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Abstract

This thesis presents a detailed investigation into the feasibility of a laser wakefield
acceleration (LWFA) experiment driven by the 3.7 pm centred mid-infrared (MIR) arm
of Chimera, a high-power, short-pulse, multi-beam optical parametric chirped pulse
amplification system under development at Imperial College London. The work addresses
the challenges of commissioning a developmental laser system for routine experimental
operation, with emphasis on front-end stability, and the theoretical viability of MIR-
driven LWFA through particle-in-cell (PIC) simulations. MIR drivers offer potential
advantages for LWFA | including higher normalised vector potentials at lower intensities
and increased accelerated charge, though experimental implementation remains limited

by the scarcity of suitable high-power sources.

Guided by PIC simulations, MIR-~driven LWFA is shown to be feasible within
Chimera’s current design constraints. Self-injection and acceleration of electrons to
energies of ~ 20 MeV are achieved at a plasma density of n, = 5.8 x 10'® cm™3,
provided the laser delivers at least 15 mJ with a pulse duration below 70 fs. Pulse
energy is identified as the dominant parameter, while pulse duration is comparatively
forgiving, indicating that future development should prioritise energy scaling. Although
the bandwidth at MIR generation — via difference-frequency generation in PPLN —
could support compressed pulses as short as ~ 30 fs, higher-order phase accumulation
and bandwidth reduction in subsequent optical parametric amplifiers suggest an initial

compressed pulse duration near ~ 70 fs.

Simulations also reveal electron energies exceeding established scaling predictions,
along with substantial accelerated charge. This is attributed to operation in a high-density
regime enabled by short-pulse, long-wavelength laser-drivers. Early beam-loading effects
suggest the onset of a hybrid beam-driven phase, potentially enhancing laser-plasma
efficiency and beam current. The apparent insensitivity of this regime to acceleration
length could simplify experimental implementation. If confirmed experimentally, this
could position mid-infrared drivers as promising sources of high-charge, high-current

electron beams for future medical and industrial applications.
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1 Introduction

ITH ITS HISTORY SPANNING OVER centuries of academic research, the particle
W accelerator is one of the most fundamental and versatile tools accessible to the
scientific community. Since the first demonstration of a potential difference produced
by opposing charges by Johan Wilcke in 1762 [1], the advent of the electric battery by
Alessandro Volta in 1800 [2] — for whom the ‘volt’ is so-named, to Rutherford scattering
particles off a gold foil in 1911 [3], the manipulation and acceleration of charged particles
has been a tool used to probe and understand the minutiae of our universe. Over a
hundred years in the wake of Rutherford’s keystone experiment, particle accelerators have
dramatically evolved beyond what the savants of the 18" century could have predicted.
Today, following the completion of the Standard Model with the discovery of the Higgs
boson in 2012 [4-6], high-energy particle colliders such as those at CERN and SLAC

seek to continue to advance our collective knowledge of the cosmos.

Beyond the pursuit of scientia gratia scientiae — the concept of “knowledge for the
sake of knowledge” — lie practical and transformative applications of energetic particles.
Far from being confined to kilometres of underground tunnels, particle accelerators
appear in many guises: in hospitals treating cancer through proton therapy [7]; in the
production of isotopes for Positron-Emission-Tomography (PET) scans [8]; in techniques
such as accelerator mass spectroscopy for radiocarbon dating [9]; in semiconductor
fabrication [10]; in food sterilisation [11]; and even in art, where x-rays reveal images

hidden beneath the surface of priceless paintings [12].

Relying on electric and magnetic fields to accelerate and guide particles, modern
particle accelerators have evolved from electrostatic devices, such as the Nobel Prize
winning Cockcroft-Walton generator in 1932 [13], to time-varying accelerators, initially
proposed by Ising in 1924 [14] with his proposal considered the origin of the first ‘true’
particle accelerator [15]. These accelerators typically make use of resonant acceleration,
using radio-frequency (RF) cavities — metal structures that sustain oscillating electro-
magnetic fields at a fixed frequency. In linear accelerators (linacs), a series of such
cavities is spaced so that particles remain in an accelerating phase as they propagate.
Circular accelerators, on the other hand, use magnetic fields to keep particles on a
closed path. Although linacs require particles to pass through each accelerating structure

only once, circular geometries allow them to circulate repeatedly through the same RF
17



Chapter 1. Introduction 18

cavities, gaining energy on every lap. This reuse of accelerating fields substantially raised
the attainable energy limit, but both techniques remain fundamentally constrained by
electrical breakdown in the accelerating structures, placing an upper limit on the electric
field gradient that they can support. Circular accelerators, such as synchrotrons, face an
additional limitation: when charged particles are bent along a curved trajectory, they
unavoidably emit synchrotron radiation, often in the X-ray regime, losing energy on
every turn. To compensate, either more RF power is required, or the bending radius
must be increased, meaning that colliders must be made physically larger to reach
higher energies efficiently. For these reasons, linacs and synchrotrons have, over the
years, grown steadily larger. Superconducting RF cavities can, in principle, sustain
gradients approaching 100 MV m™! before breakdown; in practice, however, reliable
operation is limited to around 20 - 30 MV m™! and, the accelerating field being capped,
the target particle energy directly determines the required accelerator length [16]. The
Large Hadron Collider (LHC), currently the largest particle accelerator in the world,
has a circumference of 27 km and cost over £3 billion to build. Its proposed successor,
the Future Circular Collider (FCC), would surpass it both in scale and expense (see

Figure 1.1), spanning a circumference of ~ 100 km at an estimated cost of £20 billion.

: ~Euture
. Circular

Collider - -

Figure 1.1: An aerial view of the current (LHC — 27 km circumference) and proposed (FCC —
100 km circumference) particle colliders at CERN. Credit: CERN.

The vast expense and diminishing returns associated with accelerating particles to
higher energies in vacuum motivate the search for alternative approaches — ones not
limited by the technological ceiling of electrical breakdown. Beyond advancing particle
physics, many fields, particularly medicine, require less energetic beams; yet conventional
accelerators remain too large, costly, and cumbersome for most hospitals to accommodate.
The hope, therefore, is that compact, high-gradient accelerators might not only broaden
applications in medicine, industry, and materials science, but also provide the higher
accelerating gradients sought in particle physics. For this shift, we turn to a different

kind of particle acceleration — one that harnesses the fourth state of matter: plasma.
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As plasmas are already fully — or partially — ionised, they are not subject to the same
constraints that limit RF cavities and can, in principle, sustain electric field gradients
thousands of times larger than those achievable in conventional RF structures. Realising
such extreme conditions, however, requires a driver capable of delivering ultra-intense,
ultra-short bursts of energy. The advent of the pulsed laser in 1960, with Theodore
Maiman demonstrating the first operational device and reportedly describing it as “a
solution seeking a problem” [17, 18], and the subsequent development of high-power laser

technology, provided just such a tool, opening the door to laser-plasma acceleration.

1.1 Lasers

Since Maiman’s ruby laser, laser technology has found countless applications, spurring
entire realms of scientific and medical research, as well as wide-ranging everyday use. At
its core, a ‘classical’ laser relies on a population inversion between electron states within
a gain medium — a material capable of amplifying radiation. This principle has given rise
to many varieties of lasers, including gas lasers such as helium-neon and carbon dioxide,
semiconductor lasers such as gallium arsenide (GaAs) laser diodes, and solid-state lasers
such as titanium-sapphire (Ti:Sa), neodymium-doped yttrium lithium fluoride (Nd:YLF)
and neodymium-doped yttrium aluminium garnet (Nd:YAG). A population inversion is
established by a ‘pump’, which may, for example, be an electrical discharge or a light
source, such as another laser or a flashlamp. The gain medium is enclosed in a resonant
cavity formed by two mirrors, one highly reflective and the other partially transmitting,
so that photons undergo multiple passes of amplification before emerging as an intense,

quasi-monochromatic beam.

In the decades following its advent, there has been a steady drive to achieve ever
higher peak laser powers and intensities. Shown in Figure 1.2, progress in this field
has often advanced in leaps of several orders of magnitude, enabled by technological
breakthroughs — firstly due to the invention of Q-switching in 1961 [19], only a year after
the laser itself, followed shortly by the development of mode-locking in 1964 [20-24].
Progress slowed until the emergence of chirped pulse amplification (CPA) in 1985 by
Donna Strickland and Gérard Mourou [25], revolutionising the field of high-intensity

lasers and their applications, and later earning them the 2018 Nobel Prize in physics.

Beyond CPA, the field of nonlinear optics has provided additional tools for high-
power laser development, enabling frequency conversion and parametric amplification.
In particular, optical parametric chirped pulse amplification (OPCPA) has emerged as a
powerful successor to CPA, offering broader gain bandwidths and higher peak powers
while imposing lower thermal constraints than traditional population inversion-based
gain media. As a result, femtosecond-scale lasers are now commonplace in fields as
diverse as chemistry, biology and high-intensity science, with current efforts pushing

toward the attosecond regime, in pursuit of ever higher intensities.
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Figure 1.2: A simplistic evolution of laser power increases as a result of technological advances,
from the advent of the ruby laser in 1960 to the present day. The current and future high-power
laser systems available at UK national laboratories are shown in blue, with the European
Extreme Light Infrastructure (ELI) included as a major international partner.

The unique properties of high-power femtosecond-scale lasers have allowed laser
research to extend into a multitude of wide-ranging applications across the fields of
science, technology, and medicine, exemplifying their variety and versatility. Examples of
these include precision spectroscopy [26], high-harmonic generation [27], and laser-driven
particle acceleration [28-31]; fiber-optic communications [32] and microelectronics [33];
and, precision surgery [34] and the fabrication of cardiological micro-stents [35]. The
most powerful lasers of this kind currently operate in the visible and near-infrared
(NIR) spectral range. Ti:Sa systems are capable of the shortest pulse durations, while
Nd-doped materials typically produce the highest pulse energies of O(1 kJ). The most
powerful systems to date are Ti:Sa lasers at 800 nm, producing ~10 PW peak power at
~20 fs [36]. These extreme peak powers and ultrashort pulse durations provide precisely
the conditions required to drive plasma waves, making high-power lasers an ideal tool

for plasma-based particle acceleration.

1.2 Laser-Plasma Acceleration

The concept of laser-plasma acceleration was proposed by Toshiki Tajima and John Daw-
son in 1979, who, through computer simulation, showed that an intense electromagnetic
pulse (such as a high-intensity laser) could drive plasma waves capable of accelerating
electrons to gigaelectronvolt energies per centimetre of accelerating distance [28]. In their
seminal paper, they explored several mechanisms for exciting such plasma waves, all based

on the principle that a photon-derived ponderomotive force can drive a plasma wave
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with a phase velocity matching that of the driver. Amongst the mechanisms discussed
were beat-wave excitation, in which two laser beams with a small frequency difference
Aw = wy, interfere to resonantly drive a plasma wave; Raman forward scattering (RFS);
and, using a laser pulse length on the timescale of the plasma frequency, 7 ~ w; 1 what
is now known as standard laser wakefield acceleration (LWFA). In the LWFA regime, an
intense, ultrashort laser pulse propagates into a low-density gas and, with its leading
edge, ionises it into a plasma. As the laser propagates, electrons are expelled from its
path by the ponderomotive force, leaving behind a positively charged cavity and setting
up large-amplitude plasma oscillations in its wake. These plasma waves, oscillating at
the characteristic plasma frequency, sustain strong longitudinal electric fields capable of
accelerating electrons to relativistic energies. An example of the LWFA regime, where a

high-intensity laser pulse drives a plasma wave, is shown in Figure 1.3.

20 mm

Figure 1.3: A photograph, taken at ELI-NP in Romania, of a plume of gas at the moment a high
intensity laser is fired into it to drive a plasma accelerator. The laser pulse, illustrated in red, is
focused into the gas (white), which is ionised by its leading edge to form a plasma — this can be
seen in the photograph by its bright emission. The inset shows a simulated view of the
interaction region, illustrating the initial stages of electron acceleration in a laser wakefield
accelerator. A small population of electrons from the background plasma (blue) has been
injected into the wave and is being accelerated behind the laser pulse (red). In the photograph,
the accelerated electrons are represented by the blue dashed lines exiting the gas plume. Their
curved trajectories represent an interaction with a magnet spectrometer so that their energy may
be extracted. The green hue is due to a coloured filter in front of the camera, used to block out
the laser light.

Many proof-of-principle experiments followed Tajima and Dawson’s 1979 paper, but
it was not for another 13 years that the first clear experimental demonstration of plasma
electron acceleration (using beat-wave excitation) was achieved [37-39]. This delay was
primarily due to the lack of sufficiently intense electromagnetic drivers, as lasers at

the time were limited by the damage threshold of optical components; a barrier which
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was overcome by the pioneering development of chirped pulse amplification (CPA) in
1985 [25], which enabled the amplification of ultra-intense, ultrashort laser pulses and
prompted a rapid increase in experimentally available laser intensities. In the following
decades, a series of landmark experiments confirmed the feasibility of plasma-based
acceleration schemes for electrons [40-43], while intense laser-solid interactions also
enabled proton and ion acceleration by alternative mechanisms such as target normal
sheath acceleration (TNSA) [44-47].

In 2004, three independent experiments reported the first generation of high-quality,
quasi-monoenergetic electron beams using LWFA. These beams exhibited both low diver-
gence (~ 1 mrad) and high charge (~ 10 pC), with energies peaking at ~ 100 MeV [29-31].
The results have since allowed the LWFA regime to dominate the field, with higher and
higher electron energies being achieved through methods such as relativistic self focus-
ing [48], capillary-discharge waveguides [49-55] and laser pre-ionised plasma channels
[66—61]. Since then, continued advances in laser technology, target design, and diagnostics
have enabled LWFA systems to routinely produce GeV-class electron beams. At the
time of writing, energies approaching 10 GeV have been demonstrated using meter-scale,

channel-guided laser plasma accelerators [62].

While these milestones suggest that the field has moved beyond its infancy, significant
challenges remain. Chief amongst them are increasing the accelerated charge and energy,
improving beam quality and stability, and scaling the technology to higher repetition
rates, all of which are necessary before compact, high-gradient accelerators become
viable for medicine and industry. Ongoing research is tackling these issues on several
fronts: particle energies are being extended through pre-formed plasma channels [62] and
multi-stage acceleration schemes [63]; wall-plug efficiency and repetition rate are being
addressed with more efficient laser drivers [64, 65] and lower power systems [66]; and
beam quality and charge are being improved through advances in controlled injection

techniques [67-71] and tailored plasma profiles [72, 73].

To date, most experiments have relied on near-infrared Ti:Sa lasers, operating at
a centre wavelength near 800 nm. Yet the wavelength of the driving laser remains a
largely unexplored frontier. Fundamental scaling laws [74] indicate that long wavelength
drivers could provide substantial benefits: increasing the effective normalised vector
potential for a given intensity (agp o< ), (which also allows the same ay to be reached
with lower-power, lower-intensity systems); lowering the critical density (n. oc A~2); and
increasing the total accelerated charge (N oc A). These compelling potential advantages,
coupled with rapid technological progress in mid-infrared (MIR) laser development —
where we define MIR to be in the range 2.5 - 10 pm — make this regime a compelling

direction for the field to now explore.
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1.3 Motivation for the Mid-Infrared

While near-infrared (NIR) lasers dominate in fields such as telecommunications [32],
multiphoton microscopy [75, 76], and experiments requiring extreme intensities such as
inertial confinement fusion and laboratory astrophysics [77, 78], MIR systems open a
different set of opportunities. Light in the 2.5 - 10 um band, known as the ‘fingerprint’
region, can directly excite fundamental vibrational modes of molecules, making the MIR
uniquely suited for vibrational spectroscopy and molecular identification [79, 80]. This
means that the MIR can be used across applications such as gas [81] and human breath
analysis [82], environmental monitoring and industrial process control [83], as well as
security and defence through explosive detection [84]. Strong absorption of water around
3 pm has also led to precise surgical techniques such as corneal and dental ablation, and
continues to motivate ongoing research into dermatological, gynaecological, cardiovascular
and neurological applications [85]. The MIR is also of interest for atmospheric studies,
there being two transmission windows (3 - 5 pm and 8 - 12 pm) in the MIR, prompting
great interest in its use for free-space optical communications and LIDAR [86]. Finally,
the attractive scaling of normalised vector potential with increasing wavelength provides
ample opportunities within the field of strong-field and attosecond science, such as

extending high-harmonic generation (HHG) to ever shorter wavelengths [87].

Despite this abundance of potential applications, short-pulse MIR sources remain far
less common than their NIR counterparts. Many of these applications, especially those
requiring high peak powers, rely on femtosecond-scale pulse durations, but producing
such pulses in the MIR remains a veritable challenge. Conventional gain media capable
of lasing with sufficient bandwidth in this region are scarce, limiting direct approaches.
While solid-state lasers have made substantial progress in recent years, much of the field

has instead turned to nonlinear optical techniques for MIR generation and amplification.

This thesis presents the first technical report of the Chimera laser system, based at
Imperial College London. Chimera is a multi-beam, high-power, short-pulse system built
on optical parametric chirped pulse amplification (OPCPA) technology, with one arm
operating in the mid-infrared (centred at 3.7 pm) generated via the nonlinear mixing
process, difference frequency generation. Here, we document and characterise the system,
and evaluate its feasibility for driving an in situ laser wakefield acceleration experiment
at Imperial College London, particularly through detailed numerical simulations used to

identify the key laser performance requirements.

1.4 Organisation of Thesis

This thesis aims to investigate the practical realities of commissioning a short-pulse,
high-power mid-infrared laser to the point where it can routinely deliver light to an
experiment, with particular emphasis on its application to driving a laser wakefield

acceleration experiment. The remainder of this thesis is organised as follows:
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Chapter 2 and Chapter 3

Will review the theoretical background relevant to the work presented. Chapter 2 will
focus on laser physics, while Chapter 3 will introduce the theory of laser wakefield
acceleration. Topics will include nonlinear optical processes central to the Chimera laser
system, such as difference frequency generation and optical parametric amplification,
before extending the treatment of nonlinear optics into underdense plasmas. This will

culminate in a description of the laser wakefield acceleration mechanism.
Chapter 4

Will describe the methods used in this work, including diagnostics implemented on the
Chimera laser system and the numerical approaches employed for wakefield acceleration
simulations. Convergence tests supporting the choice of simulation resolution will also

be presented.
Chapter 5

Will document the development and characterisation of the short-pulse, high-power, multi-
wavelength OPCPA Chimera laser system at Imperial College London, with emphasis on
its mid-infrared arm, centred at 3.7 pm. The chapter will also report results from its
first commissioning shots in a mid-infrared-driven solid-target high harmonic generation
experiment. A technical paper detailing the design and performance of the Chimera

laser system is currently being prepared for publication.
Chapter 6

Will present the results of a density-scan simulation campaign, which revealed unexpect-
edly high accelerated electron energies. Potential explanations for these observations
are investigated, including the influence of carrier envelope phase effects, direct laser
acceleration, and beam loading. The work presented in this chapter is ongoing; however

is expected to lead to a publication.
Chapter 7

Will discuss the parameter space required for the Chimera mid-infrared pulse to suc-
cessfully drive a laser wakefield acceleration experiment. This will include the minimum
performance requirements of the Chimera laser as well as estimates of the plasma length

required for effective acceleration.
Chapter 8

Will summarise the work presented in this thesis. Conclusions from the preceding

chapters will be revisited, and prospects for future work will be outlined.
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HIS CHAPTER DEVELOPS THE theoretical background required to understand the
T operation of the Chimera laser system. We begin by introducing Maxwell’s equa-
tions and their role in describing the propagation of electromagnetic waves in linear
and nonlinear media. From this, we turn to nonlinear optical interactions, outlining the
principles of second harmonic generation, difference frequency generation, and optical
parametric amplification. We consider the temporal aspects of ultrashort pulses, begin-
ning with the time-bandwidth product and the limits it places on pulse duration, before
discussing chirped pulse amplification as a means of achieving high intensities while
avoiding material damage. This leads to a treatment of pulse stretching and compression
schemes, and their implementation within the framework of optical parametric chirped
pulse amplification. We also examine the role of carrier envelope phase in few-cycle
systems, and conclude with a discussion of optical damage mechanisms and the Kerr-lens

modelocking process, which underpins the operation of femtosecond oscillators.

2.1 Nonlinear Light-Matter Interactions

In their macroscopic differential forms, Maxwell’s equations describing all electromagnetic

phenomena are given as:

0B

E=——+ 2.1
V X 5 (2.1)
oD
H=J- — 2.2
V x J 5 (2.2)
V-D=p (2.3)
V-B=0 (2.4)
with
D=¢E+P (2.5)

25
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Here we denote electric and magnetic fields as E and M, magnetic vector H, free
current density J, electric displacement D, charge density p and material polarisation P.
In dielectric materials, we have D = 0 and in vacuum, P = 0. Following the derivations
presented in [88], we now review the fundamental nonlinear phenomena relating to
high-intensity laser systems, along with specific cases that are relevant to the Chimera

laser system.

Before going any further, we note that in optics, the word ‘polarisation’ is given two
meanings. We may refer separately to the polarisation of light and the polarisation of
matter. The former describes the direction of the field vectors in light (as a transverse
electromagnetic wave), and the latter refers to the polarisation of the medium (i.e.
the result of charge displacement by an imposed time-varying electric field). This
second characterisation is also defined as the induced dipole moment per unit volume,
P, = eox(i)Ei. It is this definition that we will continue to work with in this section. We

may expand polarisation P; in terms of electric field amplitudes E’ as a power series:

P = ¢[YVE + Y?PE? + YO + ] (2.7)

Where ¢ is the vacuum permittivity and the tensor coefficients X(i) represent the
electric susceptibilities of the medium, with units m~YVI-9) for all i > 1. Note that,
other than the lowest order linear y(V), these coefficients are typically small, and the
terms they accompany only become significant with the imposition of strong electric
fields such that the higher terms are then approximately comparable in magnitude to
the linear response. The minimum electric field strength amplitude required to exhibit

such a response is O(10* Vem™!), corresponding to intensities of O(10* Wem™2).

Whilst a series expansion is essentially a mathematical tool, the remarkable and
observable power of nonlinear optics is that individual coefficients have meaningful and
distinct consequences linked to specific physical phenomena. The first order susceptibility,
), describes linear optical effects and gives rise to the “ordinary” material refractive
index, used for example to determine the behaviour of lenses and other fixed refractive
optical elements. y(? is used to describe second-order (typically two-photon) effects
such as second harmonic generation (SHG), sum frequency generation (of which SHG is
a specific form) and difference frequency generation (DFG). x®) describes third-order

effects such as third harmonic generation, four-wave mixing, the Kerr effect, and so on.

One reason we can attribute different behaviours to distinct coefficients is that these
higher-order terms are diminishingly small except under specific conditions. These
conditions depend not only on symmetry considerations but also on the temporal and
spatial overlap (or walk-off) between the driving field and the generated field, which must
maintain phase coherence for the new field to build up appreciably. An example of this

can be demonstrated by selecting the second-order coefficient y(?), which is non-zero only
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when the material in use possesses no inversion symmetry. This is true for all even terms:
no centrosymmetric crystal may exhibit even-ordered nonlinear effects. We will focus
particularly on the second-order coefficient x(?), as many of the nonlinear phenomena

most relevant to the Chimera laser system are of the second order.

From Maxwell’s equations (assuming a non-magnetic medium with no free charges),
we take the curl of Equation (2.1) and the derivative with respect to time of Equation (2.2)

and extract a wave equation:

5°E 5P

V2E — — = Uy—=
€0H0 512 Ko 512

(2.8)

where ¢ = 1/, /eojio = 3 x 108 ms™! is the vacuum speed of all electromagnetic waves.

Ignoring the vectorial nature of the fields, we can simplify this expression for a plane

wave propagating in the +z-direction to:

) ) §2P
52 €0M05? = MO(S? (2.9)

Assuming monochromaticity to simplify the mathematics, ensuring no time depen-
dence of the respective complex amplitudes (in practice, we will also need to consider
broadband, temporally confined pulses), we can solve this equation by taking the general
case where we express both the electric field and polarisation waves as a complex sum of

discrete frequency components:

1 .

E(z,t) = 3 Z Epexp{iwnt} + c.c. (n €N)
1” ) (2.10)
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=3 Z Prexp{i(wnt — kn2)} + c.c. (n € N)

Where c.c. refers to the respective complex conjugates. Inserting these expressions
into Equation (2.9), and assuming a slowly varying envelope approximation to disregard

the second spatial derivative of the field term, it follows that for the n'® component:

oE,

2k, ——
Zn&z

+ E, (k2 — eopow?) = pow? P, (2.12)
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When propagating in vacuum, P, and therefore also P, is equal to zero and the
equation becomes relatively simple to solve, simply by choosing a wavenumber which

makes 6F/dz equal to zero. We therefore retrieve the familiar expression:

w
kn = \/€opown = ?n (2.13)

When propagating through any material or medium, however, the polarisation term
may not be set to 0. Instead we can choose to separate it into its respective linear and
nonlinear contributions PY, PNL such that in the case above, we have P = PL 4+ PNL,
At this point, we may simplify again by expressing the linear polarisation as the first

order term of its Taylor expansion, giving RI; = ¢oxWE,, and Equation (2.12) becomes:

SE,,
2k,
ik 5

+ By (k2 — eopow? (1 + xM)) = pow? PNV (2.14)

In a linear approximation, PN = 0 and we extract a new expression to describe the

wavenumber of a wave passing through a material:

kn = \/eotiown\/1 + XU = w—;\/l—l—x(l) = n”—c‘*’" (2.15)

Where /1 + x(1 is equal to the refractive index of light n,, travelling at frequency
wn, and the susceptibility ! is defined as before. Using this new definition of the

wavenumber k,, Equation (2.14) is reduced to:

E j N
OBn _ __iHoen g (2.16)
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Although simplified to be one-dimensional and to ignore any time dependence of the
complex amplitudes (potentially a poor simplification when dealing with real — and short
— laser pulses, as is the case for us), it is this differential equation that provides the basis

for all further study of nonlinear optics.

