k2⊥

(∑
s

ω2
ps

Ω2
s

ψ+ +△s

ω2
ps

Ω2
s

ψ−

)
+
ω2
pβ0

c
δAz (A.6)

− β0k
2
⊥

[∑
s

ω2
ps

Ω2
s

βs∥ψ+ +△s

ω2
ps

Ω2
s

βs∥ψ−

]
(A.7)

and

(
k2⊥ − ω2

c2

)
ψ− = −∆βk2⊥

[∑
s

ω2
ps

Ω2
s

βs∥ψ+ +△s

ω2
ps

Ω2
s

βs∥ψ−

]
+
ω2
p∆β

c
δAz , (A.8)

where β0 = (β1 + β2)/2 is the mean velocity of the species, ∆β = (β1 − β2)/2 is the velocity

difference and △s is an operator that takes the difference, i.e. △sxs = x1 − x2. Note that

ψ+ = ϕ − Azcβ0 is the pseudopotential associated with the average velocity and ψ− = −Azc∆β

means the ψ− is a magnetic mode. In general, these present complicated mixed modes of ψ+ and

ψ−, but we may study some special cases.

For two equal density (∆ω2
p = 0, ωp1 = ωp2 = ωb), velocity (β0 = 0 , ∆β = βb) and transverse

temperature (Ω2
s = Ω2 = ω2 − 1

2
γbk

2
⊥v

2
th⊥) colliding neutralized beams, with Az0 = 0, j0 = 0 and

ρ0 = 0, these equations reduce to the independent modes

(
k2⊥ − ω2

c2

)
ψ+ =

ω2
p

Ω2
k2⊥ψ+ (A.9)

and (
k2⊥ − ω2

c2

)
ψ− = −β2

b

ω2
b

Ω2
k2⊥ψ− −

ω2
p

c2
ψ− , (A.10)

leading to the dispersion relations

1−
ω2
+

k2⊥c
2
=

ω2
p

ω2
+ − 1

2
γbk2⊥v

2
th⊥

, (A.11)
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and

1−
(ω2

− − ω2
p)

k2⊥c
2

= −β2
b

ω2
b

ω2
− − 1

2
γbk2⊥v

2
th⊥

. (A.12)

For short wavelength perturbations ω2
± ≪ k2⊥c

2 (recall that the Lorentz factor is absorbed in the

plasma frequency so k⊥ can still correspond to long wavelengths relative to the plasma skin depth),

the dispersion relations reduce to

ω2
+ ≃ ω2

p +
1

2
γbk

2
⊥v

2
th⊥ , (A.13)

and

ω− ≃ ±iβbωb

√
1− γbk2⊥v

2
th⊥

2β2
bω

2
b

, (A.14)

i.e. for zero initial thermal spread the two modes are plasma oscillations at frequency ωp and

growth of waves with a rate Γ = βbωb, see also [70].

For a single electron beam with frequency ωb propagating into a plasma with frequency

ωp0 ≈ ωp, the initial charge and current densities are non-zero, which would cause issues with

the analysis, including physically the fact that overall pinching of the whole beam can occur. As

three dimensional simulations show, however, the background plasma response is on a much faster

timescale than the beam responds to fields and it therefore acts to generate a return current and

shield the bare charge of the beam to neutralize both the beam’s current and charge, meaning

ρ → 0, j0 → 0. Hence, assuming that ρ0 and j0 are zero and further that
∑

s ω
2
ps/Ω

2
sβs∥ ≈ 0 and

therefore △sω
2
ps/Ω

2
sβs∥ ≈ 2ω2

b/Ω
2
bβb, for a single electron beam the dispersion relation involving

ψ+ is still somewhat complex and coupled to ψ−, but Eqn.A.8 for the (growing) mode ψ− reduces

to

k2⊥ −
ω2
−

c2
= −β2

bk
2
⊥

[
ω2
b

ω2
− − 1

2
γbk2⊥v

2
th⊥

]
−
ω2
p

c2
, (A.15)

which for v2th → 0 is similar to Eqn. 8 in Ref. [71] (note that the sign on the last term is incorrect).