While a detailed derivation will not be given in this thesis, the assumptions required
to obtain the full wave equation for short pulses will be discussed. To begin, we choose
to include only one frequency component w, as we typically deal with signals very close

to a single frequency. As such, we drop the subscript n from all physical variables. As
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before, we separate the polarisation term into its linear and nonlinear contributions,
P = PL 4 PNL If we do not ignore the time dependence of the complex field and

polarisation amplitudes, the wave equation given in Equation (2.9) becomes:

5(PY + pNL))

oF 0E - o
Qikd— + 2iwegpo— + E (k% — eopow?) = o (wQ(PL + PNYY — 240 g
z

dt
(2.18)

Setting P = ¢gx(VE and using ¢ = 1/,/eopio and k = ngw/c, where ng = /1 + x()

is the low-intensity (linear) refractive index, we can simplify the above expression to:

SF n no 0F B —iuowc(l 2i 0
dz c dt 2np

~ dt)PNL (2.19)

And identify a phase velocity vphase as being equal to ¢/ng. Happily, we can see that
if we choose again to ignore any time dependencies, we can reduce this equation back to
Equation (2.17).

Something which we have omitted from this derivation thus far is the fact that both
the refractive index and the susceptibility are generally frequency dependent and complex,
meaning that our previous relation between ng and x(!) requires a revision such that
Uphase = ¢ / no(w) = ¢ /1/1 4+ x(M(w) = w/k. The physical consequence of this frequency
dependence is the well-known phenomenon of dispersion. We will not go into any further
detail here, other than to define a group velocity vgroup = dw/dk as the speed of the
pulse envelope, note that vphase describes the speed of the optical carrier wave and that
to include dispersion in our equation, we often find it more convenient to switch to the
frequency domain. The treatment of this will not be included here but can be found
in [89].

2.2 Nonlinear Mixing

Here, we consider the basic frequency mixing processes of nonlinear optics. In optical
parametric chirped pulse amplification (OPCPA) systems such as the Chimera laser,
optical parametric amplification (OPA), a three-wave mixing process, is particularly
relevant. Difference frequency generation (DFG), another three-wave mixing process,
is also of the utmost importance, as it is this process that we exploit in order to first
generate our mid-infrared seed pulse. The simplest example of a mixing process is second
harmonic generation (SHG), whereby energy is transferred from the fundamental wave
at w to a wave at twice its frequency 2w. This is a special case of the three-wave mixing
process, sum frequency generation (SFG). Figure 2.1 shows a generalised photon picture

of the energy exchange that takes place within each of these three-wave mixing processes.
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In each case, the arrows pointing upwards depict a depleting (or pump) wave, and the
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arrows pointing downwards depict an enhanced one.

(a) (b) (c)
Sum Frequency Difference Frequency Optical Parametric
Generation (SFG) Generation (DFG) Amplification (OPA)

Figure 2.1: Energy level diagrams to describe SFG (a), DFG (b) and OPA (c) processes. Second
harmonic generation (SHG) is a special case of SFG where w; = we. OPA is mathematically
identical to DFG but is a seeded process.

To understand any mixing process with reference to the previously discussed wave
equation, we need to find expressions for all relevant P,I;IL. For the case of a three-wave
process, we include n = 1, 2,3, where the subscripts have no numerical significance
other than to differentiate the frequencies. With the expansion for polarisation in
Equation (2.7), we see that the second-order term comes in the form cox P E2. Using
Equation (2.10), we find the total field to be:

E(z,t) = %[El exp{i(wit — k12)} + By exp{i(wat — koz)} + Ezexp{i(wst — k32)} + c.c.]
(2.20)

Rather than beginning with the general three-frequency case, we will use second
harmonic generation as an example. A special case of sum frequency generation, this is
the most straightforward, and from this, we may extend the underpinning ideas to more

complicated processes.

2.2.1 Second Harmonic Generation (SHG)

The simplest and best-known nonlinear optical phenomenon, second harmonic generation
(SHQG), also referred to as frequency doubling, is considered by many to be the ‘second
birth’ of nonlinear optics, following the advent of the laser in 1960, which could finally
provide the high field strength required to prompt a detectable nonlinear response. The
first nonlinear experiment of the laser era was a demonstration of SHG by Peter Franken

in 1961, who focused a ruby laser into crystalline quartz and produced a harmonic “as high
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as a fraction of a percent of the fundamental” [90]. At this point, the conversion efficiency
was not high enough for this result to be anything more than an exciting demonstration
of the theoretical descriptions of multi-photon physics provided by Maria Géppert Mayer
in 1931 [91]. Soon after Franken’s result, however, the efficiency was greatly improved
through the exploitation of material birefringence to ‘phase match’ the fundamental and
harmonic waves and thus expand the field into practical applications [92]. Nowadays,
with the phase matching problem solved and significant progress in reaching higher laser
intensities, SHG is used widely, reaching efficiencies of over 50% and regularly exploited
in applications ranging from optical microscopy [93] to shifting output wavelengths of
lasers. Indeed, acting as a vehicle for a frequency shift is exactly how we make use of

this process in the Chimera laser system.

To understand this process with reference to the wave equation, we need to find
expressions for 151NL and ]52NL. Only these first two terms are necessary as we are
considering only the terms n = 1,2 for the respective fundamental and harmonic waves,
wp and wy. With the expansion for polarisation in Equation (2.7), we see that the
second-order term comes in the form egx(? E2. Using Equation (2.10), we find the total
field to be:

E(z,t) = %[El exp{i(wit — k12)} + Ey exp{i(wat — koz)} + c.c.] (2.21)

Both PN terms can thus be found by evaluating the square of the sum of these
fields. Renaming the fundamental frequency wi as w, and its second harmonic wy as 2w,
each term in this expansion can be identified by its frequency order. This is shown in
Table 2.1.

Field Term ‘ Associated Frequency
EQ 67j(2wt—2sz) 20
ENI*(Quei(witJerUJz) 2w
Eéw pildwt—2kz,2) m
E;Q et(—4wi+2kaw2) A
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2By, E3, DC
QEwE"u2wei(3wt—(kw+k2W)z) 3
26 i (3wt (ko tha)2) 3w
w
QEzEQWei(wt—(km—kw)z) w
2Ewngei(fwt+(k2wfkw)z) w

Table 2.1: The square sum field expansion of the second order nonlinear polarisation, with terms
identified by the resultant ‘new’ frequency.

We can then match the relevant frequency terms in Equation (2.7) with the terms in
Table 2.1 to find:
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For the fundamental and second harmonic frequencies. In both expressions, we may

identify a phase-mismatch parameter ko, — 2k,,. This can be defined as:

Ak = ko, — 2k,
2wn WNy,
e i (2.24)
c c
2w
= 7(”2:‘) - nw)

Inspecting the above, we find that Ak is equal to zero (i.e. the relative phase between
the nonlinear polarisation and harmonic field is negligible, and the interaction is at its
most efficient) only when the refractive indices are equal. Given the nature of dispersion,
it is highly unlikely that our refractive indices will be the same in a real optical material,
and thus, the phase-mismatch will prevent efficient energy flow from the fundamental to
the harmonic waves. The severity of the phase-mismatch can be quantified by defining a
distance known as the coherence length L.y, for which the field and polarisation terms
become 7 radians out of step. There is no well-defined definition of this parameter, so

we will define it here as it is presented in [88] as:

™

AR (2.25)

Lcoh =

Mathematically, to phase match requires manipulating a system such that Ak =0
(and therefore na,, = n,,) throughout a significant fraction of the length of the crystal in
which the interaction occurs — this length typically being many 10s of Lcon. This can be
achieved in a number of ways, including the use of birefringent phase matching (BPM),
a technique which exploits material birefringence in non-centrosymmetric, optically
anisotropic crystals such as BBO (f-barium borate) and KTA (potassium titanyle

arsenate). The refractive indices of birefringent materials are polarisation dependent — a
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phenomenon first documented as early as 1669 when Danish scientist Erasmus Bartholini
observed a double refraction of light incident on the calcite crystals he was studying
in Iceland [94]. In practical terms, this means that if the fundamental and harmonic
waves are in different polarisation states, they can be quite efficiently (to > 50%) phase
matched. Birefringent phase matching can be further categorised into two types (Type
I and Type II) depending on the polarisation states of the interacting waves. Type I
phase matching occurs when the two input photons are of the same polarisation, either
perpendicular (ordinary) or parallel (extraordinary) to the optical axis, and combine to
generate a photon in the orthogonal polarisation state. Type II phase matching uses
input photons of orthogonal polarisation states: one ordinary and one extraordinary.
This allows finer control over the effective refractive indices within the nonlinear crystal
in use, such that the phase matching condition can be satisfied and optimised through

angle tuning.

Another method to achieve efficient phase matching is to reverse the orientation of
the non-centrosymmetric crystal at every coherence length, causing a sign reversal of
the x(®). This sounds complicated, but it was proposed in 1962, soon after the first
demonstration of BPM [95], with the first experimental fabrication and results coming in
1965 [96, 97]. The technique is now known as periodic poling and is used to ‘quasi-phase
match’ (QPM) fundamental and harmonic waves. The difference in signal intensity
when phase matching using both methods versus having a phase mismatch is shown in

Figure 2.2.

We return now with our newly defined parameters to the wave equation in Equa-
tion (2.19), to produce a set of coupled wave equations which govern second harmonic

generation. These are:

SE. —ioy® -
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W

These coupled differential equations can be solved by using the Manley-Rowe relations,
which, although originally derived for nonlinear capacitor and inductor oscillations within
an electrical circuit [98], very precisely describe energy, momentum and photon number
conservation within interacting fields. These are found by considering intensities rather
than fields. Using:

1 -
I, = §ceonn\En]2 (2.28)

We may rewrite the above equations as:



Chapter 2. Theory — Laser Technology 34

dr 1 @r.. . .

7d: — 7“061)( [EiE;‘we’Akz + c.c.] (2.29)

dr P) .,

d2w B we;;x {EL%E;UJ@ZAM + C.C.] (2.30)
z

These are the Manley-Rowe relations and, for the case of SHG, can be rewritten in

the following form:

d (4L,\  d (8L,
o) - (52) (2:31)

We leave the frequency terms in to highlight the role they play when they are not
harmonics of one another but rather two (or more) distinct frequencies w; and ws. For

the more general case:

d/ L\ _ d(I
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Figure 2.2: Second harmonic intensity signal as a function of coherence length. Birefringent
phase matching (BPM) can be described as ‘perfect’ phase matching (although in reality it will
be affected by crystal imperfections, temperature fluctuations and spatial walk off), and leads to
higher intensities in second harmonic signal than for quasi-phase matching (QPM). The intensity
growth of QPM initially follows the phase-mismatched curve. After reaching a single coherence

length, the polarity is reversed, causing the field (and therefore intensity) to continue to grow
instead of depleting through back-conversion. As the intensity goes as the square of the field, the
intensity of the QPM signal after each n coherence lengths grows as the power of n.
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We may also demonstrate this in a much simpler fashion by using the frequencies to
think about the photon number picture, where we can say that for every photon gained
at wy (2w), two photons are lost at w; (w). Using the conservation of energy, we can
describe this with:

277,(,01 - hWQ (233)

Where h is Planck’s reduced constant. Figure 2.1a shows this process schematically
for the more general mixing process of sum frequency generation. The equation is
written as reversible — this is to highlight how the process evolves as a result of the phase
mismatch. After propagating over a single coherence length, the process starts to go
in reverse, with the generated photons now being converted back to the fundamental
pump field. This was a significant barrier to high efficiency processes, but is, these days,
resolved by using either material birefringence or periodic poling to achieve quasi-phase
matching. In the Chimera laser system, we use both of these methods. Our SHG and
OPA stages are all phase-matched through material birefringence of angle-tuned BBO
and KTA crystals. Our mid-infrared pulse is generated in a DFG stage using magnesium
oxide-doped periodically poled lithium niobate (MgO:PPLN). In the photon picture, the

phase-matching condition can also be described by the conservation of momentum:

2hky = hks (2.34)

2.2.2 Difference Frequency Generation (DFG)

Difference frequency generation (DFG) is a second order, nonlinear, three-wave mixing
process. When directed at a non-centrosymmetric crystal, an intense incoming beam,
described as the ‘pump’, can be split into two lower-energy ‘signal’ and ‘idler’ output
beams. As in the case of SHG, we aim to find a set of coupled wave equations to describe

the process mathematically. Now, considering n = 1,2, 3, we have a field of the form:

E(z,t) = %[ENl exp{i(wit — k12)} + E1 exp{i(wat — koz)} + Ezexp{i(wst — k3z)} + c.c]
(2.35)

We use this to solve for eox(2)E2, and find expressions for ]51NL7 JB%VL and ]Sé\IL. The
maths is more involved for the case of three distinct frequencies, but the process remains
the same. The nonlinear polarisation terms can be identified as PN" = ¢gx(?) E3 Eje Ak,
pzNL = on(z)EgEik e k2 and pé\IL = ¢ox D E; E2e'®%% yielding three coupled differential

equations:
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Where this time, the phase mismatch is Ak = ks — ko — k1 (and k3 > ko > k). The
Manley-Rowe relations describing the rate of creation and destruction of photons can be

found and turned once more into a statement of energy conservation:

d 13 d 12 d Il
B (e 2 R 20 N (et 2.
dz<w3> dz<w2> dZ<w1> (2:39)

This can again be described more simply using the photon picture, where the photon

frequencies w are described by:

huwp = hws + hw; (2.40)

Here we adjust the subscripts to refer to pump 3 — p, signal 2 — s and idler 1 — i,
and 7 is Planck’s reduced constant. Note that wp > ws > wi. This relationship tells us
that for every photon created with energy hws, a photon is also created at hw;, while
energy at fwy, is depleted. This is shown schematically in Figure 2.1b.

This picture is an interesting one, as we might immediately ask how the photon
with energy hwp, knows which frequencies it ought to split into. The answer, of course,
lies in where the most efficient phase matching may take place — the phase matching

(momentum conservation) condition must also be satisfied:

hky = hks + hk; (2.41)

Where k is used to denote the wavevector of the beams. Despite our choice of
frequency (and therefore wavelength) being limited by where we may find efficient phase
matching, this method opens the door not just to the possibility of more exotic ‘off-
harmonic’ wavelength generation, but to the possibility of using this process whilst
maintaining vast amounts of bandwidth, particularly compared to classic gain storage
laser materials. In the Chimera DFG stage, we can create and amplify over 1 pm
of bandwidth in the mid-infrared, allowing for later compression potentially into the

few-cycle regime.
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2.2.3 Optical Parametric Amplification (OPA)

Optical parametric amplification (OPA) is based on the second order nonlinear optical
process DFG. Mathematically, OPA and DFG are the same: an intense incoming pump
beam with frequency w, separates itself into two lower energy output beams. The
difference between these processes is in the initial conditions. OPA is necessarily a seeded
process, whereas DFG requires only one incident beam [88, 99]. Figure 2.1 compares the

energy level diagrams of the two processes.

Parametric amplifiers have several advantages over classic gain storage laser amplifiers.
They can provide a broad bandwidth, determined not by the laser transition but by a
combination of phase matching and transparency of the nonlinear crystal, and are not
limited to narrow wavelength ranges. They are thus seen not just as an attractive way
to amplify broad bandwidths of ‘unusual’ wavelengths of light (such as within the mid-
infrared) but also as a way to avoid gain narrowing within an amplifying medium [100].
B-barium borate (BBO) and lithium triborate (LBO) are nonlinear crystals that are
frequently used in OPA processes as they not only exhibit useful optical qualities such as
high x(?) and low group velocity dispersion but also have very high damage thresholds [99].
Another common crystal is potassium titanyl arsenate (KTA). KTA is a more specialised
case: it is transparent between 0.4 - 5 pm with optimal performance at 3.5 pm, hence
providing an ultra-broad bandwidth, and it also exhibits a very high damage threshold,
making it well suited for high power MIR laser amplification [101].

Despite producing a much higher gain per unit length than classic laser amplifiers,
an OPA does not typically generate much heat. This is because the process has an
extremely low quantum defect: the energy of each pump photon is exactly split into a
signal and an idler photon, with no excess energy left behind in the medium. As a result,
there is virtually no net energy transfer to the crystal, and heating arises only from
minor parasitic absorption rather than from the amplification mechanism itself. This
means that they can be more easily used within high-repetition-rate, high-power systems
without the necessity of external cooling mechanisms. The accumulation of high-order
spectral phase terms (often resulting from material dispersion) is also reduced when
using OPAs, as they are generally thin (millimetre to few-centimetre scale) compared
to standard gain storage amplifiers, and typically are used only with a single pass.
Minimising these higher-order terms is something which is of great importance when it
comes to the compressibility of the pulse. OPAs can produce high pulse energies while
maintaining the ability to generate a signal with a shorter duration than the pump, and
have the capacity to produce very high contrast, high-quality pulses. This is because the
amplifier has no energy storage: it is only active while being pumped in a strictly limited
(usually picosecond - nanosecond) temporal window. This also means that pre-pulses,
accumulated in earlier parts of the system, are less likely to be amplified. This is a
particularly attractive quality in a system wishing to drive high-intensity experiments, as
it reduces the probability of a pre-pulse reaching a target or damaging a fragile structure.

The disadvantages compared to more standard gain amplification methods are that a
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complex high-quality pump system (essentially an entire additional laser) as well as very
precise synchronisation of the pump and seed pulses are required (to within the temporal
window of the pump) and that these crystals have to be grown with sufficient quality,

meaning that their size and therefore aperture is more limited [102].

While OPAs have no long timescale spontaneous emission (usually the cause of a
high noise floor of standard gain amplifiers), they do parametrically fluoresce. Analogous
to the amplified spontaneous emission (ASE) in storage gain amplifiers, this fluorescence
is a result of spontaneous down conversion of the signal and idler beams when the OPA
is pumped at high intensity and can be a significant source of incoherent noise [103,
104]. This can be considered as an interaction of the pump field with a background of
vacuum fluctuation virtual photons, and is particularly problematic as it only occurs in
the direction of phase matching — it is emitted as a solid cone of angles which represent
the phase-matching angles and frequencies surrounding the pump. The result of this is
that it only occurs in the direction of the real signal pulse, meaning that it can produce
a significant (incoherent) pedestal around the amplified signal that can be detrimental
to its compressibility. Figure 2.3 shows a real example of parametric fluorescence seen
on the 800 nm OPA stage of the Chimera laser system. As this is an effect that worsens
with increasing gain, the maximum gain that an OPA stage can therefore achieve is

limited both by parametric fluorescence and by the bandwidth that it may support.
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Figure 2.3: Parametric fluorescence as a result of spontaneous down conversion of the signal and
idler beams in an OPA.

(a) A spatial profile, taken using a WinCamD-LCM — 17 CMOS Beam Profiler, showing a real
example of parametric fluorescence seen at the output of the 800 nm OPA stage on the Chimera
laser system. The pump has been filtered by a factor of 108 relative to the signal to prevent
saturation of the camera.

(b) A cartoon to depict the process of parametric fluorescence. The process occurs because of the
finite probability that the pump will decay into signal and idler pairs across the solid cone of
phase-matching angles within the amplifier.

There are five (one double-passed) OPA stages currently in use on the Chimera laser
system: one of these uses a BBO crystal and the other four use KTA crystals — it is
the KTA which amplifies the MIR light. The choice of crystal here is not arbitrary.
Different crystals have properties suitable for different wavelengths, pulse durations and

bandwidths. The length and size of the crystal are also important, as is the angle at
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which the incoming laser pulse is incident. These factors may be modelled, along with
other important considerations such as pump depletion effects, by solving the coupled

wave equations derived here.

2.3 Time-Bandwidth Product (TBP)

When designing a system to generate an ultrashort pulse, one is always constrained by
a fundamental limit known as the time-bandwidth product (TBP). This limit has its
origins in the uncertainty principle, but rather than describing fundamental information
that can be known about a system, it instead describes a relationship between time
(temporal width At) and a spread of frequencies (bandwidth Av) that may be present
within an electromagnetic wave. Here we define our temporal width At and bandwidth
Av specifically to mean the full-width at half-maximum (FWHM) value of the temporal
and spectral intensity profiles. See Appendix A.2 for more details of this definition. The
relationship states that if you require a short pulse of light, you must also have sufficient

bandwidth to support it. Mathematically, this is described as:

AvAt =TBP > L (2.42)
47

Where h is Planck’s constant. The numerical limit to the time-bandwidth product is
dependent on the detailed shape of the pulse it describes. For example, a Gaussian pulse
has a transform limit TBP ~ 0.44, while a sech? pulse has a transform limit TBP ~ 0.315.
The transform limit is a lower bound; it tells you how short you can potentially make
the pulse; however, in practice, it is not possible to be perfectly transform-limited. It is
possible to make the pulse longer than the transform limit by stretching it out in time:
this is what chirping does — the amount of frequency chirp or phase structure within a

pulse will also contribute to the time-bandwidth product.

2.4 Chirped Pulse Amplification (CPA)

Inspired by a technique used to increase operational power in radar, chirped pulse
amplification, also referred to as CPA, was suggested and demonstrated in the optical
regime by Donna Strickland and Gérard Mourou in 1985, earning them the 2018 Nobel
Prize in physics [25]. Before this method became standard practice, the powers accessible
by direct laser amplification were limited by intense laser-induced damage to optical
components, particularly via the Kerr effect and self-focusing. The only way to combat
this within systems wishing to deliver a high-power pulse was to introduce increasingly
large optics to spread out the beam spatially; however, this was not always practical
(or cheap!), especially as it became desirable to push laser systems to higher and higher
intensities and energies. To use CPA in a system, one must first send in a short ‘seed’
pulse, typically from a modelocked oscillator. To amplify these pulses safely, they must be
stretched (chirped) in time, with factors typical of order 103-10°, subsequently amplified

to energies required for experimental operation and then recompressed (negatively
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chirped) in time to as close as possible to a pulse duration determined by its transform
limit (see Section 2.3). The CPA method is illustrated in Figure 2.4. Now supporting
the amplification and compression of lasers well into the petawatt regime, CPA has
revolutionised the field of lasers and optics, it being the technology that underpins

virtually all high-power laser systems [36].
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Figure 2.4: A cartoon showing the concept of chirped pulse amplification (CPA). As the pulse
moves in time, it is stretched by temporally delaying different frequency components, amplified
and recompressed so that a high-intensity pulse can interact with a target without causing any
optical damage to a system. The rainbow fill is used to illustrate the process of chirping the
pulse — its wavelength components have been dispersed in time.

In Section 2.1, we considered the relationship between linear susceptibility and
refractive index using the equation n(w) = 1/1 + x()(w). At the time, we omitted the
fact that both the linear susceptibility and refractive index are frequency dependent
— a dependence that gives rise to the phenomenon of dispersion. When we account
for this frequency dependence, we find that any change in the refractive index with
frequency leads to a corresponding change in the phase velocity, given by vphase =
c/ nw) =c /y/1+xD(w) = w/k(w). This effect is known as chromatic (or phase
velocity) dispersion, which may be classified as ‘normal’” when dn(w)/dw > 0 or
‘anomalous’ when dn(w)/dw < 0. A second velocity, the group velocity, can also be
derived from this relationship: vgroup = dw/dk. These two velocities are important in
describing a propagating pulse E(z,t): the high-frequency optical oscillations move at
the phase velocity, while the envelope of the pulse travels at the group velocity. If the
pulse envelope broadens and exhibits a frequency sweep (i.e. there is a change in the
instantaneous frequency across the duration of the pulse), the pulse is said to be chirped.

In a non-dispersive medium, the group and phase velocities are identical.

To chirp an optical pulse requires us to instantaneously force shorter wavelength
components to travel over a different distance to the longer wavelength components, such
that different pulse frequencies then occur at different times. Mathematically, this can be

described by introducing a frequency-dependent phase ¢(w), given by ¢(w) = k(w)z =
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n(w)wz/c, where z is the length of the material through which the pulse propagates.
This phase variation with frequency leads to temporal and spectral reshaping of the
pulse, resulting in a chirp. If, in the spectral domain, we expand the frequency-dependent

phase ¢(w) using a Taylor series, we find:

B(w) = —k(w)z = ¢o + %jo(w — wo) + 17\0@ —wo)?+ ... (2.43)

We can identify each order in the phase expansion with a specific physical effect.
The zeroth order term, ¢9 = —k(wp)z, represents the absolute phase while the first
order term d(b/dw’O corresponds to the group delay, —Tgroup = ¢1. Together, these
determine the carrier envelope phase (CEP) and the arrival time of the pulse envelope.
The second order term d2<b/ de’o represents the group delay dispersion (GDD), defined
as —dTgroup/dw = ¢2. GDD quantifies the spread of group delays across the pulse’s
bandwidth and introduces a quadratic phase across the spectrum. This leads to a linear
frequency sweep in the time domain — i.e., a linearly chirped pulse, characteristic of
the stretched pulses most commonly used in CPA systems. Higher-order terms (e.g.
third- and fourth-order dispersion) become increasingly significant for ultrashort or
high-intensity pulses and can lead to asymmetric broadening or temporal distortion if
not properly managed. Each term has a distinctive effect upon the shape of the pulse in

time.

Other than a spectral dispersion in time, chirping does not detrimentally affect the
shape of the pulse envelope after compression — its spectral content is not lost. It is for
this reason that the second-order phase manipulation is used in the CPA process. We can
illustrate this by using an example of a real chirp we impose on our pulse in the Chimera
laser system (using idealised rather than specifically measured parameters). Practically,
we can chirp a pulse by introducing GDD. This can be achieved using material dispersion
through bulk media (e.g. fused silica or glass), or dispersion-engineered optics such as
chirped mirrors, diffraction gratings, or prism pairs. A positively (negatively) or up
(down) chirped pulse is one whose frequencies increase (decrease) with time. When our
800 nm pulse exits our oscillator, it has a transform-limited FWHM pulse duration of
7 fs before interacting with a pair of chirped mirrors. These are a Thorlabs DCMP175 -
dispersion-compensating mirror set, with a dispersion per reflection of ¢’ = —175 fs.
The pulse completes 6 bounces on this chirped mirror pair, accumulating a total GDD of
—1050 fs2. The chirped pulse duration can be calculated from its original duration as
well as the ¢”, using [105]:

" 2
ey 1 (12) )
1
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To 3 significant figures, this gives a stretched pulse duration of 416 fs. Figure 2.5
shows the effect of one bounce on the oscillator pulse (so a stretch to 69.7 fs). The

wavelength has been scaled by a factor of 5 for visual clarity of the chirp.
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Figure 2.5: Electric field of a chirped transform-limited pulse. The parameters are those of the
transform limit of the Chimera oscillator: 7 fs at a centre wavelength of 800 nm, with ~ 135 nm
of bandwidth. The chirp is modelled for the oscillator pulse performing a single bounce off a
chirped mirror. This provides the addition of ¢” = —175 fs? second order phase, resulting in a
stretch to 69.7 fs. The inset shows the original 7 fs transform-limited pulse (note the change in
scale on the z-axis). To improve the visual clarity, the wavelength of the chirped laser field has
been scaled by a factor of 5. Notice that despite the pulse being stretched in time, the pulse
envelope has not been adversely affected.