Again, in the limit that ω2
−/k

2
⊥c

2 ≪ 1 (but this time we should not neglect the term ω2
p/k

2
⊥c

2 as the
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contribution from the plasma is not suppressed by a factor γ), this reduces to

Γ ≃

√√√√ β2
bω

2
b

1 +
ω2
p

k2⊥c2

− 1

2
γbk2⊥v

2
th⊥ . (A.16)

For v2th⊥ → 0, this expression reduces to the growth rate for a cold, weak beam [72]. Eqn. A.16

shows that the current filamentation instability growth rate is suppressed for wavenumbers that are

small compared with ωp/c.
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APPENDIX B

Current Filamentation Instability: Electron

Transverse Profile Examples

This section provides examples of sequential on / off (concerning the filamentation gas cell’s inlet

gas supply) shots to qualitatively compare the structured filamented beams to their local reference

shots that did not travel through the filamentation cell plasma. Figure B.1 displays sample shots

for the shortest filamentation gas cell, Figure B.2 for the intermediate filamentation gas cell, and

Figure B.3 for the longest filamentation gas cell. The length and density of the filamentation gas

cell are displayed above each on / off pair. Given the large size of these images, they begin on the

following page.
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Figure B.1: Sequential filamentation gas cell on / off shots to compare the structured beams due to
the filamentation cell compared to local reference shots for the shortest-length filamentation cell.
Each image’s color scale is normalized minimum and maximum range in pixel intensity values of
that image.
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Figure B.2: Sequential filamentation gas cell on / off shots to compare the structured beams due to
the filamentation cell compared to local reference shots for the intermediate-length filamentation
cell. Each image’s color scale is normalized minimum and maximum range in pixel intensity
values of that image.
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Figure B.3: Sequential filamentation gas cell on / off shots to compare the structured beams due to
the filamentation cell compared to local reference shots for the longest-length filamentation cell.
Each image’s color scale is normalized minimum and maximum range in pixel intensity values of
that image.

143



APPENDIX C

Characterization of Shock-Front Inducing Razor

Blade

Figure C.1: Physical measurements of the beveled region of the blade that was utilized in the shock
injection experiment which produced high-energy (E > 1 GeV), monoenergetic (∆E < 10%)
electron beams from a moderate-power (PL < 200 TW) LWFA driver. The angles between the
horizontal bulk blade body and the angled portion that leads to the knife edge are measured to be
approximately 172◦ on the top surface of the blade and 168◦ on the bottom of the blade.
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M. Kirchen, G. Kirwan, C. Kitégi, A. Knetsch, D. Kocon, P. Koester, O. S. Kononenko,
G. Korn, I. Kostyukov, K. O. Kruchinin, L. Labate, C. Le Blanc, C. Lechner, P. Lee, W. Lee-
mans, A. Lehrach, X. Li, Y. Li, V. Libov, A. Lifschitz, C. A. Lindstrøm, V. Litvinenko,
W. Lu, O. Lundh, A. R. Maier, V. Malka, G. G. Manahan, S. P. D. Mangles, A. Marcelli,
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U Schramm, S Schöbel, and K Steiniger. Stable multi-day performance of a laser wakefield
accelerator for FEL applications. Proc. Free-Elect. Laser, pages 196–200, 2022.

[163] Steffen Hillenbrand, Ralph Assmann, Anke-Susanne Müller, Oliver Jansen, Vitali Judin, and
Alexander Pukhov. Study of Laser Wakefield Accelerators as injectors for Synchrotron light
sources. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 740:153–157, 3 2014.

[164] K A Dewhurst, H L Owen, and Bruno Muratori. Use of Laser Wakefield Accelerators
as Injectors for Compact Storage Rings. In 8th Int. Particle Accelerator Conf.(IPAC’17),
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