Higher-order phase terms, like third and fourth order dispersion (TOD and FOD),
typically do have a detrimental effect upon the pulse envelope, even when only present in
very small amounts. The effects of higher-order dispersion on the temporal pulse intensity
are shown in Figure 2.6. When designing large OPCPA systems such as Chimera, it is
very important to statically minimise these terms as much as is feasible. By chirping
an optical pulse before amplifying and recompressing it, CPA allows the propagation of
high-intensity, ultrashort, pulsed laser light through a system, whilst avoiding optical

damage or pulse distortions caused by nonlinear processes.

As the refractive index of optical materials varies with wavelength, all such chirping
methods inevitably also introduce higher-order dispersion — particularly TOD and FOD.
These higher-order phase terms become increasingly problematic in high-bandwidth
systems aiming to compress pulses to just a few optical cycles, as they limit the achievable
temporal compression. To quantify this effect for a given material, we use the well-known
Sellmeier equation, which models the wavelength dependence of the refractive index of a

simple optical material (one without absorption or resonance features) as:
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Bi)\? By)\2 B3)\?2 \1/2
L 2 ) (2.45)

nW:O+V—Q+V—@+V—@

Where Bj 23, C1 23 are empirically determined coefficients (typically supplied by the
material manufacturers). Once the refractive index as a function of wavelength is known,
dispersion parameters such as GDD and higher-order dispersion can be calculated by
taking derivatives of n(\) with respect to wavelength or frequency. This allows us to
determine both the material lengths required to achieve a desired chirp and the extent
of higher-order phase that will accumulate. Despite the simplicity and robustness of
transmissive bulk media from an alignment standpoint, they tend to introduce significant
higher-order dispersion — particularly third-order phase-per-millimetre. This limits their
usefulness for stretching pulses beyond a few picoseconds. In high-power systems requiring
greater stretch factors, stretcher and compressor grating pairs are more typically used,

usually combined with a broadband reflective imaging system to create a stretcher.
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Figure 2.6: The effects of second (¢” = —175 fs*), third (¢ = —300 fs®) and forth
(¢™" = —4000 fs*) order spectral phase on a 7 fs, 800 nm, transform-limited laser pulse. The
grey dashed curves show the original transform-limited pulse intensity profile. The green curves
show the intensity profiles after the phase terms have been applied. The respective phase terms
are abbreviated as group delay dispersion (GDD), third-order phase (TOD) and fourth-order
dispersion (FOD).

(a) GDD only. The effect on the pulse envelope is a uniform broadening. (b) TOD only. TOD
introduces a side lobe to the pulse — this can materialise in pre- or post-pulses. (¢) FOD only.
The addition of FOD produces a pedestal on the pulse, reducing the contrast. (d) GDD + TOD.
(e) GDD + FOD. (f) GDD 4+ TOD + FOD.
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2.4.1 Stretching and Compressing a High Intensity Pulse

For high-intensity laser systems aiming to compress pulses to durations of just a few
femtoseconds, diffraction gratings are typically used to stretch and subsequently compress
the pulse. Commonly used imaging configurations in the stretcher include Treacy [106],
Offner [107], and Martinez [108]. For a reflective grating, the condition for constructive

interference is given by the grating equation:

mX =d(sinf + sin~y) (2.46)

Where m is the diffraction order, A is the wavelength, d is the groove spacing (inverse
of the groove density), € is the angle of incidence, and + is the diffraction angle, both
from the grating normal. The zeroth-order term corresponds to specular (non-dispersive)

reflection and thus represents a loss mechanism in practical CPA systems.

Shown in Figure 2.7, the simplest stretcher or compressor geometry introduces GDD
using a pair of parallel diffraction gratings. In this setup, the first grating spectrally
disperses the pulse, introducing a frequency-dependent time delay, while the second
grating recollimates the beam. This configuration introduces a negative chirp to the
pulse — longer wavelengths travel a greater optical path length than shorter wavelengths,

resulting in a temporally stretched pulse.

Figure 2.7: Optical layout of a simple two-parallel-grating system used to introduce negative
GDD. The rainbow fill illustrates the frequency-dependent time delay introduced to the pulse. d
is the groove spacing and m denotes the diffraction order — m = 0 corresponds to the
non-dispersive (zeroth-order) reflection. The angles of incidence (#) and diffraction () are
measured with respect to the grating normal. These parameters are used in the grating equation
to determine the condition for constructive interference. The blaze arrow refers to the orientation
of the blaze angle on a diffraction grating, specifically the direction in which the grating grooves
are tilted to maximise diffraction efficiency for a particular wavelength and diffraction order.

Also shown in the figure is a ‘blaze angle’ — a feature often used in reflective gratings.

The groove profile is etched, or mechanically machined, into the substrate of the grating.
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This is then coated with a high-reflectivity surface. The blaze angle refers to a deliberate
asymmetry in the groove shape, designed to maximise diffraction efficiency for a specific
wavelength and diffraction order. This ‘blazing’ is wavelength-dependent and is usually
optimised so that the majority of the incident light is steered preferentially into one order
(usually the first), enhancing efficiency. Blazing also helps to reduce spectral overlap by
increasing angular separation from neighbouring diffraction orders. The arrow points in

the direction of the facet tilt (steep side) of the grooves.

Although Figure 2.7 depicts a scenario that does introduce a temporal chirp, it also
produces a spatial one. This is something that can be problematic in a CPA system
unless compensated for in some way. In real laser systems, this can be mitigated by
double-passing the setup — retroreflecting the beam with a near-normal incidence mirror
or roof prism placed at the spatially chirped output, or in a Fourier plane. To spatially
separate the input and output beams, a tilt can be introduced in the non-dispersive plane.
When well-aligned, this geometry can compensate for the spatial chirp it introduces,
while doubling the temporal chirp, although this necessarily comes at the expense of
additional energy loss due to extra surface reflections. With the addition of a double
pass, Figure 2.7 describes a typical Tracey layout [106]. This configuration is a very
attractive one as it involves no material transmission and supports large beam diameters,

helping to avoid optical damage.

With an effective grating separation G, the pulse duration per pass of a diffraction

grating stretcher/compressor can be calculated analytically as [88]:

GA AN
At =
! ¢ ((dcos(vX) )?

(2.47)

Where )\ is the central wavelength of a pulse with bandwidth AX. Here, we have
described one specific scheme to impose a negative GDD. Other grating geometries, such
as Martinez and Offner, produce a positive chirp by inserting a telescope between the
two gratings. Many laser systems use Offner or Martinez configurations to stretch the
pulse, followed by a Treacy compressor for recompression, as this both eliminates the
need for an imaging system in the compression stage, and lends itself to larger beam

sizes, minimal unwanted material dispersion and Kerr effects.

2.5 Optical Parametric Chirped Pulse Amplification (OPCPA)

Optical parametric chirped pulse amplification (OPCPA) refers to the use of a specific
type of amplifier in chirped pulse amplification. Conceptually, they are the same as
‘simple’ CPA systems; however, they use a different method of amplification — an OPA is
used in place of the standard energy storage gain medium within the amplification chain.

Amongst the advantages of OPA systems is that using a chirped seed within the OPA
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process provides a further degree of freedom with regard to the spectral management of

the pulse.

In Section 2.2.2, we claimed that nonlinear mixing processes such as OPA can
preserve the broad bandwidth of a seed pulse, thereby enabling compression to ultrashort
durations. What we omitted from this claim was that this capability is largely made
possible by OPCPA technology. Previously, we highlighted that to achieve the phase-
matching condition Ak = 0 (whereby, for efficient energy transfer, phase matching is
required between the interacting pump, signal, and idler waves), we could simply exploit
either material birefringence or turn to periodic poling. While this remains true, such
approaches inherently provide phase matching only over a limited spectral bandwidth,
since phase matching is wavelength dependent. As a result, only a narrow portion
of the pulse spectrum is efficiently amplified. To understand how we can achieve a
broad phase-matching plateau for all wavelengths across the bandwidth, we expand the

wavevector mismatch Ak(w) as a Taylor series about the central frequency wy:

dAk 1d2Ak
Ak(w) = Ako+ —| (w—wo) + =

w o (w—wo)?+... (2.48)

For narrowband pulses where w < 1, it is sufficient to satisfy the phase-matching
condition at the central frequency, i.e., Aky = 0. However, for broadband pulses around
a central frequency wy, this condition alone is not sufficient. In this case, the phase
mismatch must remain small over a wide frequency range, which additionally requires that
the first-order frequency dependence of the phase mismatch vanishes, i.e., dAk/dw = 0.

This condition is equivalent to group-velocity matching.

While phase matching ensures the conservation of momentum between the interacting
waves and is determined by their phase velocities, it does not imply that the pulse
envelopes propagate at the same speed through the crystal: in dispersive media, the
pump, signal, and idler generally have different group velocities. As a result, even when
perfect phase matching is achieved at a single frequency, different spectral components
of a broadband pulse walk off from each other during propagation, limiting the effective
interaction length and therefore the achievable gain bandwidth. In a collinear phase-
matching geometry, the pump and signal propagate along the same direction, and phase
matching is controlled by a single angular degree of freedom (the orientation of the
crystal optical axis). In this case, it is generally not possible to simultaneously satisfy
both Aky = 0 and dAk/dw = 0, resulting in a limited gain bandwidth.

To overcome this limitation, OPCPA systems commonly introduce a non-collinear
geometry between the pump and seed pulses, meaning that the phase matching conditions
are determined by two angular degrees of freedom rather than one. By introducing a
non-collinear angle o between the pump and seed beams, we gain an additional degree
of freedom, allowing independent control of the wavevector components parallel and

perpendicular to the pump direction. By choosing an appropriate «, the projection of
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the signal group velocity along the pump direction can be matched to the pump group
velocity. This minimises temporal walk-off between the pulses and ensures that the
first-order frequency dependence of the phase mismatch vanishes. Consequently, phase
matching (Ak = 0) is maintained over a much broader spectral range, enabling more
efficient amplification of ultra-broadband pulses. This geometry is shown in Fig. 2.8 and

is referred to as non-collinear phase matching.

Figure 2.8: Configuration of group velocities and wavevectors for non-collinear phase-matching
in OPAs for group velocity v, (a) and wavevector k (b) matching. The larger group velocity of
the idler wave leads to a separation of the idler and signal pulses through the nonlinear crystal,
meaning that the bandwidth available for amplification is limited. This effect can be minimised
by the introduction of a non-collinear angle between the pump and seed beams, allowing efficient
phase matching to take place over a broader range of frequencies. The pump, seed and idler

(S i

pulses are shown in blue, green and red, with the respective ‘p’, ‘s’ and ‘i’ subscripts.

For further enhancement of the gain bandwidth, the second-order wavevector term
d2Ak/dw?, associated with group velocity dispersion (GVD) mismatch, should also be
minimised. This can be achieved by introducing angular dispersion, in which different
frequency components propagate at slightly different non-collinear angles, enabling near-
achromatic phase matching. In practice, this corresponds to the use of a chirped seed

pulse, something which is naturally fulfilled in OPCPA system:s.

OPCPA was first proposed in 1992 by A. Dubietis et al. [109] and later extended
in 1997 by I. N. Ross et al. [110] to include analysis on beam quality, energy, contrast
and bandwidth. Since then, OPCPA has led the way in achieving the high quality
performance demanded of modern-day, high-power, short-pulse laser systems, the most
notable of these include the Vulcan Nd:glass laser at the Central Laser Facility in Didcot,
UK [111] (the facility which, incidentally, first pioneered the OPCPA technique) and the
front end of the Omega EP laser at the University of Rochester [112]. Today, OPCPA
technology underpins major UK laser upgrades currently in progress: both the Vulcan
20-20 project (aiming for 400 J in 20 fs) and the EPAC laser system at the CLF are
being designed around OPCPA architectures.

2.6 Carrier Envelope Phase (CEP)

In Section 2.4, we showed how the frequency-dependent phase ¢(w) can be described
by a Taylor series expansion about a central frequency wg (see Equation (2.43)). In

this expansion, the zeroth-order term, ¢y = k(w)z, represents the absolute phase of the
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pulse. That is, it determines the offset between the peak of the carrier wave electric field
and the peak of the pulse envelope. This absolute phase, commonly referred to as the
carrier envelope phase (CEP), is of limited importance when describing many-cycle pulses
(where here we define many-cycle to mean longer than ~ 4 optical cycles). However, it
becomes increasingly significant in the few-cycle regime, where the duration of the pulse
envelope spans only a few periods of the carrier wave, and changes in CEP result in

physical effects driven by differences in the detailed electric field evolution.

Figure 2.9 provides a visual representation of the Chimera mid-infrared few-cycle
(30 fs at 3700 nm) field amplitude when varying CEP. As expected in the few-cycle regime,
the waveform is sensitive to the absolute phase: varying the CEP causes noticeable
changes in the temporal position of the field maxima relative to the envelope. Special
cases of this occur at @9 = n7, where the pulse is described as a ‘cosine’ pulse when n is
even, and a ‘sine’ pulse when odd. Examples of cosine and sine pulses at ¢g = 0 and
¢o = m/2 are plotted in Figure 2.9 (b) and (c).
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Figure 2.9: (a) The predicted electric field of the Chimera mid-infrared few-cycle laser pulse
(30 fs at 3700 nm) as a function of both time and carrier envelope phase (CEP), where each
horizontal slice corresponds to the electric field waveform for a given value of CEP. The plots in
(b) and (c) show special cases of cosine and sine pulses, where ¢g = 0 and ¢¢ = 7/2.

To further illustrate the significance of CEP in the few-cycle regime, we examine
both the impact of varying the duration of a 3700 nm pulse and compare this to a pulse
of the same 30 fs FWHM duration in the many-cycle regime at 800 nm. Figure 2.10
highlights how the electric field structure changes, both with changes in CEP and with
pulse duration. As we might expect, the sensitivity to CEP becomes more pronounced

as the number of cycles in the pulse decreases.

Ultrashort (and therefore few-cycle) pulses are of increasing interest within the
community of high-intensity science. Notably, advances in the generation and mea-

surement of attosecond pulses were recognised with the 2023 Nobel Prize in physics.



49 Chapter 2. Theory — Laser Technology

100
» — 3700 nm
8 800 nm 2 1.00
o
80 -
= =< 0.90
5 g °
= o
8 60 4 % 0.80
=]
g -2n -7 0 T o1
& 40
A Ag
& —_ 20 fs
g Tpwanv : = 30 fs
g 201 - 40 fs
]
-
x
04 . . = 3
0 20 80 100

40 60
FWHM Pulse Duration / fs

Figure 2.10: The electric field amplitude difference between the central strong peak and the next
strongest peak as a function of FWHM pulse duration for two different wavelengths, 3700 nm
and 800 nm. The inset shows the value of the peak electric field as a function of ¢q for a
3700 nm wave at three different pulse durations.

Ultimately, though, the achievable pulse duration remains fundamentally constrained
by the pulse’s transform limit, with the shortest possible duration corresponding to a
so-called monocycle pulse. This once more emphasises the importance of the laser’s
central wavelength. Despite running with a relatively long pulse duration compared to
many 800 nm technologies (e.g. in our own system, we run with a notional theoretical
limit of ~ 30 fs at 3700 nm, and ~7 fs at 800 nm), it still lies well within the few-cycle
regime due to the longer central wavelength. While this may have potential benefits
for many experiments requiring high intensities (such as high harmonic generation and
laser wakefield acceleration experiments), the disadvantage we could face is that small
changes in CEP, which would be accumulated even by the laser pulse propagating (and
dispersing) through air, could have substantial shot-to-shot effects resulting from the

significant variability in the field structure if not controlled.

2.7 Optical Damage

Even with the use of CPA in high-intensity laser systems, we are, of course, still
susceptible to optical damage due to nonlinear effects. These invariably are due to high
laser intensities close to, or beyond, the damage thresholds of bulk materials or optical

coatings.

2.7.1 Self-focusing

One of the primary contributors to laser-induced damage is self-focusing, a consequence of
the optical Kerr effect arising from the third-order nonlinear susceptibility x). Although

the magnitude of y(3) varies across materials, all dielectric media exhibit some non-



Chapter 2. Theory — Laser Technology 50

zero third-order nonlinearity. This implies that under sufficiently high intensities, all
will exhibit a nonlinear response — most notably, an intensity-dependent change in the

refractive index:

3y )

4n(2) €0C

n =ng+ I =ngp+nal (2.49)

Where ny is the low intensity material refractive index and ns, defined as the nonlinear
refractive index, is a material property which can be used to quantify the strength of the
Kerr effect. The consequence of this intensity dependence is that when an intense laser
beam passes with a local maxima (for example, a Gaussian or spatially ‘noisy’ beam)
through a nonlinear material, it experiences a higher optical intensity along the beam
axis than along the wings and effectively creates an on-axis lens that focuses the beam.
This self-focusing in turn causes an effective spatial modulation of the nonlinear refractive
index, the reduction of beam radius and thus the further increase of the intensity on axis.
If this effect is strong enough, it can cause a total collapse of the beam and catastrophic

optical damage, before it is ultimately limited by diffraction or plasma defocusing.

There is a threshold beyond which self-focusing effects become significant. This
is known as the critical power for self-focusing P and dictates the point of balance
between linear diffraction and nonlinear self-focusing effects. Dependent only on laser

wavelength and the nonlinear refractive index, it is given by:

AQ
Pt = 2.50
crit @ (471’710712 ) ( )

Where « is a numerical factor dependent on the particular laser beam profile and A is
the central laser wavelength. In theory, then, it is feasible to design the possibility of any
dramatic self-focusing events out of a system, although ultimately the CPA technique

remains the favoured option for the safe, long-term operation of a high-power laser.

Other smaller-scale self-focussing events may still occur, for example, seeded by
spatial noise from diffraction patterns caused by dust in the beam, potentially leading
to hot-spots or filamentation within a system [113, 114]. These are more challenging to
suppress, and usually, preventative measures such as vacuum spatial filtering (VSF) are
included in large systems to smooth out any small-scale intensity profile non-uniformities

before they have a chance to evolve.

2.7.2 B-Integral

The B-integral is an intensity-dependent measure of the nonlinearity of light, where

B stands for ‘break up’. Specifically, it calculates the accumulation of nonlinear phase
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through a material [115, 116]. The B-integral accumulated through a multi-element
system of length L is given by the equation:

or L
B="
A Jo

nol(z)dz (2.51)

Where I(z) is the optical intensity along the beam axis z. Generally, it is desirable
for the B-integral to be < 1 radians [115], although B-integrals between 1 and 3 radians
are typically considered to be ‘safe’. A B-integral below 1 is acceptable for reliably
good temporal beam compression and a tight focus; a B-integral below 7 (~ 3) avoids
catastrophic optical damage [115-117]. In practice, we aim to keep B < 1 to avoid the
more subtle effects which may affect beam divergence. A ‘large’ B-integral would mean
one > 5 radians, such that there is a significant accumulation of nonlinear phase, a high
risk of self-focusing and the potential for considerable optical damage. Large B-integrals
were historically accounted for by increasing the beam size in order to reduce intensities
incident through a system; however, in practice, this is expensive and often impractical
for very large intensities at the multi-terawatt to petawatt level. Nowadays, CPA is used

to mitigate these effects.

2.8 Kerr Lens Modelocking (KLM)

Inadvertently discovered in 1990 [118], Kerr lens modelocking (KLM), sometimes referred
to as ‘self-modelocking’ or ‘magic modelocking’, is a technique used to support ultra-short
pulses in the femtosecond regime. It is a third-order nonlinear effect, relying on the Kerr
nonlinearity (with positive x(3)). Although this is usually an effect that might cause
some concern within a laser system, it can, as in the case of a laser oscillator, also be

exploited to support the formation of pulses well within the few-cycle regime [88, 119].

Many different gain media may be used in a Kerr lens modelocked laser source. Here,
however, we will use Titanium doped Sapphire (Ti:AlyO3, commonly referred to as
Ti:Sa), as this is an extremely high-bandwidth material [120] and the gain medium used

in the Chimera laser oscillator.

A simplified cavity design of a typical KLM oscillator is shown in Figure 2.11. A
gain medium, Ti:Sa, is inserted between two focusing optics with focal lengths f; and fs.
The cavity is contained by two end mirrors EM1 and EM2, with lens to mirror distances
of Ly and Lo, where L1 < Lo. We refer to a stability range d, within which lasing may
occur, where § is a free parameter contained within the distance between the focusing
optics: fi1 + fo + 6. This does not include any material thickness of the Ti:Sa crystal
itself.

The stability requirements of the oscillator are confined within four limits of §, within
the bounds dy < § < §; and 2 < § < d3. Note that including the material thickness of
the Ti:Sa will shift all limits by a factor of L(1 — 1/n), where L is the material thickness

and n is the refractive index, and real-world systems may use curved mirrors in place
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Figure 2.11: A schematic cavity representation of a typical Kerr lens modelocking oscillator.
EM1 and EM2 depict the cavity end mirrors, L; and Lo are the lens-to-mirror distances of each
cavity arm, and f; and fy are the respective focal lengths of the cavity focusing optics. L is the

material thickness of the Ti:Sa gain medium.

of refractive focusing optics. The four stability limits and their corresponding cavity
modes can be visualised using geometrical optics, where the distance between the two
focusing mirrors dictates either a plane or point focus at each of the end mirrors. Kerr
lens modelocking is usually achieved in the vicinity of either d; or dy [119]. This is shown

in Figure 2.12.

The purpose of KLM is to induce pulsed operation by ensuring that short, intense
pulses experience lower cavity loss — or equivalently higher effective gain — than the
continuous-wave (CW) mode. Neither the Ti:Sa crystal nor the cavity itself intrinsically
favours pulsed operation; this preference is created by introducing a hard, soft, or ‘virtual’
aperture into the cavity. Owing to the Kerr effect, high-intensity pulses undergo stronger
self-focusing than CW light, giving them a tighter spatial mode inside the gain medium.
This spatial difference is converted into a temporal selection mechanism: the pulsed

beam passes through the aperture with less loss, while the CW beam is clipped.

Modelocking initiation usually arises from noise fluctuations within the cavity. A
spike in intensity can achieve sufficient peak power to experience Kerr-induced self-
focusing, thereby passing the aperture with reduced loss relative to the CW, growing
with every round trip and eventually seeding the development of a stable pulse train.
In practice, modelocking is normally aided by a deliberate perturbation, such as a

mechanical disturbance of the cavity.

Pulse shaping and stabilisation are governed by the interplay of two effects: Kerr-
lensing in the spatial domain and group velocity dispersion in the time domain. While
Kerr self-focusing preferentially confines high-intensity pulses, cavity dispersion tends to
stretch them temporally, counteracting ultrashort pulse formation. To maintain femtosec-
ond durations, intra-cavity dispersion compensation is required, typically implemented
through prism pairs, chirped mirrors, wedged plates, or a combination thereof. Stable

KLM operation, therefore, requires balancing these two mechanisms.

In the Chimera Ti:Sa oscillator, the space between the two curved mirrors (the
so-called stability range) is manually adjusted so that the CW mode is deliberately made
slightly broader at the crystal than the pulsed mode. As a result, CW light suffers an

increased diffraction loss, while the pulsed beam, experiencing Kerr-induced self-focusing,
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Figure 2.12: A geometrical representation of the four stability limits and corresponding cavity
modes present within a Kerr lens modelocking cavity. The limits &g, d1, 2 and d3 represent the
plane-plane, plane-point, point-plane and plane-plane modes, respectively. Stable cavity
operation occurs within the bounds §y < § < §; and d2 < § < d3, usually very close to either d;
or d;. Here, EM1 and EM2 depict the cavity end mirrors, L1 and Lo are the lens-to-mirror
distances of each cavity arm, and f; and f; are the respective focal lengths of the cavity focusing
optics, M1 and M4. L is the material thickness of the Ti:Sa gain medium.

remains well confined. This arrangement acts as a virtual hard aperture inside the Ti:Sa
crystal. Modelocking is then initiated when a noise spike or a perturbation, such as a

small cavity length scan, provides the initial high-intensity fluctuation.

Finally, while CW and pulsed modes share the same collinear alignment, stable
operation is obtained only when the cavity is slightly detuned from the optimum CW
configuration. The most reliable working point is typically near the §; stability position,
where the CW focus is located at EM1 and a plane wavefront at EM2. Although
modelocking can also be achieved near do, the §; regime is generally more stable when

using a virtual hard aperture, as is common in KLM designs [119].

A crystal shift within such a cavity is typically required on a 6-monthly average
period. This is due to the reliance on the optical Kerr effect, meaning that there will
be gradual degradation of the Ti:Sa crystal over time. Most commercial systems of this
type are nowadays manufactured to take this damage mechanism into account, with the
crystal mounted upon a motorised stage and set to move on the order of a few microns

within a 24-hour period.
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Acceleration

HIS CHAPTER DEVELOPS THE theoretical foundation for laser wakefield acceleration
T (LWFA). We begin by studying the motion of a single charged particle in an
electromagnetic field. In the approximation of many laser cycles, this leads to the
definition of the ponderomotive force — a time-averaged force experienced by a particle
in a spatially varying oscillating field. Building on concepts introduced in Chapter 2,
we extend the treatment of nonlinear optics to underdense plasmas and analyse how
electromagnetic waves propagate in such media. This will bring us to how a laser wakefield
is formed, along with the mechanisms that allow the self-injection and acceleration of
electrons. We also address the limitations of the LWFA scheme and introduce the
phenomenological framework of laser wakefield acceleration in the 3D nonlinear regime,
developed by Lu et al. (2007) [74], which will be referenced in later chapters. The final
section will introduce the mechanism of the direct acceleration of electrons by a laser
field.

3.1 Single Particle Motion

For a single particle with charge ¢, velocity v, mass m and momentum p in the presence

of an electromagnetic field, its relativistic motion may be described by the Lorentz force

as:
d

F=—p=¢(E+vxB) (3.1)
dt

The magnetic and electric field magnitudes being related (in vacuum) by |B| = |E|/c,

at low velocities, particle dynamics are dominated by forces resulting from the electric
field. They change substantially only when the particle approaches relativistic speeds,
at which point the magnetic field term becomes comparable. For a particle moving at
sub-relativistic velocities (i.e. |v| < ¢), the magnetic component contributes negligibly
to the force and the Lorentz equation can be simplified by neglecting the cross product

on the right-hand side. For a linearly polarised plane wave electric field of the form
54
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E = Egcos(wr,t - kx + ¢1,), where wy, is the laser frequency, k the wavevector and arbitrary

phase ¢r,, we can therefore reduce Equation (3.1) to:

d
MV = qEo(cos (wpt —k-x+ 1)) (3.2)

In this field, an electron (¢ = —e, m = m,) will experience a time-varying force
leading to an oscillatory motion. Integrating the force with respect to time reveals the

electron’s velocity; an oscillatory velocity referred to as the quiver velocity:

E
Ve = €20 in (wpt —k-x+ ¢r) (3.3)
MeWr,

This expression informs us that the described electron can reach a maximum speed
of ve = e|Eg|/(mewr,), determined by the magnitude of the electric field that surrounds
it — i.e. how strongly the electron responds to the oscillating field. It is at this stage
helpful to define the parameter ag — the normalised peak quiver momentum of a particle

moving within an electric field:

_ e|Eq
ag = ———
MeWLC

(3.4)

Alternatively, ag is often defined through the field’s vector potential A, which relates
to the electric field via E = —%A — V¢. Neglecting the scalar potential ¢ in a plane

wave, the peak of the normalised vector potential a is:

eA
a= (3.5)
MeC
Such that ap = |ajmax. This parameter ag allows us to distinguish between the

non-relativistic or linear (a9 < 1), and relativistic or nonlinear (ap 2 1) regimes of

~

particle motion.

If the particle in question is travelling with velocities approaching the speed of light,
the magnetic component of the Lorentz force can no longer be neglected. The definition
of ag remains a useful one; however, the particle’s motion is affected as a result of
relativistic effects coming into play. In this relativistic regime, both the electric and
magnetic fields play comparable roles in shaping the particle’s dynamics, and the full

Lorentz force equation (Equation (3.1)) must be retained.
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3.1.1 The Ponderomotive Force

Before progressing further, it is helpful to consider a normalised version of the Lorentz
force. Following [121, 122], we start by introducing the vector and scalar potentials (A
and ¢), of E and B such that Maxwell’s Equations (Equations (2.1) - (2.4)), along with

the equation for the Lorentz force, can be reduced to two equations:

0
E=—oA-Vo (3.6)
B=VxA (3.7)

Using these potentials, we can update the Lorentz force to:

d 0

With the vector triple product A x (V x B) =V (A - B) - (A - V)B and the
relationship between the ordinary and partial differentials of time, (also known as the

convective derivative), such that:

d 0 dr 0 0

We can rewrite Equation (3.8) as:

d dA

dtp—q—E+V~VA—V¢+V><V><A (310)
d
—(p—i—qA) =qV(v-A)—¢Vo (3.11)

dt

Multiplying both sides by 1/(mec), we can introduce the normalised quantities

a = —eiA/(Meic), 6 = —Gei/ (Meic®), v = f = v/c and p = p/(mesc) to find:
d
a(p —a) =cV¢—(cVa)-v (3.12)
——— M~ —
@® @ ®

We may now identify the individual terms in this equation. Here, () refers to the

rate of change of canonical momentum (u), @ to the electrostatic force due to the
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distribution of charge, and 3) to the coupling term between the electromagnetic field
and current density. Using the definition of canonical momentum u = p — a and the
further definition p = 78 = yv/¢, (where, in normalised units, the electron Lorentz factor
y=+1+p?=+vV1+u2+a?+2u-a), we can rewrite this as:

d

u=cVe—(cVa)- uta (3.13)
1 2

%u = —;CV% —¢Va- % + Vo (3.14)

Given the oscillatory motion of a particle in an electromagnetic field as described by
the Lorentz force, it is useful to consider the time-averaged response over an arbitrary
period AT. For this, we find:

1 (T+AT [4 1 a2 u
— dt| —u=——cVE —cVa- — + ¢V 3.15
T/T [dtu VC 5 —cVa 7+c 0] (3.15)

Using angled brackets () to denote time averaging, we finish with:

T+AT

+ /TT+AT dtcV(a) - ;(};) (3.16)

d 1 _a? u

©) ® ®

The standard approach at this stage is to consider the time-averaged response over a
single oscillation AT = 27 /w, and introduce the slowly varying envelope approximation
(SVEA). This approximation takes advantage of the fact that a high-frequency pulse
with w = [k|c has a spatiotemporal envelope of duration 7 > 1/w and transverse extent
w > 1/|k|, implying that the envelope evolves over much longer time and length scales
than the rapid carrier oscillations. Under this approximation, we may write (a) ~ 0,
causing the second and third terms in Equation (3.16), & and (6), to vanish. We are
then left only with the first term (@): it is this which defines the nonlinear ponderomotive

force acting on a single particle:

F, = <§1tu> o~ <icva;> (3.17)

Since this force depends on a? = ( —qeiA/(meic) )?, it is independent of the sign of

the charged particle, meaning that the ponderomotive force expels all charged particles



Chapter 3. Theory — Laser Wakefield Acceleration 58

from regions of high field intensity, no matter their charge. It does, however, have an
inverse dependence on mass, meaning that although ions will indeed feel some force
Fpi, due to their significantly larger mass compared to the mass of the electrons, they
feel a force over much longer timescales. This occurs on the order of an ion plasma
period, 71 ~ w, il, with the ion and electron plasma periods related by 7 = \/(m;/me) e,
meaning that the ion motion can be treated as negligible compared the motion of the
electrons. The consequence of this is that if a high-intensity electromagnetic wave, for
example, a short-pulse laser, propagates through a plasma, an overall repulsive force acts
on the electrons, displacing them out of regions of high laser intensity, while the ions
remain effectively stationary. The resulting charge separation sets up an electrostatic
restoring force, exciting a plasma wave in the wake of the laser pulse. Although the initial
electron motion driven by the transverse laser field is itself transverse, this expulsion
occurs only while the laser pulse is present. Consequently, electrons return towards
the axis at different longitudinal phases, generating a longitudinal density modulation
that, according to Gauss’s law, necessarily produces a longitudinal electrostatic field,
within which particles can be trapped and accelerated. This mechanism underpins laser

wakefield acceleration (LWFA). We will return to this in more detail in Section 3.3.

If, however, we are operating in the few-cycle regime, the SVEA no longer applies, and
the simplification breaks down. The ponderomotive force, by definition, involves a time
average over fast oscillations [123], making it nonsensical to extend it across all terms in
Equation (3.16). If we may not use the pondermotive force to aid our understanding of
laser wakefield formation, and predict and interpret behaviours and results, we bring
upon ourselves an additional host of challenges. The ponderomotive force in its original
definition remains the force that drives wakefield acceleration; however, when in a regime
where the SVEA breaks down, it will no longer be the sole contributor to electron motion,

nor can it necessarily be relied upon to interpret any results.

Looking at the full expression of the time-averaged force, (Equation (3.16)), we can
try to understand the physical meaning of terms (5) and (6). For an electron interacting
with a laser pulse, term () can be understood to represent a change in energy due to
the spatial gradient of the laser’s envelope (V(a)). Physically, this describes the energy
gained (or lost) as the electron enters or exits a laser pulse field with a non-uniform
envelope — that is, when the strength of the laser field is changing in space. Under the
SVEA, where the laser envelope is symmetric and evolves gradually, this term averages
out to zero over time. In the few-cycle regime, the electron can experience asymmetry
in the envelope, entering and exiting at different intensities, and the term becomes
non-negligible. We refer then to this term as an ‘envelope push’ — it results not from the
high-frequency oscillations of the carrier wave, but from the shape and asymmetry of

the laser envelope itself.

Looking now at term (6), we can interpret this as the work done on an electron due
to its own acceleration while moving through a non-uniform laser field envelope. Unlike

term (5), which accounts for energy gained or lost as the electron enters or exits the laser
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field, term () reflects the energy exchange while the electron is being accelerated within
the spatially and temporally varying envelope. We can refer to this as a non-adiabatic
envelope term, as it captures internal dynamics that arise when the envelope changes too
rapidly for the electron motion to remain symmetric or adiabatic. Under the SVEA, this
term again is negligible due to the symmetric nature of the pulse and electron trajectories.
In the few-cycle regime, where the envelope changes rapidly, the electron’s acceleration

can become asymmetric, leading to a net energy gain or loss.

The impact of these effects on electron dynamics is still an open area of research.
There is growing interest in how few-cycle pulses influence LWFA, especially in the
context of scaling down laser energy to millijoule levels while increasing repetition rates
to kilohertz in 800 nm systems. As discussed in Section 2.6, carrier envelope phase (CEP)
plays a significant role in few-cycle pulse dynamics. In this regime, the peak of the
electric field no longer necessarily aligns symmetrically with the pulse envelope, breaking
the assumptions of the SVEA and enhancing non-adiabatic terms like ) and (). It is
unsurprising, therefore, that this influence extends to the evolution of laser-driven plasma
wakes. Most theoretical treatments to date have focused on incorporating the CEP into
LWFA models [66, 124-127]. The first theoretical model addressing this was introduced
in 2009 by Nerush and Kostyukov [126], who showed that although momentum gain from
the ponderomotive force is independent of CEP, it can significantly affect the symmetry
of the plasma bubble. This does not, however, mean that electron momentum will not
be affected: transverse oscillations of the bubble due to CEP effects consequently cause
asymmetry at the moment of self-injection of the electrons to be accelerated. Since the
final electron energy correlates with injection conditions and output angle, CEP-induced
distortions can degrade the beam quality, leading to irregular energy spectra or reduced

acceleration efficiency [127].

We note too that under the SVEA, the ponderomotive force has no requirements in the
polarisation of the radiation field. This is not the case when the SVEA ceases to be valid.
While term (@) retains polarisation independence, terms (5) and (6) explicitly depend on the
laser polarisation through the vector potential (a), which is aligned with the polarisation
axis. For linear polarisation, this introduces a strong CEP sensitivity along the laser’s
transverse axis, whereas for circular or elliptical polarisation, the rotational symmetry
suppresses CEP dependence. The authors in [127] experimentally confirmed these effects

by comparing CEP-driven spectral changes across different laser polarisations.

Although in this chapter we will continue to define LWFA with reference to the

ponderomotive force, we should proceed with some caution.

3.1.2 Relativistic Motion

With the full derivation shown in Appendix B.1, in a stationary frame and assuming
the particle starts from rest, its momentum as a result of interacting with a plane,

monochromatic electromagnetic wave evolves as:
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Pz = apsinf (3.18)
ag . o
pz =~ sin 0 (3.19)

Where we are using the vector potential a = a,X = ag sin %, with 0 = kz — wt and
momentum p normalised as before. As a function of @, this results in spatial coordinates
of:

x = agcos b (3.20)
2
_ (g Ly
2= (9 5 Sin 20) (3.21)

With these solutions plotted in Figure 3.1, we see that the effects of travelling at
relativistic velocities, or indeed the effect of including the magnetic field term, are that the
particle will drift along the propagation direction of the wave with a cycle-average drift
velocity vq/c = (p.)/(7) = a3/(4 + a3). In the drift frame, we see the electrons process
in the well-known figure-of-8 motion. This drift velocity term highlights the fundamental
difference between relativistic and non-relativistic schemes, and suggests the possibility
that particles may be accelerated via this mechanism (although the Lawson-Woodward

Theorem disputes this for the case of a simple plane wave [128-130]).

_%:1,0 (LUZB.O
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kz (lab frame) kz' (drift frame)

Figure 3.1: The trajectory of an electron while in the presence of an infinite, linearly polarised,

monochromatic plane wave with field strength ag and wavenumber k in the lab (left) and drift

(right) frames. The drift frame moves at the cycle-average drift velocity of the electron, tracing
out a characteristic figure-of-8 motion.
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3.2 Nonlinear Optics in Underdense Plasmas

Moving on from single-electron descriptions, we now extend the formalism introduced in
Chapter 2, where we discussed the propagation of electromagnetic waves in vacuum, to
consider the collective effects of an underdense plasma when perturbed by electromagnetic
fields. This will lead to an expression for the plasma refractive index which, for intense
radiation such as is present in a short-pulse laser, leads to nonlinear effects such as

relativistic self-focussing and pulse compression.

3.2.1 EM Waves in Plasmas

Here we define a plasma to be a quasi-neutral ensemble of charged particles which exhibits
collective electromagnetic behaviour [131]. Although many domains of interaction exist,
dependent on the presence of EM waves or externally applied fields, here we will restrict
ourselves to cold, low-density, neutral media (with no externally applied fields), whereupon

electron plasma waves may oscillate if excited by a propagating EM wave.

Starting from the wave equation (Equation (2.9)), we note that since a plasma
consists of free charges, not bound ones, the material polarisation vector P is taken to
be zero. This simplifies Equation (2.5) for the electric displacement field to D = ¢E.
For a quasi-neutral plasma with charge density p = 0 and current density J = —enev
(and assuming that the plasma reacts sufficiently fast to remain quasi-neutral —i.e. to
maintain V - E = 0), we can define a wave equation for an electric field E propagating

through a plasma:

ov 10°E
VQE = —uoenea =+ Cjﬁ (322)

Using the simplified (non-relativistic) Lorentz Equation (Equation (3.2)), we may

relate the acceleration of electrons due to an electric field via 0v/0t ~ dv/dt = —eE/me.,
such that:
2 2
9 o€ e 1 0°E
E= E+ 55— 3.23
v Me + 2 Ot2 ( )

Substituting a plane wave solution E = Eg exp [i(k - r — wt)] into the wave equation

gives:

2 2
—kPE=-CTeg Y g (3.24)
Me c2

Which simplifies to the dispersion relation for electromagnetic waves in a cold plasma:
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w? = wg + K2 (3.25)

Here wy, is the plasma frequency, defined as:

Nee?2

(3.26)

w
P €0Me

This frequency characterises the natural oscillation of electrons in the plasma and
sets a lower bound for wave propagation. For w < wp, waves are evanescent and can only
penetrate the plasma up to a length of ¢/wy; a length scale defined as the skin depth.
For w > wp, transmission is allowed. From the dispersion relation, we can define the

phase velocity v, and group velocity v of the wave as:

_ (3.27)

/ 2

These relations highlight the dispersive nature of plasmas — the group velocity is
always less than ¢, preserving causality, and decreases as the wave frequency approaches
the plasma frequency, whereas the phase velocity is always greater than c. Finally, the

plasma refractive index, defined as n = c¢/vy, takes the form:

w
n = P i (3.29)

Where n, is the critical plasma density for a given wave frequency, defined by w = wy,.
Above this density, wave propagation is forbidden, and the plasma becomes reflective to
the incident radiation. For ne < n., the plasma is considered to be ‘underdense’ — this
regime is the one in which LWFA can occur. From Equation (3.29) we see that in contrast
to conventional dielectric media, the plasma refractive index decreases with increasing
electron density. Consequently, regions of lower plasma density correspond to regions of
higher refractive index, allowing for optical guiding in plasmas with a transverse density
profile with an on-axis minimum. This enables a plasma channel, capable of guiding a
laser pulse over distances greatly exceeding its vacuum Rayleigh length, to be formed. In
a uniform plasma, where the refractive index is constant, no such guiding occurs, and the

laser diffracts unless additional nonlinear or external guiding mechanisms are present.
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We note that the phase velocity of the plasma wave is determined by the group
velocity of the driver that excites it — in the case of LWFA, this would be the laser pulse.

Accordingly, the relativistic Lorentz factor associated with the plasma wave, 7, is given
by:

Yo = ———— (3.30)

This approximation holds in the limit where the laser frequency w is much greater

than the plasma frequency wp, which is typically the case in underdense plasmas used
for LWFA.

The instantaneous Lorentz factor of a quivering electron is given as v(¢) = (1+a? (t))%
In a weakly relativistic scheme where ay < 1, it can be approximated to () =

14 %aQ(t). This relativistic correction enters the refractive index relation through the

2
p

perturbations (6n) and slowly varying frequency shifts (dw), the index of refraction

2
modified plasma frequency, w?; — % For weakly relativistic pumps, small density
becomes n = (1 — wg / <7>w2)% and, using a Taylor expansion (ignoring products between

perturbations), can be expanded as [132]:

1w? on a? ow
n= (1—2w‘§<1+ " —<2>—2w>> (3.31)

This expression highlights how intensity (via (a?)), density modulations, and frequency
shifts influence the propagation of the laser in a plasma, underpinning nonlinear optical
effects such as relativistic self-focusing and temporal pulse compression. These effects

are the respective results of transverse and longitudinal gradients in the refractive index.

3.2.2 Relativistic Self-Focussing

In the case of a highly intense (ag > 1) laser pulse, the normalised vector potential
can no longer be approximated as a weakly relativistic plane wave. Instead, its spatial
variation across the transverse profile of the beam becomes significant. Assuming a laser
pulse approximately Gaussian in shape, there will be a variation of the normalised vector
potential ag across the pulse form, peaking on-axis. This causes the refractive index
to be largest on-axis and to decrease radially outward, generating a refractive index
gradient that acts like a focusing lens. This phenomenon is a third-order (X(3)) nonlinear
optical effect, analogous to Kerr lensing in solid-state media, and is the same effect that
underpins Kerr-lens modelocking, as described in Chapter 2. In plasmas, the equivalent
effect is known as relativistic self-focusing, originating from the relativistic mass increase

of electrons in the high-intensity laser field. Spatial variations in the local refractive
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index can also arise from the expulsion of electrons from regions of high laser intensity —
a ponderomotive effect. These mechanisms can contribute to and enhance the relativistic

self-focusing of the laser pulse [133].

Self-focusing effects counteract the natural diffraction experienced by a laser propagat-
ing in a medium, meaning that the pulse can be guided and sustain high intensities over
many Rayleigh lengths. The condition for self-focusing can be expressed as a threshold

on the beam waist wy [132]:

9 2
ag  9%Wp

—WH— 1 3.32
32w c? > ( )

8 25 2
P, = Lgnec‘% (3.33)
(& w
p
2
~ 17455 GW (3.34)
O.)p

A laser pulse with a power P, self-focusses for P > P, self-guides for P = P, and
diffracts for P < P.. This guiding behaviour can also be exploited experimentally.
For example, Thomas et al. [134] demonstrated that short pulses focused using high
F number optics (i.e., with slow convergence) can be self-guided over many Rayleigh
lengths within a plasma with minimal pulse energy loss. Self-guiding is a critical enabling
mechanism in laser wakefield acceleration (LWFA), allowing the laser pulse to maintain
sufficient intensity to drive a wake over the full dephasing length — and thus enabling

electron acceleration to multi-GeV energies (see Section 3.3.4).

3.2.3 Pulse Compression and Photon Acceleration

If there exists a plasma frequency gradient arising from a gradient in the refractive index,
then there will necessarily be a corresponding gradient in the group vy (and phase vp)
velocity of the laser pulse (see Equations (3.28) and (3.27)). Consider two points 1 and
x9 in the pulse envelope, separated by a distance L, and moving with group velocities

vg1 and vgo. After some time At, the separation will change by:

AL = (vg2 — vg1) At = Avg At = cAnAt (3.35)

Approximating Avg as ~ %L, the fractional rate of change of the pulse length can
be written as [132]:
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e T (3.36)

Since the refractive index increases with ag (see Equation (3.31)), this implies that
the front of the pulse, where intensity is rising and ag is increasing, experiences slower
group velocity, while the back of the pulse, where intensity is decreasing, experiences a
faster group velocity. This longitudinal refractive index gradient leads to temporal pulse

compression, as the rear of the pulse catches up with the front.

Pulse compression is driven by longitudinal rather than transverse refractive index
gradients. These can originate from any of the three terms in Equation (3.31). As
these gradients exist in both space and time, their impact is not limited to the temporal
compression of the pulse envelope — they also induce spatially varying frequency shifts.
This phenomenon, in which photons gain or lose energy as they propagate through
plasma density gradients, is known as photon acceleration and is the spectral counterpart

to temporal pulse compression.

Similarly to the case of pulse compression, spatial gradients in the refractive index
also lead to variation in the local phase velocity of the laser pulse, and hence in its
wavelength. We can consider two wavefronts at positions x1, x2, separated by A and
moving with velocities vp1 and vp2. The difference in their speeds leads to a change in

their separation over time:

AN = AvpAt ~ %”pmt (3.37)
X

Using v, = ¢/n (Equation (3.27)), the rate of change of wavelength is then:

oX  (Ov,  cAOn
i A or ~ on (3.38)

This describes photon acceleration: when the refractive index increases along the
direction of propagation (9n/dx > 0), the phase velocity decreases, and the wavelength
shortens, leading to an effective increase in photon energy. In the plasma (or co-moving)
frame, this process can be interpreted as a shift in the photon’s frequency. Differentiating

w = ck/n with respect to time, assuming fixed k gives:

0w  cwon

o (3.39)
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Connecting the temporal frequency shift to the spatial variation of the refractive
index. For an increase (decrease) in refractive index, the frequency of light decreases
(increases) with time — there is a red (blue) shift [135, 136].

3.3 Laser Wakefield Acceleration (LWFA)

This section introduces the laser wakefield acceleration (LWFA) mechanism, including
the nonlinear ‘bubble’ or ‘blowout’ regime, common electron injection techniques (with
emphasis on self-injection), key energy gain limitations, and the widely used Lu scaling

model [74] for predicting electron beam parameters.

To generate a laser wakefield, a high intensity (> 10'® Wem=2 ), short pulse (< 1 ps')
laser is injected into a cold, low density (~ 106 - 10 ¢cm™3) neutral medium, which is
thereupon ionised into a plasma by the leading edge of the laser. Light pressure created
by the pulse, known as the ponderomotive force, expels electrons in the plasma away
from regions of high intensity. This electron displacement leaves behind immobile (on
the relevant timescales), positively charged ions, creating a restoring electrostatic field.
As the electrons are pulled back toward equilibrium, they overshoot, and a ‘wake’ of
longitudinal plasma oscillations, known as a plasma wakefield, is created behind the laser
pulse. The frequency of this oscillation is referred to as the plasma frequency, given
by Equation (3.26). According to Gauss’s Law, the charge imbalance caused by the
oscillating density wave will necessarily create large electric fields within which particles,

if successfully trapped, may be accelerated.

3.3.1 Plasma Wave Formation

The simplest way to derive the generation of plasma waves is in the one-dimensional linear
regime, where the laser intensity is weak (ag < 1), and electron motion is non-relativistic.
For a 1D system where all electrons are displaced by a small distance x relative to the
stationary ion background, the resulting charge separation produces a restoring field.

Using Gauss’s law, this field is

By, =Ly (3.40)
€0

Where the negative sign indicates the field acts to restore the electrons to equilibrium.
Applying the Lorentz force for v < ¢ (or indeed simply Newton’s second law!), the

equation of motion is therefore:

d?z

1 Of course, these days picosecond timescales are no longer considered to be very short!



67 Chapter 3. Theory — Laser Wakefield Acceleration

2
p

simple harmonic oscillator, with general solution:

Where wp, is the plasma frequency, w? = e?ne/(me€p). This is the equation for a

z(t) = Asin(wpt — @) (3.42)

Where ¢ is a phase constant. These local oscillations of electrons at frequency wy,
correspond, collectively, to a longitudinal electrostatic plasma wave left in the wake of
the laser pulse. For such a wakefield to form efficiently, the group velocity of the laser

pulse must approximately match the plasma wave phase velocity, with &k, = wp /v,.

Since this derivation assumes small displacements, it implicitly bounds the maximum
sustainable electric field. Beyond this, the plasma wave can break — that is, electron
trajectories can cross, and coherence is lost. The corresponding maximum longitudinal
field in a cold, non-relativistic plasma, commonly known as the cold non-relativistic

wave-breaking limit”, is given by [137]:

By = e (3.43)

For a plasma with electron density 10'® cm™3, this corresponds to a theoretical
maximum field strength of ~ 100 GV /m.

To go beyond this 1D linear approximation, a more complete description in three
dimensions can be obtained by using the cold fluid model, which couples the Poisson
equation, the continuity equation, and the fluid momentum equation. We will not include
this derivation here; it can be found in full in [138, 139].

For laser intensities ag > 1, the quiver motion of electrons becomes relativistic, and
the plasma response enters a highly nonlinear regime. In this case, the plasma can
sustain even higher electric fields, described (in 1D) by the relativistic cold wave-breaking
limit [140]:

Ews = V2(1, — 1)2 Ey (3.44)

Where the relativistic gamma factor -, associated with the phase velocity of the

plasma wave is given as v, = (1 — vg / 02)7%. In the context of laser-driven plasma waves,

2 1In his paper, Dawson actually defines the cold non-relativistic wave-breaking limit specifically for a

finite phase velocity v, # c¢. Although the expression we quote is indeed the one commonly used,
it is naive and incorrect to use v, = ¢ — if the plasma wave moves at exactly ¢, then in the cold,
non-relativistic limit, no electrons could ever be trapped. It would require an infinitely strong field
for the electrons to catch up with the plasma wave [137].
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where the wake phase velocity is approximately equal to the laser group velocity in an

2
underdense plasma, one may approximate v, ~ v, ~ /1 + %0 such that [141]:

at/2

Ewp = Ey————=
1+ a3/2

(3.45)

For a full 3D treatment, a non-perturbative, numerical treatment is needed, such that
the fields are computed self-consistently with the evolving particle distribution. This
is a task promoted to kinetic simulations such as particle-in-cell (PIC) methods (see
Section 4.2).

At the point of wavebreaking, the plasma wave becomes steep enough that background
electrons can become trapped in the accelerating phase of the wake. This process enables

self-injection and the subsequent acceleration of electrons.

3.3.2 Electron Injection

To be accelerated by the steep longitudinal electric fields of a wakefield, electrons must
first be injected into the accelerating phase of the plasma wave. Several experimental
injection schemes have been developed to achieve this, including self-injection, ionisation
injection [70, 71], and density down-ramp injection [67]. The first scheme to be observed
experimentally [142], self-injection, is also the simplest to implement as it arises naturally

when the wakefield amplitude becomes large enough for wavebreaking to occur.

Described by Thomas in 2010 [143] by analysing electron trajectories in the wakefield
potential within the bubble regime (introduced in the next section, Section 3.3.3), the

threshold field strength required for self-injection to take place is given by:

ap 2 In (273) -1 (3.46)

Where y, is the Lorentz factor associated with the wake’s phase velocity. This
threshold was experimentally validated by Mangles et al. [144], who further expressed
the condition in terms of the laser power P and the fraction of energy « contained within
the full-width-at-half-maximum (FWHM) focal spot:

oz; - {111 (2") - 1] ’ (3.47)

Where P, is the critical power for relativistic self-focusing (see Equation (3.33)), n.

is the critical density, and n. is the plasma density.
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While self-injection is the only injection scheme considered in this thesis, ionisation
injection is now more widely used in LWFA experiments. This preference stems from
its effectiveness at lower laser intensities and its ability to produce higher charge beams
with improved quality and reduced divergence [71, 145]. In contrast, self-injection is
often considered a more stochastic process, which can result in reduced control over the

beam quality.

With mid-infrared (MIR) laser drivers, it is not yet clear which injection scheme
should be favoured. This uncertainty stems from the different scaling of electric field
strength with laser wavelength and intensity: the peak electric field of a laser scales
as E o +/I/)\, meaning that for a given intensity, longer wavelengths (such as in
the MIR) produce lower peak electric fields. This has important consequences for
injection thresholds, particularly for schemes such as ionisation injection, which rely on
field-induced tunnelling [146].

3.3.3 The Bubble Regime

The bubble, or ‘blowout’ regime, is a highly nonlinear acceleration regime that occurs
when a high-intensity, short-pulse laser with normalised vector potential ag = 1 propagates
through an underdense plasma. The bubble regime is so-named because when a high-
intensity driver is directed at a plasma, the electrons in the plasma are entirely expelled
from the axial region, creating a bubble-like cavity in the wake of the laser pulse. In
this regime, the ponderomotive force of the laser is strong enough to expel nearly all
electrons from the central axis of propagation, forming an ion cavity — or ‘bubble’ —
devoid of electrons, trailing behind the laser pulse. The expelled electrons are pushed
radially forward and outward and then pulled back toward the axis, forming a dense
sheath that wraps around the rear of the bubble in a quasi-spherical trajectory. At the
rear, the steep density spike is accompanied by wavebreaking, leading to self-injection
of electrons into the bubble cavity. This location also coincides with the strongest
accelerating fields. Under optimal conditions, the fields inside the bubble become quasi-
linear and uniform, providing excellent conditions for accelerating injected electrons with
monoenergetic spectra. This was first reported in simulation in 2002 by Pukhov and

Meyer-ter-Vehn [147], 2 years before being shown experimentally.

Figure 3.2b shows the approximately spherical shape of the bubble regime cavity,
formed by a laser with initial ag = 2.9, compared to a weakly nonlinear plasma wakefield
driven by a laser with agp = 0.9 in Figure 3.2a. The figures are both overlaid with the
longitudinal electric field F, felt by the electrons. In the ag = 0.9 case, the field is close
to being sinusoidal in shape — the wave does not break, and no electron injection is
observed. In the ap = 2.9 case, the field takes a characteristic sawtooth-like profile, with
steep gradients at the density spike at the back of the bubble corresponding to the region
of maximum accelerating fields. Here, the fields exceed the wavebreaking limit, leading

to self-injection of electrons, which can be seen accumulating at the rear of the bubble.
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Figure 3.2: An electron density plot from an AM cylindrical simulation of LWFA using the
particle-in-cell code Smilei. The plots show a laser (A = 3700 pm, 7pwam = 30 fs) propagating
left-to-right across the simulation window after being focussed to a spot size of
drwam = 13.6 pm in a plasma with electron density n. = 2.8 x 10'® cm~3. The longitudinal
electric field E, is overlaid in red. The snapshot is taken roughly 0.77 ps into the simulation.
(a) A modestly relativistic regime of LWFA (driving laser starts with ag = 0.9). The laser pulse
excites a weakly relativistic wake. The plasma modulation and resulting longitudinal electric field
are observed, but the bubble is not fully cavitated, and no self-injection (or acceleration) occurs.
(b) A highly relativistic regime of LWFA (driving laser starts with ag = 2.9). The laser pulse
excites a strongly relativistic wake, with a fully developed bubble cavity within which the
electron density drops close to zero. The electric field becomes highly nonlinear, exceeding the
wavebreaking threshold, triggering electron self-injection into the bubble cavity, visible at the
rear of the structure.

Several scaling laws exist for laser intensity, spot size, and pulse duration to optimise
bubble formation and electron injection while minimising energy losses. We explore these
in more detail in Section 3.3.5, but broadly, the best performance is typically achieved
when the focal spot size is comparable to or larger than the plasma wavelength (wg 2 Ap).
Tightly focused beams tend to suffer from diffraction, leading to beam breakup and
poor shot-to-shot reproducibility [134]. In contrast, ‘matching’ the laser spot size to the
blowout bubble radius (wy, = wg ~ R},) allows the pulse to self-guide without significant
distortion of the pulse profile over the interaction length, leading to more stable and
reproducible wakefield conditions [74]. While the matched condition ultimately gives
the most stable configuration, starting with a slightly larger spot size (wy > wy,) allows
the pulse to evolve naturally through self-focusing and compression, with the stabilising

effect of self-focusing driving the pulse towards the optimal matched profile.

3.3.4 Limitations on Electron Energy Gain

Laser wakefield acceleration (LWFA), particularly with the phenomenon of electron
self-injection, is often regarded as one of the more fortuitous outcomes in plasma physics,
where several physical effects align in a way that favours efficient particle acceleration.
The ponderomotive force exemplifies this. Given its origin in oscillating electric fields,

one might expect a dependence on laser polarisation. However, as can be seen in
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Equation (3.17), the ponderomotive force exhibits no such dependence: it is insensitive to
the laser’s polarisation and behaves identically for both linear and circular polarisations,
provided the energy density remains the same. Another advantageous feature is the onset
of relativistic self-guiding. This naturally extends the interaction length between the laser
and plasma, allowing electrons co-propagating with the laser pulse to gain energy over
distances far exceeding the Rayleigh range. Despite these beneficial properties, several
physical limitations constrain the maximum energy gain achievable in LWFA. The most

important of these are: laser diffraction, electron dephasing, and pump depletion.

Laser Diffraction

As a laser propagates through any medium, it undergoes diffraction, causing the beam to
expand transversely. The characteristic length over which diffraction becomes significant
is known as the Rayleigh range, defined as the distance from the beam waist wg to the
point where the beam radius has increased by a factor of v/2. In the context of laser
wakefield acceleration, diffraction can limit the effective interaction length between the
laser and plasma. It is possible, however, to mitigate diffraction through mechanisms such
as plasma waveguiding [30], or by exploiting relativistic self-focusing, which, under the

right conditions, leads to self-guiding of the laser pulse and the associated wakefield [148].

Electron Dephasing

Dephasing occurs when accelerated electrons catch up to the plasma wave. As they
move forward within the wake, they eventually enter regions where the electric field
reverses, causing deceleration and degrading beam quality. In relativistic laser-plasma
interactions, electrons are accelerated to velocities approaching the speed of light, v ~ ¢,
while the phase velocity of the plasma wave is slightly less, v, < c. As a result, the
electrons inevitably overtake the wake, a process which occurs over the dephasing length,
Lg. This sets a fundamental limit on the acceleration distance in LWFA. The linear and

nonlinear dephasing length scales (in 3D) are calculated by [74]:

1 for ag < 1
Lg= e 0 (3.48)

Ne 27 %,/ao for ag > 1

EQMe
e2ne ’

Where A, is the plasma wavelength, given by A\, = 27c ne is the electron density

and n. is the critical density.

To produce monoenergetic electron beams with low energy spread, the acceleration
length must remain shorter than, or approximately equal to, the dephasing length.
Once electrons begin to dephase, the beam experiences broadening in both energy and
divergence. It is therefore generally desirable to design plasma stages such that the

interaction length does not exceed Lq [29].
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Pump Depletion

Pump depletion is a natural consequence of ‘donating’ laser energy to the plasma. As
the pulse drives the plasma wave, it is continually losing energy. Since the laser energy
is finite, there will necessarily be a point at which the laser can no longer support
accelerating gradients, thereby limiting the energy gain of the captured electrons. The
point at which this has a negative effect on electron energy gain is called the depletion
length, L,q — this is the distance at which the laser pulse has lost a significant fraction
of its initial energy. In 3D, the linear and nonlinear pump depletion lengths can be

estimated as [74]:

1
= forag <1
Lpa = %Ap a3 (3.49)
e 1 forap>1

It is interesting here to note that in the 3D nonlinear regime, the pump depletion
length becomes independent of the laser intensity. This was first identified by Decker
et al. in 1996 [149], who showed that in the strongly nonlinear regime, energy loss is
dominated not by distributed absorption, but by etching of the laser’s leading edge. In
this regime, the front of the laser pulse is continuously depleted as it excites the plasma
wave, while the tail of the pulse propagates through the nearly evacuated cavity. As
a result, the laser erodes from the front backwards: energy is lost primarily from the
front, leading to a shortening of the pulse. The rate at which this occurs is known as the
etching velocity, given by Setcn = ne/nc. Both the width of the density spike at the back
of the bubble and the rate of energy loss carry the same ag dependence, which causes
the ag terms to cancel out in the depletion length. Consequently, in the bubble regime,
the pump depletion length becomes effectively intensity-independent, governed solely by

the plasma density and wavelength.

For a range of laser strengths ag and plasma densities n,, the curves of constant
dephasing and pump depletion lengths are shown in Figure 3.3, calculated for a laser
with wavelength A = 3700 nm using Equations (3.48) and (3.49) for ag > 1. The figure
illustrates the strong dependence of both limits on plasma density. Notably, the nonlinear
pump depletion length exhibits no dependence on ag in this regime, while the dephasing

length shows only a weak ag scaling.

3.3.5 Lu Scaling Model

In 2007, a phenomenological framework of laser wakefield acceleration in the 3D nonlinear
blowout regime was set out by Lu et al. [74]. This pioneering paper established a set of
scaling laws, which the vast majority of experiments still use to help design and inform

their setups and data. Here we discuss the main results.

A fundamental result is the empirical relationship between the laser’s normalised

vector potential ag and the radius R of the plasma bubble it drives:
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Figure 3.3: The dephasing (black, solid) and depletion (grey, dashed) lengths plotted as
functions of ag and plasma density 7.

kpR ~ 2\/ag (3.50)

From this, the concept of a matched spot size is introduced — the focal spot size wyq
that ensures stable guiding of the laser through the plasma. Optimal guiding occurs

when the laser spot size matches the blowout radius, kpwg ~ kpR.

The characteristic dephasing and pump depletion lengths in this regime are also

derived, as given in Equations (3.48) and (3.49).

Most significantly for the results presented in this thesis, Lu et al. derive a scaling

law for the maximum energy Wi,.x attained by accelerated electrons:

wj 2 me
P = 3.51
3 wy 3a Ne ( )

Winax/Mec? =

An obvious limitation of the Lu model is that it does not account for any evolution

of the laser pulse — it assumes an initially matched spot size. As discussed in Sections
3.2.2 and 3.2.3, as a laser propagates through an underdense plasma, it will inevitably
undergo both spatial and temporal evolution. Such evolution — including self-focusing
or pulse compression — leads to an increase in the laser’s ag, making it likely that Lu’s

original energy scaling in Equation (3.51) underestimates the actual energies available to

accelerated electrons.

This limitation was addressed in 2020 by Bloom et al. [150], who proposed an updated

model that incorporates laser pulse evolution during propagation. Assuming that the
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pulse evolves toward the matched spot size, the maximum value of ag can be estimated
as amax ~ 2[a B/ (TfPC)]l/ 3 where « is the fraction of laser energy Fi, trapped within
the bubble, P, is the laser critical power and 7¢ is the final predicted pulse duration after
pulse compression. Here 73 is approximated as 7t & 79 — nel/(2cn.), where the pulse
evolves over a propagation length [. The maximum propagation length is limited either
by the pump depletion length (Lpq = cTone/ne), or, for Liarget < Lpd, the length of the

target. The revised maximum energy of the accelerated electrons then becomes:

2 n
Wr/nax/meCQ = gamax;c (3.52)

e

3.4 Direct Laser Acceleration

Direct laser acceleration (DLA) is a mechanism that can lead to significant additional
energy gain by electrons in the bubble regime of a laser wakefield accelerator. Unlike
standard LWFA, where electrons gain energy primarily from the strong longitudinal
electric fields in the plasma wake driven by the laser’s ponderomotive force, DLA involves
a direct transfer of energy from the laser field itself to the electrons. This process
is often described as a ‘direct v x B push’ [151]. In near or fully blown-out regimes,
electrons trapped in the first plasma wave period (or ‘bucket’) oscillate transversely in
the plane of laser polarisation. If the frequency of these oscillations resonates with the
laser field experienced by the electrons, a coherent transfer of energy can occur between
the laser’s transverse electric field E| and the electron’s transverse velocity v , increasing
the transverse momentum. This transverse momentum can then be converted into a
longitudinal momentum via the v x B force associated with the laser field. The energy

gained by electrons due to the transverse electric field can be expressed as [152]:

t
WJ_ = —6/ EJ_ . VJ_dt/ (3.53)
0

Where v is the transverse velocity of the electron. Since the dominant contribution
to E | arises from the laser field, this term quantifies the DLA component of the total
energy gain in the LWFA regime.

For effective energy gain via DLA, electrons must remain within the transverse extent
of the laser field long enough to accumulate energy, and the frequency of their oscillation
must be in resonance with the Doppler-shifted laser frequency. Such conditions are most
favourable in long, guided plasma channels where the laser field can maintain overlap

with the oscillating electrons over extended distances.

DLA has a characteristic signature in electron momentum space: it exhibits a forked
structure in its momentum phase space. If present, this is something that would manifest

itself in an electron spectrum.
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HIS CHAPTER DESCRIBES THE KEY experimental and numerical methods used in
T this thesis. We will explain a short-pulse diagnostic used to measure temporal
durations on the Chimera laser system, as well as methods used for the detection and
characterisation of its mid-infrared beam. We will also discuss the simulation method
used to map out and plan a proposed laser wakefield acceleration experimental parameter
space. Simulation convergence tests are performed in order to present and provide
benchmarking for a consistent simulation framework for all other simulations presented

in this thesis.

4.1 Laser Diagnostics

Historically, a temporal profile could be measured simply by using a device with a
shutter speed shorter than the event itself. When referring more specifically to lasers,
‘long’ nanosecond pulses can be directly recorded with photodiodes coupled to a fast
oscilloscope, and few picosecond pulses can be recorded with streak cameras, but there
does not exist a camera which can capture a shorter pulse. Ultra-fast pulses (in the
femto- to attosecond regime) must therefore be measured using alternative techniques;
they must be measured — or ‘correlated’ — against the shortest thing that exists: very

often, themselves.

The simplest way to achieve this in practice is by crossing a copy of the pulse with
itself in a nonlinear medium, typically using a Michelson interferometer to introduce
a temporal delay 7 between the two pulses. The delayed pulses are then spatially
and temporally overlapped in the medium — for example, a nonlinear crystal used for
second-harmonic generation, or a photodiode or LED acting as a two-photon detector.
The latter of these methods requires a band gap energy greater than the photon energy
of the laser pulse, relying on the principle that electrons will be excited across a material
bandgap if and only if two photons are absorbed simultaneously [153-155]. In both cases,
the measured signal (e.g. current or light intensity) is proportional to the square of the
intensity of the light directed at it. From this we can extract an autocorrelation signal
S(7), which is given by [115]:

75
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S(7) o /O:O<|E(t) +E(t+7)]2)2dt (4.1)

x /_°° <|E(t)2 B+ 7))+ 2R[E( E(t + T)*])dt (4.2)

Where E(t) is the electric field of the laser pulse. Two broad types of autocorrelation
exist: intensity autocorrelation and interferometric autocorrelation. If the detector
has a sufficiently large bandwidth to resolve the rapidly oscillating interference term
(third term in Equation (4.2)), then we have an interferometric autocorrelation and the
signal as a function of delay will show fringes with spacing AT = 27 /wp, where wy is
the central frequency of the pulse. If the detector is too slow to resolve this term, the
result is an intensity autocorrelation, which provides information only about the pulse
envelope. Interferometric autocorrelations are sensitive to the carrier envelope phase,
and their signals typically exhibit fringes with both positive and negative lobes due to
the oscillating electric field. In contrast, intensity autocorrelations are always positive
and symmetric, since the detector integrates over the fast oscillations and responds only
to the average intensity. Both types of autocorrelation can be implemented in scanning
or single-shot configurations. In scanning systems, the delay 7 is varied using a movable
delay line to reconstruct the autocorrelation trace over time. In a single-shot system, the
time delay is encoded spatially across a beam profile and detected simultaneously using

a caimera.

Although a relatively simple technique to implement in the laboratory, crucial
information about the shape of the pulse envelope can not be extracted when using this
method — in order to make a quantitative estimate about the pulse duration we detect,
we must assume some pulse envelope, meaning that any phase information is lost. In
order to extract both the amplitude and the phase of an ultrashort pulse, we must also
measure its spectrum. The first technique to do this, the FROG (frequency-resolved
optical gating), was developed by Kane and Trebino in 1993 [156].

In this section, we will describe one method — TOAD (Third Order Autocorrelator
Diagnostic) or XTOAD (Extended Third Order Autocorrelator Diagnostic) — used
to characterise the OPA pump pulse of the Chimera laser using techniques that can
also provide information about the pulse shape and contrast. Many other such pulse
characterisation tools exist and are in regular experimental use worldwide, for example
FROG [156], SPIDER [157] and DScan [158, 159] (and all their variations), however
these diagnostics have not yet been applied to the work carried out in this thesis and

have therefore been omitted.

As mid-infrared detectors are much less well developed compared to their visible/near-
infrared counterparts, we also describe methods used to detect and characterise our

mid-infrared pulse.
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4.1.1 Third Order Autocorrelator Diagnostic (TOAD)

Ultrashort pulse diagnostics typically rely on some instance of nonlinearity. As nonlinear
processes are intensity-dependent, they are highly sensitive to the spatial and temporal
characteristics of a pulse, allowing critical pulse information, such as duration and
spectral phase, to potentially be recovered. Most autocorrelation-based diagnostics
techniques use second-order processes such as two-photon absorption or second harmonic
generation (SHG). FROG, SPIDER and DScan all use SHG as a tool to characterise
their input short pulses, with additional steps used to extract spectral phase. The reason
for this is that SHG is adaptable for a very large range of wavelengths and, compared to
higher-order processes, is typically very robust. SHG is also relatively efficient, even with
low input intensities, and so can generate stronger signals with simpler experimental

setups and less demanding detection requirements.

Despite its considerable advantages, there are two major disadvantages when us-
ing SHG to diagnose short pulses. Firstly, scattered light from the SHG crystal can
significantly reduce the measurable contrast and dynamic range. Secondly, SHG autocor-
relation inherently produces time-symmetric traces, as the technique relies on overlapping
two identical replicas of the pulse. The consequence of this is that it is not possible
to distinguish whether temporal structural features in the pulse wings occur before or
after the main portion of the pulse. This ambiguity can be problematic in high-intensity
laser-plasma experiments, particularly with fragile solid targets, where pre-pulses or
pedestal structures arriving before the main pulse can initiate unwanted interactions or

damage.

In order to produce an asymmetric, high contrast trace to enable the characterisation
of a high dynamic range short pulse, we may turn to a third-order autocorrelator. First
designed at Imperial College in 1993 [160], the Third Order Autocorrelator Diagnostic
(TOAD) was proposed as a very high dynamic range (~ 10'!) pulse characterisation
technique. An upgraded design was later developed at Imperial College (described
extensively in [116]), which was used to characterise a range of modelocked laser oscillator
sources and high-power, compressed laser pulses from a selection of major UK laser
laboratories [161]. Commercial third-order autocorrelation devices are also available —
for example, the SEQUOIA (Amplitude Technologies). The SEQUOIA advertises a noise
floor limited dynamic range of > 109 [162].

The Imperial College TOAD is a custom-built 1 pm diagnostic with a temporal scan
window of 2 ns. It includes an ‘extended’ (XTOAD) mode, with the addition of a flip-in
cross-polarised wave generation (XPW) stage as a way to further enhance the ability
to discriminate against diagnostic artefacts. This is done by providing an additional
nonlinear ‘pulse cleaning’ step for a second harmonic probe beam. Its development was
partially supported by AWE contract 30242504 “Advanced technologies for high-contrast
short-pulse operation on the Orion Laser Facility” and is routinely used to diagnose the

Cerberus laser system at Imperial College across a dynamic range of > 1 : 10''. XTOAD
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mode does not apply to the measurements presented in this thesis but is described in
detail in [163]. The optical layout of the Imperial College TOAD is shown in Figure 4.1.
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Figure 4.1: Optical layout of the Imperial College Third Order Autocorrelator Diagnostic
(TOAD). The TOAD is a two-stage system, whereby the second harmonic light generated in the
first nonlinear SHG stage is cross-correlated with the fundamental in the second stage. This
produces third-harmonic light, which can be measured as a function of time delay between the
fundamental and SHG probe. The high-gain photomultiplier tube (PMT) is contained in a
light-tight housing, inside which the third harmonic signal is spectrally and spatially filtered to
provide a very low background measurement. Both the filter wheel and the translation stage can

be operated manually or through a computer interface, with software developed by Dr Nicholas
Stuart [116].

a

The basic TOAD/XTOAD principle of operation is in the non-collinear cross-
correlation of the laser fundamental with its second harmonic (rather than itself) to
produce a third harmonic signal by way of sum-frequency generation. In the third
order frequency mixing process, the second harmonic signal acts as a probe to the
fundamental, made possible due to its shorter pulser duration (of order 1/+/2), allowing a
temporal intensity measurement as a function of delay. The position encoded motorised
translation stage (Thorlabs LTS300/M) has 30 cm of available travel, with a temporal
step size of down to 5 fs. This provides high-resolution measurements over a 2 ns scan
window (when the translation stage is double-passed). Although introducing an extra
degree of complexity from a second-order correlator, as it becomes a two-stage rather
than single-stage process, it allows an inherently background-free, time-asymmetric
autocorrelation measurement: there is no third harmonic signal when either the second
harmonic or fundamental pulses are not temporally overlapped, or if they are individually
incident inside the mixing crystal. Beam paths for the fundamental, second and third
harmonic beams are also angularly separated after the third harmonic generation crystal,

allowing for robust discrimination of the ‘real’ signal against other background processes.
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The third harmonic signal is detected using a light-tight, spectrally filtered, high-gain
photomultiplier tube (PMT, ET-Enterprises 9124B) and recorded on a Tektronix Os-
cilloscope. The Imperial TOAD can be operated manually or through an automated
computer interface — both the filter wheel and the translation stage may be controlled
using software developed by Dr Nicholas Stuart [116]. As this is a third-order process
and the autocorrelation signal scales as the cube of the electric field intensity, a Gaussian

deconvolution factor of 1/4/3 is required to retrieve a pulse duration.

Although designed primarily to monitor laser contrast, the data we present in this
thesis uses the TOAD only as a pulse duration diagnostic used to characterise the

compression and temporal profile of the 1 ym Chimera OPA pump beam.

4.1.2 Mid-Infrared Diagnostics

Thanks to the wide availability of affordable and convenient diagnostics, beam profiling
and spectral characterisation of laser systems operating in the visible and near-infrared
is often relatively straightforward. For routine beam monitoring and alignment of more
common systems (in the 400 - 1000 nm wavelength range), standard silicon-based cameras
are used, as they are widely accessible and often cost less than £20. Similarly, most
compact spectrometers, also relying on silicon detectors, are most readily available in
the visible-near-infrared wavelength range. For wavelengths above ~1100 nm, however,
silicon becomes transparent and can no longer be used as a direct single-photon detector.
This makes beam profiling and spectral characterisation of the mid-infrared (MIR)
Chimera laser beam (centred at 3700 nm) much more challenging, particularly as there
is a limited number of sensor materials and technologies that are sensitive to the MIR

spectral range.

In addition to its wavelength, another important factor is the system’s repetition
rate. High-repetition-rate systems (in the kilohertz range) are generally much easier to
characterise, both spatially and spectrally, due to their higher average power. In the
MIR stage of the Chimera laser, we enter into a low energy (microjoule - millijoule), low
repetition rate (10 - 100 Hz) regime. This results in a low average power, presenting
significant challenges for both beam profiling and spectral detection, particularly when
needing to discriminate against a 70 MHz co-propagating unamplified oscillator back-
ground. We now describe the MIR, spectrometer and beam profiler used to address some

of these challenges on the Chimera laser system.

Mid-Infrared Spectrometer

Although the general principles behind near- and mid-infrared spectrometers are the same
(i.e. dispersing light via a grating or prism and detecting it using a suitable sensor), the
practical challenges involved in MIR detection make these systems far more specialised
and significantly more expensive. One of the main limitations arises from material
transparency: regular glass and fused silica are opaque in the MIR range, requiring the

use of more costly materials such as calcium fluoride (CaF2) and zinc selenide (ZnSe) for
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lenses and windows. The manufacture of gratings also becomes problematic, as standard
gratings, optimised for use in the near-infrared, are not appropriate for high-quality MIR
characterisation. Instead, custom gratings made from MIR-compatible materials, with

non-standard line spacing, are often required.

At one stage, the system included a home-built scanning spectrograph with a reso-
lution of ~ 50 nm, consisting of a 300 1/mm grating mounted on a rotation stage and
imaged onto a single-element PbSe photodiode detector with a 2.4 pm longpass filter.
Although no longer in operation — its components having since been repurposed elsewhere
in the system — this spectrometer was originally designed and used by Dr. Nicholas

Stuart to collect the MIR spectral data presented in Figure 5.20 (Chapter 5).

The MIR spectrometer currently used in the Chimera system, also built by Dr Nicholas
Stuart, consists of a commercial spectrometer body retrofitted with a custom MIR grating
and mount, coupled to a Pb:ZnSe linear detector array. This is the spectrometer used for
the MIR spectral data presented in Figure 5.25. Although the Pb:ZnSe detector operates
as a photon detector rather than a thermal one, MIR measurements are nonetheless
susceptible to significant ambient thermal background radiation. To discriminate the
laser signal from this background, an optical chopper wheel is employed to modulate
the incident laser signal, enabling internal normalisation against the laboratory thermal

background.

Mid-Infrared Beam Profiler

The requirements for a mid-infrared beam profiler are to provide fast and convenient 2D
spatial detection, enabling detailed characterisation of the beam’s shape and intensity
distribution. Due to the developmental nature of mid-infrared systems and their relatively
limited use, the choice of suitable camera systems is extremely narrow. This means that
MIR beam profilers are often incredibly specialised. On the Chimera laser system, we use
a pyroelectric detector (Spiricon, Pyrocam IITHR) for this purpose. Pyroelectric detectors
are made from materials, such as LiTaO3 (Lithium Tantalate) or DLaTGS (Deuterated
L-Alanine-doped Triglycine Sulfate), that exhibit pyroelectricity — the generation of
an electric charge in response to a change in temperature. This temperature variation
across the detector surface creates a voltage difference, which is then processed to
reconstruct the beam’s spatial profile and intensity distribution. Although the minimum
detectable average power of the camera (> 1 mW) is larger than that generated on the
MIR seed generation alone, the use of external triggering allows reliable detection and

characterisation of the MIR beam at all subsequent stages in the system.

4.2 Numerical Methods

When attempting to model a plasma, there must necessarily be a trade-off between
accuracy, generality and computational cost. This stems from the inherent complexity of

plasma systems: no single numerical tool can fully capture all relevant physics across
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the wide range of spatial and temporal scales involved. Depending on the regime of
interest, plasma behaviour spans from sub-femtosecond time scales (e.g., electron plasma
oscillations) to seconds of confinement (e.g., magnetic or inertial fusion), and from
nanometre-scale features like the Debye length to metre-scale structures in astrophysical

jets.

To optimise computational cost, a choice must be made based on the dominant
physics. Simulation tools are therefore specialised to capture different effects: collisionless
plasmas require kinetic models; collisional plasmas are often treated using fluid (hydro)
approximations; radiatively dominated plasmas require radiation-hydrodynamics, and the
presence of strong magnetic fields calls for magnetohydrodynamic (MHD) models. In the
case of laser wakefield acceleration (LWFA), where the plasma is underdense, relativistic,
and largely collisionless, a kinetic approach is necessary, and thus Particle-in-Cell (PIC)

simulations are the tool we turn to.

4.2.1 Particle-in-Cell (PIC) Simulations

Due to the limited ability to well-diagnose LWFA experiments, both as a consequence of
their physical size (~ microns) and the small timescales (~ picoseconds - femtoseconds)
over which they occur, experimental access to fast transient phenomena such as electron
injection, beam evolution and laser self-focussing and depletion, as well as the spatial
mapping of the plasma bubble and electron bunch trajectory remains extremely limited.
When conducting such an experiment, conventional diagnostics such as electron and
X-ray spectrometers and back-scattered laser beam profilers are designed to capture post-
interaction signatures, meaning that information on physical processes happening within
the interaction itself is largely inferred. To this end, numerical simulation, particularly
kinetic particle-in-cell codes, is an essential tool in laser-plasma physics. Indeed, since
being implemented to support the very first proposal of the plasma acceleration scheme by
Tajima and Dawson in 1979 [28], they have been applied extensively to diagnose, explore,
and understand many pioneering theoretical and empirical advances. These include
the first experimental results of monoenergetic electron beams in 2004 [29-31], seminal
work on deriving scaling laws by Lu et al. in 2007 [74] (see Section 3.3.5), Bayesian
optimisation to improve the beam quality and stability of the laser-plasma accelerator
(first in simulation, then in experiment) [164], and in exploring as yet well-chartered

regimes such as positron acceleration [165].

To construct such a simulation, one must consider directly solving Maxwell’s equa-
tions for every simulated particle (a real experiment will contain particle densities of
O(10%*) m~—3), at each position of interest within a 6-dimensional phase space. Laser
pulses must be able to freely and nonlinearly evolve, with considerations such as pulse-
compression and self-focussing, and there must be a capability to correctly simulate
and resolve relativistic, non-Maxwellian particle beams. All this must be simulated
over millimetre length scales and picosecond durations. At maximum fidelity, this is,

unsurprisingly, a hugely computationally expensive feat. To make it operationally feasible,
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the particle-in-cell (PIC) algorithm was developed. Rather than directly evolving the
electromagnetic fields of both the laser and the plasma, they are instead calculated at
the vertices of a predefined grid, thus reducing the computational load. To reduce the
load even further, large ensembles of real particles can be discretised and represented
as ‘macro-’ or ‘quasi-particles’, owing to their collective behaviour. It is these two

computational simplifications which earned the algorithm its moniker: particle-in-cell.

4.2.2 The PIC Algorithm

Before the PIC loop can be implemented, the simulation must first be initialised with
particle starting positions, preliminary values for charges, current densities and fields, and
boundary conditions at the edges of the simulation domain. This can be done as a restart
of a previous simulation or with a user-defined input file. Thus, with user-prescribed
spatial profiles for number density, particles per cell, mean velocity and temperature for
each simulated particle species at a time ¢ = 0, quasi-particles can be loaded into each
cell, and the initial electromagnetic fields can be calculated over the whole simulation

grid.

PIC codes often use the Finite-Difference Time-Domain (FDTD) Method as a way
to reduce computational expense when solving Maxwell’s Equations [166]. This method
defines a staggered simulation grid, meaning the electric and magnetic field components
are defined at offset spatial locations rather than co-located at the same grid points — a
popular choice being the Yee grid [167]. To ensure that particle motion is simultaneously
updated with the fields, PIC codes use leapfrog particle pusher schemes (such as the
Boris [168] and Vay [169] pushers) to update particle positions and momenta whilst
ensuring energy conservation. The particle momenta themselves are calculated from the

Lorentz force, with the fields calculated using Maxwell’s equations in the previous step.

The general PIC computation loop, from a timestep n to a timestep n + 1, is then as

follows:
1. Gather and interpolate electromagnetic fields at particle positions.
2. Push all particles forward & compute new particle velocities and positions.
3. Project new charge and current densities onto the grid.
4. Solve Maxwell’s equations and compute the new electromagnetic fields on the grid.

A drawback of solvers like FDTD is their tendency to suffer from unphysical numerical
dispersion. This becomes especially concerning when simulating relativistic particles
as such dispersion can lead to numerical Cherenkov radiation, resulting in unphysical
superluminal particle velocities [170]. This is particularly problematic when, as is the
case for LWFA, the electromagnetic waves propagate along the main grid axes [171].
There is unfortunately no fail-safe solution for Cherenkov instabilities, but there are

some ways that we can attempt to mitigate their effects. These include low-pass filters



83 Chapter 4. Methods

on the deposited currents (suppressing spurious high frequencies) and improved force

interpolation techniques between the grid and particle positions.

The PIC code Smilei [172] was used for all LWFA simulations presented in this thesis.
Smilei is an open-source and collaborative code, designed for supercomputer performance,
and co-developed by experts in high-power computing and physicists using the code
to simulate their experiments. The force interpolation method available to implement
in Smilei is called B-TIS3 (B-translated interpolation scheme) and, although this does
not remove the Cherenkov radiation, it does minimise its effects upon the simulated

macroparticles [173].

Although modelling in 3-dimensions is the most accurate way to capture the physics
of plasma accelerators, it is a challenging task and comes at a vast computational expense.
2D simulations offer faster runtimes and can provide good qualitative insights; however,
they often suffer from numerical inaccuracies such as reduced focusing forces in slab
geometries, with focusing fields underestimated by as much as a factor of two relative to
3D simulations [174-176]. An alternative approach is to decompose physical quantities,
such as the electromagnetic fields and plasma density, into a series of azimuthal Fourier
modes. This approach is far less computationally expensive than using 3D geometries, as
each azimuthal mode (AM), of which an idealised cylindrically symmetric laser wakefield
accelerator typically requires only two, represents a 2D radial slab. By including only
the lowest-order modes, quasi-3D simulations can be performed that closely reproduce
the key 3D physics of a cylindrically symmetric LWFA. Smilei has the capability to run
in both Cartesian and cylindrical (AM) geometries [174, 177]. All simulations presented

in this thesis are in an AM cylindrical geometry.

4.2.3 Resolution Tests

Before using or analysing any simulation, it is essential to test the balance of the physics
we need to capture and resolve against computational cost and run time. A key starting
point is the choice of longitudinal resolution (dx). This parameter significantly affects
both numerical Cherenkov radiation and the ability to accurately capture fine-scale
features of the plasma wake, such as the sharp density gradients at the rear of the bubble.
These features are particularly critical in the self-injection process, where small numerical
inaccuracies in the electric fields or bubble curvature can lead to qualitative differences

in the number and timing of injected electrons.

All resolution test simulations were performed using the parameters representative of
those used in the full simulation campaign. We simulate a laser wavelength A = 3.7 pm,
pulse energy Fp, = 25 mJ and pulse duration 7pwim = 30 fs, focused to a FWHM
intensity spot size of dpwan = 13.6 pm. The simulated plasma density is 2.8 x 1018 cm™3.

Simulations to ascertain the required resolution were performed at 25, 50, 100, 250
and 500 grid points per laser wavelength. These were all simulated using 2 azimuthal

modes and 10 particles per cell. Panels (a)-(d) in Figure 4.2 show the axial plasma
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density and longitudinal electric field, F, for this resolution scan at the moment just
before injection, approximately ¢ = 0.57 ps into the simulation. It should be noted that
when adjusting the longitudinal resolution in this simulation, the temporal resolution is
necessarily affected as a result of the Courant—Friedrichs-Lewy (CFL) condition [178].
This convergence condition is a numerical requirement which relates the spatial and
temporal grids, meaning that the information can travel at most one grid cell per timestep.

In AM cylindrial geometries, CFL-limited timestep At must satisfy:

1/ 1 1\ 2

Where r and x are the respective radial and longitudinal resolutions. As a result, it is
not possible to extract perfectly synchronised snapshots across simulations: features will
have propagated slightly different distances and may be at different stages of evolution.
To compensate, we select the snapshot closest to 0.57 ps in each simulation and shift
features by ¢ x At, where ¢ is the vacuum speed of light and At is the difference between
the desired time and the actual snapshot. The largest correction applied corresponds to
At = 0.04 ps. We do not account for any possible variation in the evolution of features

due to this timing offset.

On the scale of the full simulation window (Figure 4.2 (a) and (c)), we observe some
variability in both the axial density and longitudinal fields. Changes in longitudinal
resolution appear to have notably affected the structure of the second wakefield bucket.
The region we are most interested in, however, is within the range of the first wakefield
bucket, as it is here that the highest energy electrons will be initially captured and
accelerated. In the region of x = 110 pm, the only significant deviation is observed in

the lowest-resolution case, which is spatially offset from the others.

Zooming in on the high-density spike and the region of strongest longitudinal electric
fields reveals more pronounced changes with increasing resolution. We notice a substantial
change in the peak density — an increase of roughly 50% between the 100 points per
wavelength and the others. The width, however, sees a corresponding decrease, implying
that the total charge remains constant. We also see shifts in the locations of the field
minima and density maxima. Excluding the outlier at 25 grid points per wavelength
(indicating that this resolution is insufficient), these differences are on the order of
hundreds of nanometres — roughly 4% of the laser wavelength, and < 0.8% of the plasma
wavelength. Such small deviations are unlikely to have a significant effect on the strength
of the accelerating field and could potentially even be attributed to the uncertainty

resulting from the change in temporal resolution.

Another important parameter is the number of azimuthal modes (AM) we are
simulating. This is of particular importance for us as the Chimera laser parameters we

are using to broadly define the region of interest in our simulations are in the so-called
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few-cycle regime, with a pulse duration of approximately 2.3 optical cycles. This means
that there is a very strong likelihood that we will depart from the perfect cylindrical
symmetry described by the 2 standard azimuthal modes. Here we test 2, 3, 4 and 5
azimuthal modes, (all simulated at a resolution of 100 grid points per laser wavelength
and with particles per cell (ppc) = (AM-1) x 10), the results of which are shown in
panels (e)-(h) of Figure 4.2. We note that this AM to ppc relationship is one advised
by the Smilei developers when operating in azimuthal mode geometry. At the scale of
the full simulation window, we see no obvious changes. Even at the 1 pm scale, the
variations in peak position and magnitude are very minor, with variations of the order of

2% of the laser wavelength, and < 0.6% of the plasma wavelength.

Finally, we test the number of particles per cell (ppc), running simulations for 10, 20,
40, 80 and 160 ppc (all simulated at a resolution of 100 grid points per laser wavelength
and 2 azimuthal modes). These results are presented in panels (i)-(1) of Figure 4.2.
Similarly to the case of the azimuthal modes, there are no obvious deviations, even at

the 1 pm scale, indicating that even 10 particles per cell is sufficient for our simulations.

Rather than speculating on the importance of peak positions, it is crucial to ensure
that these small variations do not translate to unreasonable variation in the physics we
are trying to simulate. We therefore also compare the evolution of accelerated electrons
across these resolution scans (both the final energy spectrum and as an evolution of the
90" percentile longitudinal momentum through time), the results of which are shown in

Figure 4.3.

Here again, we see the largest deviation in longitudinal resolution, and little variation
in the scans of the number of azimuthal modes and particles per cell. At no point
do the longitudinal resolution scan results appear to converge — for each increase in
resolution, we seem to produce both higher charge and higher energy electrons by the
end of the simulation. This is slightly unexpected (typically, you would expect the effects
of Cherenkov radiation to manifest themselves more substantially at lower resolutions),

and we might start to wonder if it is possible to be too well resolved.

PIC simulations are based on an assumption of collective behaviour, achieved through
statistical sampling from a distribution of macro-particles. This averaging is only valid
when each macro-particle represents a sufficiently large number of real particles, typically
on the order of 10° — 10° [179]. We can try to approximate this ratio by calculating the
volume per cell (in a cylindrical geometry as V = 2rrArAz) and multiplying this by our
simulated plasma density. In our highest resolution case, with 500 grid points per laser
wavelength, this yields approximately 10° real particles per cell. Given 10 macro-particles
per cell, the ratio of real particles to macro-particles is ~ 10* : 1, suggesting we may
be approaching a regime in which individual particle effects and numerical artefacts
could become significant. At lower resolutions, such as 250 and 100 grid points per laser
wavelength, this ratio increases to 10° : 1, potentially offering a more stable statistical

basis.
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Figure 4.2: Axial plasma density and longitudinal electric field plotted for simulations run using
the PIC code Smilei, with: (a)-(d) varying longitudinal resolution (dz), (e)-(h) azimuthal modes
(AM) and (i)-(1) particles per cell (ppc). In each case, the left column shows the full simulation
window, while the right column zooms into a region of interest. For the plasma density, this
region highlights the high-density spike formed by electrons in the laser wake. For the
longitudinal electric field, the zoomed region shows the strong accelerating field; when this
exceeds the wakebreaking limit, electrons may be injected into the bubble cavity. The laser
enters the simulation box from the left and propagates to the right. On the scale of the full
window, the scans have little effect on the plasma density or field, though small differences
appear in the zoomed region, particularly in the case of the longitudinal resolution test.
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Figure 4.3: Final energy spectrum and evolution of the 90*" percentile of all electron
longitudinal momenta through time for: (a)-(b) varying longitudinal resolution (dz), (c)-(d)
azimuthal modes (AM) and (e)-(f) particles per cell (ppc). The energy spectrum is obtained

using the Smilei ParticleBinning diagnostic (where particle energies below 20 MeV are not
considered), and the p, momentum track is created using the TrackParticles diagnostic, which
follows a random selection of individual particles throughout the course of the simulation. The

AM and ppc scans show little difference, both converging early. The spectra from the

longitudinal resolution tests increase in energy with increasing resolution.

Whether or not this is a real effect will have to be confirmed or refuted when we
are able to conduct our first laser wakefield experiment driven by our mid-infrared
laser. It is worth noting, however, that these more computationally expensive, high-
resolution regimes are rarely explored in conventional PIC simulations. This is because
simulating longer-wavelength drivers reduces computational costs due to the scaling of
key parameters (such as resolution) with the laser wavelength. It is typical for simulations
running with 800 nm driver lasers to run with only 25 grid points per laser wavelength
and < 10 particles per cell [172, 180].

So far, we have considered the robustness of the captured physics relative to grid
spacing, azimuthal modes and particles per cell. We now consider the computational
costs. While increasing the longitudinal resolution does, as anticipated, impact the
results of the simulation, it comes at a vast computational expense. These simulations
were all performed using the CX1 computing cluster at Imperial College London, with

simulations run across 256 CPUs. For each increase in dx presented here, the wall time



Chapter 4. Methods 88

taken to run the simulation increased by 200% at each step. The lowest resolution
(A/25) took 23 minutes to run, while the highest resolution (A/500) took nearly 35 hours,
requiring a restart after surpassing the normal run time allowance (24 hours) distributed
to regular users of the Imperial supercomputer. This kind of run time is untenable for
the large parameter space we wish to explore. Increasing the azimuthal modes and ppc
result in similar trends, although they are not quite so dramatic. By increasing the
number of modes, we increase the run time by roughly 60% for each additional mode.

Increasing ppc extends run time by roughly 30% per x 2 increase in particles.

As the number of modes and particles per cell appear to have very little effect on the
physics we are simulating, we choose to run all future simulations using AM = 2 and
ppc = 10. We choose a longitudinal resolution of 100 grid points per laser wavelength.
This we feel offers a reasonable run time (of ~3.5 hours per simulation) so that large
parameter scans may still be undertaken, without significant impact to the accuracy
of the physics output. The simulation parameters chosen for all further simulations

presented in this thesis are summarised in Table 4.1.

Number of azimuthal modes 2
Particles per cell 10
Resolution (dz x dr) A/100 x /20

Table 4.1: The simulation parameters chosen for all following simulation results.



5 The Chimera Multi-Beam

Mid-Infrared OPCPA Laser
System at Imperial College

London

AMED AFTER THE MULTI-SPECIES mythological creature — “who was not a human
being, but a goddess, for she had the head of a lion and the tail of a serpent, while

her body was that of a goat, and she breathed forth flames of fire” [181] — the Chimera laser
system is a high-power, short-pulse, multi-beam, multi-wavelength optical parametric
chirped pulse amplification (OPCPA) system currently under active development at
Imperial College London following its initial commissioning in 2016. Co-funded by
Defence and Science Technology Laboratory (DSTL), EPSRC, EP/N018680/1 and the
US Air Force Office of Scientific Research (AFOSR, FA9550-16-1-0013), Chimera was
commissioned as part of the first of a series of multi-national UK-US MURI projects.
Based on a MOPA (master oscillator, power amplifier) configuration, it is a complex
system with a 0.8 nm few-cycle Ti:Sa front end used to seed a high-energy chain of
Nd:YLF pump amplifiers as well as an 0.8 pm OPCPA stage. The proposed beamlines
are the signal (3.7 pm), idler (1.5 pm) and front-end oscillator (0.8 pm), the first two
of which are created during the OPCPA process. Using difference frequency generation
(DFQG), we initially generate a low-energy seed of mid-infrared wavelengths of 2 - 4.5 pm
with a full-width at half-maximum (FWHM) bandwidth of ~ 1 pm. 3.7 pm central
wavelength pulses are further amplified by a series of KTA-based optical parametric
amplification (OPA) gain stages, pumped at 1 pm. Of the three proposed beamlines, only
the 3.7 nm signal beam is currently operational, with a current (uncompressed) energy
record at 3.7 ym of 31 mJ at ~ 100 fs and 128 mJ at 1.5 pm. It has an eventual 3.7 pm
energy goal of > 30 mJ at ~ 30 fs. The author has served as the sole operator, user, and
developer of the Chimera laser system since October 2021, overseeing its refinement and
upgrade. The system was originally constructed by Dr. Nicholas Stuart (now at RAL),
who initiated its development by reconfiguring a previous 0.8 pm OPCPA system [117].

89
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There exist several ultra-broadband MIR systems worldwide; however, due to a lack
of classical gain-storage media with broad bandwidths, OPCPA MIR generation and
amplification systems all experience the same issues of poor energy upscaling capabilities.
As such, our main competitors are relatively specific. We judge this based on wavelength
range, pulse duration and pulse energy. The systems most comparable to our own are

presented in Table 5.1.

We focus here on OPCPA systems operating in the 3 - 4 ym range. Reported pulse
energies span from sub-microjoules to a few tens of millijoules, with pulse durations
in the tens of femtoseconds or longer. For reference, a single-cycle pulse at 3.7 pm
corresponds to 12.3 fs, meaning that these durations lie firmly in the few-cycle regime.
Beyond pulse energy and duration, it is of interest to compare how MIR pulses are
generated and compressed across systems: since the field remains relatively immature,
no clear ‘best practice’ has yet emerged. These aspects offer insight not only into current
performance but also into the potential higher-energy scalability and long-term reliability
of each approach. With the exception of two, all comparable systems generate MIR
light by extracting the idler from a final OPA stage. Our approach is distinctive in that
we generate an initial low-energy, high-bandwidth MIR seed via difference frequency
generation, pumped by an 800 nm OPCPA sub-system. More unusually still, Chimera
employs a custom-designed temporal stretcher and compression architecture: an Offner
stretcher and Treacy grating compressor, both built with bespoke 320 1/mm gratings
manufactured by Plymouth Grating Laboratory.

Despite the differences in MIR generation and pulse management, the systems at
Vienna and the University of Maryland are the closest benchmarks to Chimera in terms
of wavelength and uncompressed parameters. The system at RIKEN, Japan, provides the
closest comparison with regard to pulse energy, duration and MIR generation, although
it differs in its central wavelength. These comparisons position Chimera as a leading
contender in the MIR field, with the potential, once fully compressed, to surpass the
current record intensities reported in this spectral range. Chimera should, in principle,
be scalable to even higher MIR energies, ultimately limited by the availability of large-
aperture KTA crystals. Its 1 pm pump chain is, by design, extendable to the 10 - 50 J
level through the addition of further Nd:YLF or Nd:Glass flashlamp-pumped rods, albeit

at the cost of reduced repetition rate.

In this chapter, we will detail the main building blocks of the Chimera laser system,
covering the overall design, the parameters required for stable day-to-day operation,
investigations into the performance of individual components, and its first commissioning
shots for a MIR-driven solid-target high harmonic generation (HHG) experiment. This
includes the characterisation and optimisation of the Femtolasers Rainbow oscillator, the
regenerative and flashlamp pumped amplifiers, individual OPA stages, and diagnostic
systems to aid routine alignment — a particular challenge due to the lack of low-cost MIR
camera systems. Silicon cameras, which are routinely used for near-infrared alignment,

are ineffective in the MIR, since the 1.12 eV bandgap of silicon cannot be matched by a
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System ID Central Energy Pulse MIR Generation MIR Stretch /
Wave- Duration Method Compression
length Method
Chimera 3.7 pm 31 mJ 100 fs DFG generated Offner stretch,
Laser (uncom- (uncom- | seed (MgO:PPLN) | grating compressor,
System, pressed ) pressed) amplified by 320 1/mm
Imperial 3-stage MIR OPA
College (KTA)

London, UK
TU Wien, 3.9 pm 21 mJ — 94 fs — Idler from KTA | Self-compression in
Austria 19.7 mJ 30 fs OPA bulk YAG
[182-184]

University of | 3.9 pm 25 mJ 87 fs Idler from KTA Grating
Maryland, OPA compressor,
USA [185, 240 1/mm

186]
RIKEN, 3.3 pm 31 mJ — 5 ps — DFG generated Bulk stretch in
Japan [187] 21 mJ 70 fs seed amplified by 140 mm Si,
2-stage MIR compression in
DC-OPA 4-pass
(MgO:LiNbO3) | 60x60x100 mm—3
&
60x60x50 mm 3
CaFg
Chinese 4 pm 11.8 mJ 105 fs — Idler from KTA Compressed via
Academy of — 2.6 mJ 21.5 fs OPA HCF and grating
Sciences compressor
Shanghai,
China [188]
TU Wien, 3.2 um 5mJ — 80 fs — Idler from KTA | Compressed using
Austria [189] 2.5 mJ 22 fs OPA HCF and CaF,
Max-Born 3.1 pm 1.1 mJ 58 fs Idler from Chirped mirror
Institute, MgO:LNB COMPressor
Germany
[190]
University of 3 pm 430 pnJ 65 fs Idler generated in | Bulk compression
Duisburg- final stage using in sapphire
Essen, thick LilOg crystal
Germany
[191]
ETH, 3.4 pm ~12 pJ ~41.6 fs | Idler from APPLN | Bulk compression
Switzerland OPA in Si
[192-194]
ELI-ALPS, 3.2 pm ~0.6 nJ ~38 fs Idler from DFG Bulk compression
Hungary using MgO:PPLN in 20 mm Si
[195, 196] and LiNbO3

Table 5.1: Summary of MIR, OPCPA systems comparable to the Chimera laser system. The
arrows in the energy and pulse duration columns indicate parameters before and after pulse

compression.
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single MIR photon. We also place Chimera in the context of the broader field, discussing
methods used both in the literature and within our system for generating, stretching,
and compressing broadband, high-power mid-infrared pulses that are well matched to

drive high-intensity MIR, experiments such as laser wakefield acceleration.

5.1 System Overview

A schematic diagram showing the building blocks of the Chimera laser system is shown
in Figure 5.1. All wavelengths of the OPCPA Chimera laser system originate from a
single, few-cycle, absolute phase-lockable master oscillator, centred at 800 nm, meaning
that both signal and pump lines are seeded from a single source for robust passive
optical lock and low timing jitter. This avoids the need for external high-speed, low-jitter
electronic synchronisation or indeed a second oscillator. With roughly 2 nJ (~ 150 mW
at 70 MHz) at the oscillator output, the pulse is first stretched using a pair of chirped
mirrors before being split into its initial pump and seed lines. Using a single-mode,
polarisation maintaining photonic crystal fiber (NL-PM-750, with core diameter 1.8 pm),
roughly 60% of the 800 nm pulse is directly wavelength shifted to 1053 nm, stretched
again and sent into two consecutive multi-pass, diode-pumped Nd:YLF gain amplifiers
(Regen and Ring Booster), reaching first ~ 2.7 mJ and then ~ 50 mJ. At this stage, the
repetition rate of the system is reduced to 100 Hz. These components together describe

the front end of the Chimera laser system.

MASTER OSCILLATOR, 70 MHz |Key: ® Nonlinear 0532 7 0.527 ym
2.3 W mixing, eg. OPA 0.8 um
pump @ Nonlinear sum/ R
0.532 pm difference, eg. SHG/DFG ~—— 1.053 pm
TOiéSapp - 0.8 m S Chirped Mirrors —_—— 1.5 pm
=1 M Beam Dump —_— 3.7 um
~2nJ A BBO PPLN ' ic Orvstal Fi
At=~71" oo Photonic Crystal Fiber (PCF)
&~ ——
\ ~~  Seed =35 nJ ~1mJ
0.8 pm | Seed Bulk
] S ~1.1 mJ YAG
1.055 pm Pump ~10 nJ | stretcher
CBG BBO Seed ;
l stretcher ~2.2 mJ 8 10 Hz Compressor
Folded
Nd:YLF 1 compressor 1.5 um
1
Regen Tdbr
Amplifier
54-pass  ®
A ~1J
100 Hz Pap
~27ml
N
Nd:YLF ~49.9 mJ  Folded
Ring Booster Martinez Nd:YLF
6-pass, 100 Hz stretcher Flash lamp pumped chain

10 Hz

Figure 5.1: A simplified component diagram of the Chimera laser system (not to scale). The
rainbow fill on the displayed pulses is used to illustrate the process of chirping the pulse within
the CPA process — its wavelength components have been stretched in time. The arrow sizes are

presented as a guide for the intended energy distribution of the laser pulse.
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The remaining 40% of the 800 nm oscillator pulse is directed into a small 800 nm
OPCPA sub-system as the seed for an OPA. This first OPA stage (using a BBO nonlinear
crystal) is pumped using a small fraction of the 1053 nm Nd:YLF Ring Booster output,
which is recompressed to ~ 8 ps and frequency doubled to 527 nm. This provides roughly
1.1 mJ of 527 nm light into the OPA and the 800 nm seed, after being stretched through
material dispersion in a fused silica glass block (thickness 50 mm), is amplified to ~ 70 pJ.
Currently, 50% of this light is directed into a diagnostics line, whereby the 800 nm OPA
output may be monitored. This line is also where we may, in future, upgrade the system
to include a second 800 nm OPA. The other 50% is directed into a difference frequency
generation stage (using a magnesium oxide doped periodically poled lithium niobate

crystal) from which the 3700 nm central bandwidth light is generated.

Difference frequency generation (DFG) is a common method of producing ‘unusual’
wavelengths of light, for example, in the mid-infrared. Creating high-intensity ultrashort
mid-infrared light presents certain technical challenges: at present, a very limited number
of materials are known to naturally lase in the MIR (these include certain fiber, CO5 and a
few solid-state lasers). More significantly, however, is that to produce an ultrashort pulse,
you necessarily require a sufficiently broad bandwidth, as given by the time-bandwidth
product (Equation (2.42)). The broad wavelength range that this requires is not one in
which typical gain storage materials are able to operate, particularly in the MIR, and
it is this which is the main limiting factor to the production of ultrashort MIR light.
DFG is an elegant solution to this problem, as nonlinear crystals can provide the broad
bandwidths required for an ultrashort pulse. Available bandwidth will depend on the
transparency and phase matching criteria of the nonlinear crystal, as well as the crystal

length and the refractive index the pump light experiences in the crystal.

At the time of writing, we believe that our system is unique in the way we generate,
stretch, and compress our MIR pulse. In the Chimera laser system, we use MgO:PPLN
(magnesium oxide doped periodically poled lithium niobate) — an artificially engineered,
highly efficient, nonlinear, quasi-phasematching crystal — to generate our MIR seed
light through an unseeded DFG process, equivalent to spontaneous parametric down-
conversion. This provides us with roughly 10 nJ of MIR seed, centred at 3700 nm,
with over 1000 nm of available (temperature-dependent FWHM) bandwidth. As neither
the signal nor idler fields are externally seeded, however, the generated MIR pulse
originates from vacuum fluctuations and therefore does not possess a deterministic phase
relationship with the 800 nm pump pulse. While energy and momentum conservation
strictly define the generated frequencies, the absolute optical phase of the MIR field will
be random from shot to shot. Compared to other reported MIR systems, this method is
unusual, likely due to the later challenge of amplifying the full bandwidth of our MIR
light. All bar two (RIKEN, Japan [187] and ELI-ALPS, Hungary [195, 196]) reported
systems worldwide use a MIR idler produced in an OPA processes, and typically this is
done in the final stage of their systems [182-186, 188—196|.
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5.2 The Femtolasers Rainbow Oscillator

The master oscillator that generates the initial laser pulse in the Chimera laser system is
a Kerr-lens modelocked Ti:Sapphire (Ti:Sa) oscillator (Rainbow, Femtosource GmbH).
Ti:Sa systems are widely regarded as the ‘workhorses’ of short-pulse laser oscillators:
they have the capability to realise the shortest cycle (sub two-cycle) pulses for the highest
comparative peak powers and their bandwidth spans over an octave of available frequency
ranges in the near-infrared (NIR) [119]. A schematic optical diagram of the Chimera

oscillator is shown in Figure 5.2.
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Figure 5.2: The Femtosource Laser cavity. P: Periscope; AOM: Acoustic Optical Modulator; PP:
Pump Pointing; Ti:Sa: Titanium:Sapphire; SR: Stability range; BD: Beam Dump; RC: Rear
Cavity Mirror; EM: End Mirror; WP: Wedge Plates; PM: Picomotor-driven Mirror; OC: Optical
Coupler. The orange and green lines represent the 800 nm signal and the 532 nm pump beams,
respectively. The modelocked oscillator pulse train (at 70 MHz) collected by the photodiode is
also included, with the y (voltage) axis removed for clarity. Diagram not to scale.

The oscillator system has undergone several upgrades since initial commission in
2006, the most recent change being on 8th August 2024 with the replacement of the gain
medium — a thin (~ 2 mm) Ti:Sa crystal cut at Brewster’s angle. The Ti:Sa is optically
pumped by a continuous wave (CW) 532 nm beam: a frequency-doubled, Q-switched,
diode-pumped laser (Coherent Verdi V5), with a solid-state gain medium Neodymium-
doped Yttrium Orthovanadate (Nd:YVOy4) and a maximum power output of 10 W. Both
the oscillator and pump laser are housed in a single water-cooled unit with a shared
baseplate for optimised stability and temperature control. Prior to its replacement, the
Ti:Sa crystal was pumped at 2.3 W, with a pulsed power output of 90 mW at 800 nm
and FWHM bandwidth of A\ = ~ 130 nm. This translates to a transform-limited pulse
duration of At = ~ 7 fs. As of the crystal replacement, we see routine pulsed power
output of ~ 150 mW at 800 nm, whilst retaining an approximate FWHM bandwidth and
transform-limited pulse duration of A\ = ~ 130 nm and At = ~ 7 fs. The repetition
rate of the system (70 MHz) is locked to an external rubidium atomic clock set to match
the Cerberus laser system, a hybrid OPCPA-Nd:Glass multi-beam, multi-target area

system with which Chimera shares a lab. This synchronisation allows for potential
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coupling or phase-locking between the two systems if desirable in a future upgrade or
experiment — for example, a two-laser system pump-probe geometry, or the pumping of
a large MIR OPA gain stage with a 1053 nm beam from Cerberus. A carrier envelope
phase (CEP — see Section 2.6) stabilisation unit was in place in earlier versions of the
Chimera oscillator (see [117]). Although we retain the capability for CEP control, it is
not currently in operation — this is a candidate for a future upgrade when starting to
deliver few-cycle, high-intensity light into an experiment; however, it is unclear if CEP
control of the 800 nm seed will translate into a similar absolute phase lock of the MIR
seed generated by DFG.

The oscillator cavity is configured with a typical X-shaped design. Modelocking is
initiated by manually perturbing the cavity End Mirror (labelled EM /M4 in Figure 5.2).
Given that we rely on the optical Kerr effect to create our pulsed laser beam, gradual
degradation of the Ti:Sa crystal is expected. This means that over time, the crystal will
need to be shifted in order to maintain optimal operation. The curved mirrors M1 and
M2, with respective focal lengths f; and fs, focus the laser mode within the cavity and
the distance between them defines both the spatial mode and the so-called ‘stability range
(0)" — the range of distances over which the cavity is stable (see Section 2.8). This can be
adjusted externally, and its extrema (confined within four limits, §y_3) are representative
of the cavity’s stability requirements. Modelocking may not take place at either §y or
03: it is found close to either d; or d9, with the most robust pulsed operation found in
the range of d;. As the cavity is configured using a virtual hard aperture (a geometrical
or optical configuration to achieve mode-selective behaviour, as opposed to a physical
obstruction), this is expected [119]. Although modelocking can be achieved across the
full range of the dy stability region, operation in this regime is typically unstable, and
once modelocking is achieved, it regularly falls out of its pulsed operation. If achieved,
the pulsed mode at Jo is often accompanied by the appearance of a narrow CW spike in
the spectrum. This is usually the result of CW power exceeding pulsed power, allowing
a residual CW mode to co-propagate with the pulse as it circulates in the cavity [119].
The measured spectra at the output of the Chimera oscillator in 2013, as well as in
August 2024 (at both stability positions following the replacement of the Ti:Sa crystal),

are shown in Figure 5.3.

Stable and consistent oscillator performance is crucial as it dictates the behaviour of
all subsequent seed generation and amplification stages. Output power and spectrum are
the most straightforward parameters to measure when monitoring system performance,
as these are near CW values, while characterising the pulse duration itself requires a more
complex diagnostic, such as autocorrelation. With increasing pump power, we observe
only a small increase in the output modelocked power. This is accompanied by a slight
broadening of the spectral bandwidth (see Figure 5.4a), likely due to increased nonlinear
phase accumulation via the Kerr effect. However, this advantage comes at the cost of
reduced conversion efficiency (Figure 5.4b). Indeed, Kerr lensing strength is known

to have a maximum point of effectiveness [119], and operating at higher pump powers
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(a) Chimera oscillator spectrum taken in 2013 by Katalin Mecseki [117]. This spectrum is the
output of the Femtolasers Rainbow oscillator with carrier envelope phase (CEP) stabilisation and
corresponds to a 6.2 fs transform-limited pulse. The pulses leaving the oscillator are actually
~ 15 fs due to accumulated material dispersion in the CEP detection unit.
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(b) Chimera oscillator spectrum when operating close to stability bound 41, taken on 28/08/24 by
Annabel Gunn after replacing the Ti:Sa crystal. This corresponds to a ~ 7 fs (Gaussian FWHM)
transform-limited pulse. This spectrum is the output of the Femtolasers Rainbow oscillator with
no CEP stabilisation. There is therefore no accumulated material dispersion due to the CEP
detection unit.
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(c) Chimera oscillator spectrum when operating close to stability bound d2, taken on 28/08/24 by
Annabel Gunn after replacing the Ti:Sa crystal. The narrowband spike at ~ 835 nm is due to the
CW lasing still present within the cavity.

Figure 5.3: Comparison of Chimera oscillator spectra. The spectra were recorded using an
OceanOptics HR4000 spectrometer.
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can accelerate crystal degradation and reduce system lifetime. A practical compromise
must therefore be reached. Pumping at 2.3 W, we obtain an output modelocked power
of 156.8 mW, giving a conversion efficiency of 6.8%. Although increasing the pump
power will naturally provide greater modelocked power and bandwidth, we find 2.3 W is

sufficient for our purposes.
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Figure 5.4: Measured Chimera oscillator spectrum and pump power VS modelocked power
efficiency plot.

(a) A spectrum, taken with an OceanOptics HR4000 spectrometer and overlaid at increasing
pump powers (1.8 mW - 2.8 mW). We see that while the bandwidth increases with larger pump
powers, the spectrum retains roughly the same shape, and this effect appears to be marginal to

the overall performance of the system.

(b) A plot to detail the respective modelocked power and conversion efficiency for increasing
pump powers (1.8 mW - 2.8 mW). Here, we see a decrease in conversion efficiency for increasing

pump powers.

Given that this oscillator allows the optical locking of all downstream pump and seed
pulses (ensuring that their relative timing is defined purely by optical path length rather
than by electronic jitter or timing delays), maintaining a stable oscillator repetition rate
is essential. Chimera global timing is controlled by a rubidium atomic clock module
(Stanford Research Systems FS725, Rb frequency standard) from which all active pulse
switching and synchronisation signals are derived. This means that, as all timing is fixed
relative to the atomic clock, any mismatch between the oscillator repetition period and
the system’s expected timing (as a result of thermal expansion of the cavity as it warms

up) can cause the temporal gain window of an OPA to be missed.

There are two ways we account for this on the Chimera laser system. Firstly, as of
November 2024, we choose to keep the oscillator on and running for several days at a
time, shutting it down over the weekend or extended periods of downtime only. As the
oscillator is cooled using a single closed-loop chiller, this means that once the cavity
has reached thermal equilibrium in operation, it becomes largely immune to external
lab conditions such as room temperature fluctuations, humidity, or variations in mains
water supply. As such, there should be limited thermal drift in the oscillator cavity.
Figure 5.5 presents the oscillator spectra taken over four consecutive days, showing
negligible change to its spectral shape over this period. To correct for residual thermal

drift and maintain long-term frequency stability, however, we also explicitly monitor the
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pulse train frequency inside the cavity using a frequency counter (Agilent HP 53131A).
Any deviation from our frequency set-point of 70,004,000 Hz is accounted for by using
an intra-cavity mirror mounted on a piezo-actuated picomotor stage (Thorlabs PAS009),
which compensates the change of frequency by adjusting the length of the cavity (see

Figure 5.2).
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Figure 5.5: The Chimera oscillator spectrum over a period of four consecutive days (30/06/25 -
03/07/25). There is negligible change in the spectra, justifying the decision to keep the oscillator
on for multi-day periods.

After being chirped (stretched), the initial oscillator pulse is split into two beamlines.
40% of the pulse is directed into a small 800 nm OPCPA sub-system which, after
amplification, will become the seed from which we generate our mid-infrared (see Section
5.5.1). The other 60% is wavelength shifted, from 800 nm to 1053 nm, so that it can
provide a seed for the pump-chain for all following OPA processes. This wavelength
up-shifting is achieved by employing the nonlinearity of a photonic crystal fiber, as

described in Section 5.3.

5.3 The Photonic Crystal Fiber

In the Chimera laser system, a nonlinear photonic crystal fiber (PCF) is used to generate
a seed pulse at 1053 nm, enabling precise optical synchronisation with Nd:YLF pump
sources. It is made from fused silica and is comprised of a triangular array of microscopic
air-filled holes, surrounding a central solid core running through the entire length of the
fiber (Figure 5.6).

When ultra-short, high-energy pulses propagate through a PCF in the vicinity
of its zero-dispersion wavelength (ZDW), the optical spectrum can undergo significant
broadening as a result of nonlinear effects. The large refractive index contrast between the
silica core and the surrounding air-hole cladding provides strong transverse confinement
of the optical mode, such that, under appropriate conditions and in the anomalous
dispersion regime, it is possible to launch a soliton — a pulse which maintains its temporal

profile while propagating through a nonlinear medium. As the soliton propagates, it
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experiences self-phase modulation due to the Kerr nonlinearity, as well as a continuous
frequency downshift arising from the intra-pulse Raman scattering (the soliton self-
frequency shift). The extent of this spectral evolution depends on the fiber length and
dispersion properties (which are adjusted by changing the diameter or lattice pitch of
the cladding), but can also be controlled, to some degree, by adjusting the input pulse
energy.
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Figure 5.6: The Photonic Crystal Fiber (PCF).
(a) An image to illustrate the anatomy of a PCF.
(b) Shows the structure of the core and the surrounding triangular array of microscopic air-filled
holes. The indicated variables A and d are the so-called lattice pitch (hole-to-hole distance) and
air hole diameter parameters. For a NL-PM-750 fiber, estimated using an SEM image in [197], A
and d are roughly 1.26 pm and 0.87 pm, respectively.
(¢) A microscope picture of the end of a NL-PM-750 fiber, taken from the manufacturer’s
datasheet [198].

The fiber currently in use is a NL-PM-750 single-mode, polarisation-maintaining PCF,
with a ZDW of 750 nm and core diameter of 1.8 yum [198]. It is seeded by a Femtolasers
Rainbow oscillator (see Section 5.2) at 800 nm with a target conversion wavelength of
1053 nm. This wavelength is chosen to match the gain bandwidth of existing Nd:YLF
regenerative amplifiers, as well as several stages of Nd:YLF flashlamp-pumped amplifiers

further down the system.

The fiber is 37 cm long, with input light coupled in using a high numerical aperture
(NA=0.4) microscope objective. Dispersion within the objective is compensated for by
six bounces across a pair of chirped mirrors (Thorlabs DCMP175) placed before the
objective, contributing ¢’ = —175 fs?> per bounce. The length of fiber for optimum
conversion was numerically modelled by Dr Katalin Mecseki [117] who, for a 34 kW
(peak power), 6.2 fs input pulse, found the ideal length to be 29.5 cm. A longer-than-
required length of fiber allows an extra degree of tolerance within our setup — changes

in input power can be managed simply by adjusting the alignment of the input beam
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into the fiber core, and if the ends need to be re-cleaved due to damage, the overall
length of the fiber is still sufficient to reach our goal pump wavelength. The fiber is
mounted on a high-precision manual XYZ stage, covered by a plastic enclosure to protect
from dust-induced facet damage at the fiber ends. Coupling can be directly adjusted
using this stage, but, for day-to-day alignment, piezo-electric adjustment of the pointing
mirror allows for smoother, finer control. Poor coupling into the fiber’s guided mode
reduces nonlinear interaction length and intensity, resulting in inefficient conversion and
reduced output at the desired wavelength. At 37 cm, we have sufficient length to reach
wavelengths beyond our 1053 nm target, providing operational headroom and tolerance
for fluctuations in input power, coupling, or pulse duration. An example spectrum of the
PCF output, alongside the input oscillator spectrum, is shown in Figure 5.7a. This is

accompanied by a photograph of the active PCF in situ, in Figure 5.7h.
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Figure 5.7: Experimental output of the Photonic Crystal Fiber.

(a) Spectra showing the experimental output of the NL-PM-750 PCF (dark orange), with the
1053 nm target signal central wavelength marked in black, and the seeding Rainbow oscillator
(light orange, filled). These were both measured using an OceanOptics HR4000 spectrometer on
05/04/24. Note that the intensities of the oscillator and fiber are individually normalised.
(b) A photograph, taken with an iPhone 11, of the working NL-PM-750 PCF in situ. When the
fiber is optimised for maximum conversion to 1053 nm, we observe significant ‘apple green’
leakage light. Bad conversion would be indicated with longer wavelengths of visible light. No
leakage indicates the input light is not correctly coupled into the fiber core. The red light at the
input is infrared light, picked up by the phone. It is not visible to the naked eye.

To ensure proper alignment of the seed pulse into subsequent amplification stages, the
far-field output of the photonic crystal fiber is monitored using the residual, or ‘waste’,
light transmitted through an eight-pass chirped Bragg grating (Optigrate CBG-1053-90-M,
10 x 10 x 28 mm). This grating serves to stretch and chirp the pulse before amplification,
and the rejected off-wavelength components (which are not efficiently diffracted in the
reverse direction to the input beam) provide a reference for alignment diagnostics. This

stretcher configuration is non-trivial and is therefore shown in Figure 5.8.
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Figure 5.8: A simplified top-down view of the optical path of the 8-pass chirped Bragg grating
(CBG). The horizontal offset shown in the CBG beam-path is used to illustrate a vertical offset
on the real system to allow for the geometric multi-pass. Using a quarter-waveplate and polariser
combination, the CBG performs 8 stretches of the 1053 nm pulse. There is an intentional ~ 27°
twist on a lens in the 2-pass stage. This is to correct an astigmatism collected into the beam
profile before it is sent to be amplified in the regen. To aid alignment, the ‘waste’ light which has
been transmitted through the CBG is collected on a standard silicon chip CCD camera. There is
an iris aperture directly in front of the camera, as well as a crossed pair of fine tungsten wires
hand-glued to the camera module mount into a cross hair to aid precise alignment. Optimal
pointing of the 1053 nm seed into the regenerative amplifier is obtained when the beam from the
stretcher system is centred onto the crosshairs. Diagram not to scale.

Although this stretcher system is, at first glance, straightforward, careful alignment is
required in order to send the correct pulse, with the correct stretch factor, into the regen
to be amplified. The CBG has a design wavelength of 1053 nm with 97% diffraction
efficiency and is optimised for maximum diffraction efficiency in the reverse direction
(near Littrow) at 1053 nm. To achieve the maximum stretch, the pulse interacts with
the CBG 8 times, with a stretching factor of ~ 160 ps/nm per pass. As the CBG can
be used in both polarisation states, this multi-pass geometry is achieved through both

geometric and polarisation adjustments to the beam. This makes alignment non-trivial as
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multiple passes can be difficult to overlap and challenging to individually detect. When
the system has been carefully aligned through each successive pass through the CBG,
day-to-day optimal alignment is achieved when the rejected (wrong wavelength /residual
transmitted) beam is centred on the crosshairs of the CBG rejection camera, as shown
in the Figure. Fine adjustments to the beam position can be made using the X and
Y output controls of the fiber mount. This alignment simultaneously optimises both
the output spectrum captured by the fiber spectrometer and ensures optimal pointing
and spatial overlap of the 1053 nm seed into the regenerative amplifier. Once stretched
in the CBG, the wavelength-shifted pulse is ready for amplification using traditional

gain-storage amplifiers.

5.4 Gain-Storage Laser Amplifiers

Whilst Chimera is broadly an OPCPA system, it does nevertheless use several types of
conventional laser gain amplifiers to amplify pump light before it reaches an OPA stage.
Two of these amplifiers are diode-pumped Nd:YLF (Neodymium-doped yttrium lithium
fluoride) laser heads used within optically switched cavities to amplify propagating
1053 nm light in multiple passes. YLF is a naturally birefringent medium with common,
polarisation-dependent, laser transitions at 1047 nm (for 7 polarisation) and 1053 nm
(for o polarisation). Operation at 1047 nm offers higher gain, but the transition is
more strongly thermally dependent, making it prone to thermal lensing and less suitable
for high-repetition-rate operation [199]. It is also more sensitive to pump-induced
birefringence, which increases the noise floor of the amplifier. Operating at 1053 nm not
only reduces these effects but also allows an extra degree of design freedom — it matches
well with Nd:phosphate-glass amplifiers. This compatibility allows capacity for further
amplification using Nd:glass heads, should that be desirable in a future high-energy
upgrade.

The two diode pumped Nd:YLF amplifying stages consist of a 54-pass linear regen-
erative amplifier (abbreviated to regen) operating at 100 Hz, pumped continuously at
16.8 A, and a custom 6-pass ring regenerative amplifier (abbreviated to ring, ring regen
or ring booster) made up of 5 diode modules, each operating at 100 Hz and pulse pumped
at 80 A, 400 ps. These amplifiers are crucial front-end components of the system, without
which none of the later nonlinear optical stages can be pumped to generate ultra-fast
high-intensity MIR light.

5.4.1 The Linear Regenerative Amplifier

The linear regen is the first amplifier to interact with the 1053 nm beam. Arranged in
a linear geometry, pulses are actively switched in and out of the laser cavity using a
quarter-waveplate and a fast BBO Pockels cell (Leysop) to determine the number of
round trips. BBO is preferred here over other crystals such as KDP for this application
due to its fast switching speed, high damage threshold and low piezoelectric ringing, as

well as its wide transparency range, with low absorption at 1053 nm [200]. The cavity
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is 135 cm long with a round-trip time of ~ 9 ns, ensuring compatibility with the high
voltage supply switching of the Pockels cell driver (Bergamn BME), which has a rise
time of ~ 3 ns. The regenerative amplifier itself is an 83 mm long, 3 mm diameter,
diode-pumped Nd: YLF module (Northrop Grumman RBA35-1C2) with 0.9% doping.
The module is set into a commercial mount and is radially CW pumped by 15 sets of
diode arrays, themselves built into three water-cooled diode bars. Run at 100 Hz and
pumped at a CW diode current of 16.8 A, it is an extremely high gain system of O(10?)
and, when running well, produces a typical output energy of 2.8 mJ with 0.3% RMS
(root mean square) energy stability, which is critical for the performance of subsequent
cascaded nonlinear gain stages. This energy output includes an unwanted long-pulse
background component of Q-switched ASE (amplified spontaneous emission) from the
amplifier of ~ 0.26 mJ. To achieve the optimal energy stability, the regen is driven into
saturation, such that the available laser gain becomes comparable to the loss within the
cavity. This is essential for the optimal performance and energy stability of the OPA
stages later on in the system. The spectral profile, measured using a Thorlabs LC100/M
- Smart Line Camera, is shown in Figure 5.9a and the photodiode trace showing the

regen gain roll off after successive trips is shown in Figure 5.9b.

e =
o o
. .

93
>
.

o
o

Intensity / a.u.
o
~

oo Y Y, . .
1049 1050 1051 1052 1053 1054 1055 1056 1057 0 —t0 5o 0 5
Wavelength / nm Time / ns

(a) (b)

Figure 5.9: Output of the 54-pass diode pumped Nd:YLF linear regenerative amplifier.
(a) The spectral profile of the 1053 nm laser pulse at the linear regenerative amplifier output.
Gain narrowing, accumulated over many round trips, is compensated for using a low finesse, low
reflectivity intracavity etalon. It is the etalon which produces the central dip in the spectrum.
(b) The linear regenerative amplifier photodiode trace collected from leakage light in the regen
cavity. This trace is monitored on a fast oscilloscope. Each successive trip sees small amounts of
gain until the available gain becomes comparable to the loss within the cavity, causing the gain
to saturate. The y (voltage) axis is not physically meaningful and has been removed for clarity.

Due to the finite bandwidth of YLF, a pulse will experience gain narrowing when
subject to such high gain in an amplifier. To maintain the bandwidth required for our
ideal pulse duration (whilst maintaining a relatively long pulse duration within the
amplification process to suppress unwanted self-phase modulation and other damage
mechanisms), we can modulate the narrowed spectrum, either before or during the
amplification process. In our case, we use a thin (500 pm), low finesse, low reflectivity
intra-cavity etalon, made using fused silica and a custom 2-layer TiO9 / MgF9 partial

(R ~ 1%) anti-reflection coating. These exhibit a high enough damage threshold to be



Chapter 5. The Chimera Multi-Beam Mid-Infrared OPCPA Laser System at Imperial
College London 104

used within the amplifier cavity, allowing for spectral shaping, controlled by angling the

etalon relative to the cavity axis, without too much compromise on seed energy [201].

There are multiple modes in which an etalon can be used within a system like this,
depending on where the etalon transmission is placed relative to the gain profile. The
authors in [202] chose to arrange the etalon transmission maximum at the gain maximum,
thus reducing efficiency, and narrowing the overall bandwidth by introducing extra loss
into the cavity. Described and numerically modelled in [117, 201], we take the opposite
approach and instead place the etalon transmission minimum at the gain centre, thus
maximising the usable bandwidth rather than minimising it. In addition to combating
gain narrowing and reducing B-integral, this technique also gives much greater control
over the temporal shape of the pulse, allowing us to select a more flat-top (as opposed to
Gaussian) spectral shape. This is advantageous in an OPCPA system such as ours, as
Gaussian pulses are more likely to result in large amounts of parametric fluorescence in
an OPA process, thus reducing the amount of ‘useful’ pump energy that may be coupled
into the seed. More crucially still, if the leading edge of a Gaussian pump pulse is not
well optimised to the bandwidth of the seed, this parametric fluorescence can result in a
laser pre-pulse. In contrast, a flat-top spectral profile supports a more uniform temporal
gain envelope, better matching the seed bandwidth throughout the pump duration and
significantly reducing the likelihood of generating an unwanted pre-pulse resulting from

parametric fluorescence.

For maximum efficiency, the pump diode output wavelength must match the absorp-
tion characteristics of the chosen laser medium. This is tuned using a closed-loop chiller,
whose primary function is to remove waste heat from the amplifier heads. The operating
temperature recommended by the supplier is 20 - 35 °C; however, in practice, this
should be specifically set so that the temperature-dependent wavelength emitted by the
diode module matches the absorption peak of the gain medium [203]. This temperature
dependence is one we expect: it is well known that the bandgap of the semiconductor
junction narrows with increasing temperature, resulting in a redshift of the emitted
wavelength [204]. The implication of this is that as the temperature and bandgap of
the semiconductor junction within the module change, so too will the wavelength that
it emits. For typical GaAlAs-based laser diodes, this wavelength shift is approximately
0.25 nm/°C, although the exact coefficient depends on the diode’s composition, age in
service, and structure [203]. This effect provides a practical method to fine-tune the

diode emission to match the gain medium’s absorption cross-section.

The closed-loop chiller in use is a Lytron LCS20 Liquid-to-Liquid Cooling System.
It does not contain any heating elements, but rather the user must input a set-point
temperature to which the chiller will cool, meaning that the warm-up time is set by the
diodes depositing heat into the loop. By adjusting the set-point of the chiller, we may
conduct a temperature scan in order to determine the appropriate cooling temperature

and to maximise its amplifying efficiency in the system. Figure 5.10 shows data, recorded
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using a GENTEC QE12SP energy meter, taken over 10,000 shots (100 s at 100 Hz) at

each temperature step.
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Figure 5.10: Output energy of the Nd:YLF linear regenerative amplifier whilst varying diode
temperature, recorded over 10,000 shots at each step using a GENTEC QE12SP energy meter.
Over this scan, the diodes are driven at a constant current of 16.8 A. The temperature was
measured using a temperature probe inserted into the chiller loop and recorded manually
every 10 s.

(a) Time-varying output energy plotted at each temperature step. Two temperature steps have
been removed for clarity — all steps appear in (b). The cyclic variation seen at all temperatures
is not one which is currently understood.

(b) The mean energy output at each temperature step. The errors in y are the standard
deviation in the recorded output energy. The errors in x are the standard deviation of 10
recordings of temperature at each temperature position.

From this data, we see a very clear increase in amplifier performance as the tempera-
ture of the diode module is increased. As the output energy tends towards saturation,
temperature and coupling efficiency play a diminishing role. With a maximum operating
current of 17.0 A through the pump-diode bars within the head and the expectation that
the current will need to be increased as the diode ages, we aim to run as cautiously as
is feasible to prolong the lifetime of the laser heads. With this in mind, we resolve to
operate at the lowest current and lowest temperature which may produce the required

output energy, and more importantly, energy stability.

Seen at every temperature step in Figure 5.10b, we observe a cyclic beating in the
output energy of the regen. A relatively long periodicity points towards this having
a thermal origin rather than an optical or electrical one; however, the temperature
scan revealed only an optimal running temperature. More curiously still, changing the
temperature of the chiller appeared to affect the periodicity of the beating, although
not with any consistent trend. A reduction in oscillation amplitude is the only obvious
change we see, and this is more likely to be a result of driving the regen into a more
stable, saturated state. Given the high total gain of the regen (~ 10%), quite subtle

changes in the single-pass gain that are difficult to measure directly may be responsible.

Once running at a set chiller temperature of 25°C, a second scan was conducted,
changing the current across the diodes. Note that this scan was taken on a different date.
Shown in Figure 5.11, increasing the diode current applied across the gain module not

only increases the total gain, but significantly improves the % RMS energy stability. In
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this instance, the periodicity of the beating stays roughly the same, but the amplitude
suffers a dramatic increase with decreasing current, causing the RMS stability to rise
from 0.8% at 16.9 A to 8% at 16.5 A. An RMS of less than 1% is absolutely critical to

stable production of the mid-infrared.
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Figure 5.11: Output energy of the Nd:YLF linear regenerative amplifier whilst varying diode
driving current. Each current step was recorded over 2000 shots using a GENTEC QE12SP
energy meter. This scan was run at a set chiller temperature of 25°C. For decreasing driving
current, the mean output energy not only decreases but also becomes significantly less stable.
The periodic beating observed in previous scans increases in amplitude at each current step.

Investigations into this characteristic beating are still ongoing. The Cerberus laser
system, with which Chimera shares a lab, also shares this instability in its regenerative
amplifier of the same model (albeit at a much lower level due to the Cerberus regen being
seeded with a significantly higher pulse). This would appear to rule out the possibility of
this being the consequence of a poorly matched or low-energy seed (Cerberus being driven
much harder), as well as individual chiller or electronic (e.g. Pockels cell timing) issues.
It instead points towards a lab-wide issue, either in the internal lab environment or in
the external university water cooling system. Despite its origin remaining unexplained,
it is clear that when the regen is driven into a saturated state, either by driving the
diodes at higher current or with improved coupling of the seed into the regen cavity,

these fluctuations can largely be avoided.

Due to the very high gain of the amplifier, the output spatial profile of the regen is
almost entirely dominated by the cavity rather than the input seed, meaning that this
part of the system is robust against small spatial variations in the seed. Beam profiles
for the input and output beams interacting with the regen are shown in Figure 5.12. As
the regen cavity is a linear one, the seed can be mode-matched by using an adjustable
telescope for optimal spatial overlap with the laser rod and coupling efficiency into the

amplifier cavity.

The ring amplifier, being a lower-gain, non-cavity system, is very sensitive to the
spatial quality of the input beam, and thus the output mode of the linear regen becomes
important. To control this as much as possible, we use a combination of ‘fluffy’ (Gaussian
profile serrated laser cut 200 pm thick steel) apertures and vacuum spatial filters (VSFs)
within (and before) the ring amplification loop. These help to remove any aberrations or

high-frequency hot spots within the beam — high spatial frequency structures created by
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Figure 5.12: Beam profiles, taken using a WinCamD-LCM — 17 CMOS Beam Profiler, showing
the mode before and after passing through the linear regenerative amplifier (regen).
(a) Regen input mode.
(b) ASE from the (unseeded) regen.

(¢) Regen output mode.
(d) Regen output mode (ring input mode) immediately after passing through a 3.5 mm serrated
aperture. The high-frequency triangular profile is produced by the serrated edge of the aperture —

these are subsequently smoothed out by a VSF within the multi-pass ring booster loop.

the fine (~ 100 nm ‘spike’ feature size) serrated edges of the aperture are filtered out
by the VSF. This additionally helps keep the total B-integral down to a minimum, as
the VSF suppresses the onset of self-focusing wave-fronts within the beam. A Cr:YAG
saturable absorber within the ring booster loop is used to suppress amplification of the

unwanted regen ASE pedestal.

5.4.2 The Ring Booster

Shown in Figure 5.13, the 6-pass ring amplifier is a custom-built system based around
a geometric 4-pass large aperture gain module developed by the Rutherford Appleton
Labs [100, 205]. Also run at 100 Hz, it is made up of 5 Dilas GmbH 1kW, 802 nm
QCW ET7N-802.3-1000Q-H189 pump diode modules connected electrically in series with
a five-fold symmetry, together positioned around a deep-etched Nd:YLF rod (100 mm
long and 6 mm in diameter). This symmetry allows the rod to be pumped as uniformly

and homogeneously as possible. The process of deep-etching here refers to the chemical
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removal of the outermost surface layer of the crystal to aid direct water cooling at high
pump fluences. The process also works to reduce scattering and improve coating adhesion

by eliminating polishing damage and micro-cracks.

~ _ Black insulated strips _
i 16 I cm

Tubes for
water
_ cooling

Figure 5.13: Diode pumped Nd:YLF ring regenerative amplifier.
(a) Front view.
(b) Side view. The black insulated copper strips show how the modules are electrically connected
in series.

Each diode module (190 x 400 mm) contains a stack of nine sub-arrays, which
themselves are made up of thousands of individual emitters, all cooled by integrated
microchannel water cooling. The Nd:YLF rod is immersed directly in the water flow,
both to provide efficient cooling and to minimise surface reflection losses, such that at
least 95% of the diode output may be coupled into the crystal. The flow rate of the
system (15 1/min in the flow tube, 3.3 1/min for individual diode modules) is set to
maintain a temperature of 18°C within the optical components [100]. This is specifically
set so that the wavelength emitted by the diodes (dependent on their temperature) is

optimally matched to the absorption wavelength of the laser rod.

YLF has an anisotropic negative thermo-optic coefficient (On/9T) and, as such, can
act as a defocusing thermal lens. The consequence of this is that the beam will naturally
be deformed upon each of the 6 amplifying passes, and evolve from a circle into an ellipse
if this process is not well controlled. To attempt to average out these effects, the beam is
spatially rotated 90° using a mirror-based periscope (with the polarisation maintained in
a constant direction using a subsequent half-waveplate), and inverted using a VSF on each
of the 6 passes. Despite this cumulative beam shaping, the output beam profile retained
some non-uniformity, appearing slightly S-shaped. This was not particularly problematic
as we still possessed sufficient energy to continue through the system; however, since the
output of this amplifier pumps several OPA stages, a sub-optimal spatial profile results
in inefficient coupling, meaning that a significant portion of energy in the beam wings

may be wasted.
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To combat this, we imposed a small (~ 6°) twist onto one of the intra-cavity lenses
in the VSF assembly. To correct further, we introduced two fluffy apertures (6 mm inner
diameter) at opposing diagonals. This allows us to effectively shave down the beam upon
each pass and results in a much more uniform output mode. The optical beam path of the
ring booster cavity is shown in Figure 5.14. Not only is the profile significantly improved,
but we also see a pronounced increase in the ring’s output energy, despite the relatively
aggressive spatial filtering it undergoes on each pass. Previously delivering 35 mJ of
output energy with 1% RMS stability, the output of the ring amplifier now reaches
48.4 mJ with 0.6% RMS. Both energy measurements were recorded with a GENTEC
QE12SP energy meter, taken over 10,000 shots. This allows us additional energy control
within the future beam path, either to provide more allowance to underperforming stages
when required or, should the damage threshold allow, provide more routine OPA pump
energy. Beam profiles before and after these additions, measured after being compressed,

approximately 2 m after the ring output, are shown in Figure 5.15.

An effect caused by heat deposition in the gain medium, thermal lensing, can change
dramatically with intensity. This means that the output beam can evolve differently
depending on the energy of the input seed coming from the regen and the drive current
delivered to the laser head (normally kept constant). The diode modules surrounding
the Nd:YLF laser rod are electrically pumped (in series) at a current of 80 A, with an
electrical pulse duration of 400 ps, while a typical input energy into the ring is 2.80(1) mJ.
As with the regen, for maximum output energy stability, it is important to drive the ring
as much as possible into a saturated state, with the cavity well optimised to combat any
non-uniformities in the spatial mode. As the diodes themselves are well beyond their
lifetime specification (and now impossible to replace), the diodes should not be pumped
harder than this — should saturation not be reached, this is a compromise that must be

made for routine operation, so as not to risk over-driving (and damaging) the diodes.

After amplification in the ring booster, 30% of the pulse is compressed to ~ 8 ps using
a pair of 1741 1/mm gold diffraction gratings in a Z configuration, becoming the pump
for both the 800 nm OPCPA sub-system as well as for the first MIR OPA stage. The
remaining 70% is stretched to ~ 600 ps before further amplification within a flashlamp

pumped chain of Nd:YLF amplifiers.

5.4.3 Flashlamp Pumped Chain

The 1053 nm light, which will go on to pump the final mid-infrared OPA stages, is
amplified in a chain of water-cooled flashlamp-pumped Nd:YLF amplifiers. There are
two amplifier systems currently in use: two Continuum heads (salvaged from an Nd:YAG
system and retro-fitted with Nd:YLF rods), both used in a double-pass configuration
to amplify the 1053 nm pump to approximately 100 mJ for OPA2, and 4 Litron heads
(3 single pass, 1 double pass), which form the final amplification stage and deliver up
to 1 J of 1053 nm light to pump OPA3a+b. The rods used in this chain vary between

7 mm, 9.5 mm and 12 mm in diameter.
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Figure 5.14: The Ring Booster Amplification Loop. The first-pass alignment through the ring
loop is controlled day-to-day using the ring injection mirror. The multi-pass alignment is
adjusted using the ring fine-tuning. Energy through the loop is controlled using the pre-cavity
half-waveplate, with the amplifier head typically running at a fixed drive current. To combat
thermal lensing effects within the amplifier, the beam is spatially rotated and inverted upon each
amplifying pass using the indicated double periscope and vacuum spatial filter (VSF 2). An
intentional ~ 6° horizontal twist is introduced on one of the intracavity lenses to combat
astigmatism introduced in the amplifier. Fluffy apertures are used to further control the shape of
the beam: The 5.0 mm fluffy aperture is used to impose a consistent beam size through the
system, and the following two 6.0 mm apertures are inserted at opposing diagonals to
manipulate the output beam shape. Beam profiles used for day-to-day alignment (taken on
standard silicon chip CCD cameras) are included, as is the photodiode trace showing the
multi-pass gain, recorded on a fast oscilloscope. The y (voltage) axis has been removed for
clarity. Diagram not to scale.
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Figure 5.15: Beam profiles, taken using a WinCamD-LCM - 17 CMOS Beam Profiler, showing
the output mode of the ring regenerative amplifier before and after the addition of significant
beam shaping. These were measured after compression, roughly 2 m after the output of the ring.
Small circular diffraction patterns in the images are due to dust particles on the surface of the
camera chip. There are some faint Airy diffraction rings visible on the left-hand side of both
profiles. These appear due to a small clip through an aperture in the beam path.

(a) Slightly S-shaped output beam prior to additional beam shaping. The image shows what
appears to be two separate lobes in the beam due to the imperfect inversion correction on the
ring multi-pass geometry. Measured using a GENTEC QE12SP energy meter over 10,000 shots,
the energy contained in the pulse is 35.0(4) mJ.

(b) Beam profile taken after the additional beam shaping. The beam becomes much more
uniform, with a single central lobe that propagates more elegantly. The energy contained in the
pulse, measured using a GENTEC QE12SP energy meter over 10,000 shots, is improved to
48.4(3) mJ.

Before entering the flashlamp chain, the 1053 nm light from the ring is stretched
to ~ 600 ps using a folded Martinez-style grating stretcher (1741 1/mm). The Fourier
plane intrinsic to this stretcher enables discrete control of spectral phase and amplitude
for arbitrary pulse shaping, although that has not yet been implemented. In order to
most efficiently use the pump energy in the OPAs, it is important to retain as much
spatial and spectral quality as possible in each pump beamline. For this purpose, vacuum
spatial filters (VSFs) are placed between major amplification stages to remove high-
spatial-frequency noise. The beam is focused into the Fourier plane of the filter and
passed through a pinhole, typically implemented as a short length of hollow-core glass
tube operated under vacuum, often in combination with serrated apertures at the VSF
input. This arrangement selectively removes high-spatial-frequency components, such as
diffraction spikes and fine-scale intensity modulations, while preserving the low-frequency

beam structure.

Due to the birefringence and polarisation-dependent wavelength of Nd:YLF, double-
pass operation is achieved with Faraday isolator setups, combined with half-waveplates
and polarisers, which maximise energy extraction while preventing back-reflections. This
arrangement is applied only to the lower-energy modules; at higher energies, it is avoided

to minimise pre-pulse generation from co-aligned surface reflections. A schematic diagram



Chapter 5. The Chimera Multi-Beam Mid-Infrared OPCPA Laser System at Imperial
College London 112

of the full chain, together with representative beam profiles at key stages, is shown in

Figure 5.16.

5.5 Optical Parametric Amplification and Mid-Infrared Generation Stages

Optical Parametric Amplification (OPA) is a key technology in the Chimera laser
system, its primary advantage being the ability to amplify broad bandwidths of unusual
wavelengths of light, such as within the mid-infrared. OPAs can also be relatively
efficient, typically operating with very high gain and minimal heat deposition, which,
unlike storage gain amplifiers that suffer from thermal loading, makes them well-suited
for high repetition rate regimes. There are four OPA stages within the Chimera laser
system. One of these is an 800 nm OPA sub-system before the mid-infrared generation
stage. The remaining three stages (the second of which is double-passed) are dedicated

to amplifying the generated mid-infrared light.

5.5.1 800nm OPA sub-system

To produce the 527 nm wavelength required to pump the 800 nm OPA stage, 30% of the
1053 nm ring amplifier output is compressed within the region of 8 - 10 ps, with a further
30% directed to a BBO nonlinear crystal for wavelength conversion by means of second
harmonic generation (SHG). The compression stage uses a folded Treacy geometry. A
trace, taken using an in-house TOAD (Third Order Autocorrelator — see Section 4.1.1)
and fitted with a Gaussian temporal envelope, is shown in Figure 5.17. This results in a
deconvolved pulse duration of 8.0(2) ps, with a Gaussian deconvolution factor of 1/v/3
(due to the autocorrelation signal scaling as the cube of the electric field intensity). The

quoted uncertainty is the standard error from the Gaussian fit.

The crystal currently in use is a 6 x 6 x 3.45 mm? Type I S-barium borate (BBO)
crystal with a 23° phase matching angle. Typically, we aim to direct 2.2 mJ of 1053 nm
light into the SHG stage, focused and collimated to a beam size of 1.6 mm? FHWM,

2. This produces roughly 1.1 mJ of

resulting in a peak intensity of 1.37 x 107 W/cm
527 nm output, with a conversion efficiency of 50%. The 527 nm beam has a FWHM
beam size 1.1 x 1.1 mm? and serves as the pump for the 800 nm OPA sub-system. Spatial

profiles before and after the SHG stage are shown in Figure 5.18.

The 800 nm seed for this sub-system originates from a pick-off from the front-end
oscillator pulse after it has been pre-chirped by a pair of chirped mirrors (Thorlabs
DCMP175) and subsequently stretched in a two-pass fused silica block. For a transform-
limited oscillator pulse between 7 - 8 fs, we estimate a net chirp of approximately

+2616 fs? after propagation through these dispersive elements.

The chirped mirrors contribute six reflections at —175 fs? per bounce, while the fused
silica block (thickness L = 50 mm) is traversed in a double-pass at an incidence angle
of 6 ~ 14°, contributing +3666 fs?> — the block angle can be adjusted for fine tuning
of the GDD. Producing ~ 20 nJ at 100 Hz, the pulse is split immediately after the
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Figure 5.16: A schematic diagram of the Nd:YLF flashlamp pumped chain, showing the
beam-path through successive amplifiers and OPAs. The chain consists of two double-passed
Continuum heads, which amplify the 1053 nm beam to ~ 100 mJ for pumping OPA2, and four
Litron heads (one double-pass, three single-pass), which amplify the beam to ~ 1 J for pumping
OPA3a+b. Representative beam profiles, measured with a taken using a WinCamD-LCM — 1”
CMOS Beam Profiler, are shown at key stages. Historic damage to Continuum 2 is visible in its
output beam profile — the beam quality is marginally improved through passage of VSFs 6 and 9.

Diagram not to scale.
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Figure 5.17: A TOAD trace (orange) showing the ring amplifier output (at 1053 nm) after
compression. Using a Gaussian fit (black dash) and deconvolution factor, we retrieve a FWHM
pulse duration of 8.0(2) ps.
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Figure 5.18: Beam profiles, taken using a WinCamD-LCM — 17 CMOS Beam Profiler, showing
the input and output modes of the SHG stage.
(a) Shows 2.2 mJ of 1053 nm light at the direct input of the BBO crystal.
(b) Shows 1.1 mJ of 527 nm light at the output of the BBO crystal. The profile is taken ~ 65 cm
from the crystal to prevent interference from residual 1053 nm light.

OPA: one branch is directed to a diagnostic line, while the other initiates generation of
the mid-infrared seed via difference frequency generation (DFG). The spectrum of the
800 nm line, before and after amplification in the 800 nm OPA subsystem, is shown in

Figure 5.19.

Before being sent to the DFG crystal, the amplified 800 nm beam is stretched once
again, through 22 bounces on a second pair of Thorlabs DCMP175 chirped mirrors. At
—175 fs? per bounce, this contributes a negative GDD of —3850 fs?, resulting in an
overall GDD incident on the DFG stage of —1234 fs.
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Figure 5.19: The 800 nm seed spectrum before (dash) and after (solid) amplification in a BBO
OPA stage. There is ~ 150 nm of amplified bandwidth.

5.5.2 Mid-Infrared Generation

To generate the mid-infrared (MIR) seed, we use a difference frequency generation
(DFG) process. This is a particularly unusual feature of the Chimera laser system, as
generating the MIR in this way produces a very low energy pulse which, in order to be
used in high intensity experiments, must be further amplified using additional nonlinear
processes. Most MIR systems worldwide generate mid-infrared light by extracting the
idler from an OPA stage. As a result, MIR generation often occurs at the final stage of
the amplification chain, inherently limiting the extractable energy due to constraints on

pump availability.

An additional challenge, although less frequently reported, is the spectral quality of
the MIR pulse. While a big advantage of the OPCPA process is that it allows the signal
to preserve the spectral phase characteristics of the seed (independent of the pump),
the idler is much more sensitive to distortions [206]. We see this in the phase equations
derived from solving the imaginary parts of the coupled wave equations for three-wave
mixing (see Section 2.2.2). The case in which we are concerned is one where there is
initially zero idler intensity, and thus zero idler phase. Following [206], this condition

allows us to write phase equations for the signal, idler and pump (¢sip) as:

Akz  Akry? dz
_l’_

¢s - ¢s(0> - 2 2 f‘i"YsQ (5'1)
T Akz
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Where Ak is the wavevector mismatch per unit length, f = 1 — I,/I,(0) is the

wp Is,i(0)
ws,i Ip(0)

fractional depletion of the pump beam and ~; = are the input photon

intensity ratios.

The consequence of these phase relationships is that any high-order spectral phase or
spatial inhomogeneities in the pump can be transferred to the idler, degrading both its
temporal and spatial coherence. This significantly complicates pulse compression and
focusability, both of which are critical for any high-intensity interaction. As a result,
OPA idler-based MIR pulses are often longer and less temporally clean. There are
several reports in the literature of how to combat this problem — for example, grating
and prism-based systems used to correct angularly dispersed idler beams — but this
comes at the expense of a more complex experimental setup and day-to-day stability
and usability [207-210].

Although using an OPA idler as a MIR source can appear more convenient, particularly
given the alignment challenges posed by the mid-infrared, it comes with considerable
limitations in compressibility, energy scalability and beam quality. In contrast, generating
the MIR via DFG provides greater control over the pulse characteristics and allows for
staged amplification, ultimately enabling higher energy delivery and better compatibility
with strong-field physics experiments. By instead producing the MIR using DFG, we
are afforded much more precise control, as well as the potential ability for longer-term

energy scalability.

It is worth noting that whilst we argue against using an OPA idler for MIR generation,
the MIR pulse produced via DFG in our system is, strictly speaking, also an idler, being
the longer-wavelength output of the three-wave mixing process. As such, it is still
susceptible to many of the same issues discussed above, particularly regarding phase
distortions in the pump. To mitigate this, the DFG stage is positioned very early in
the system, where the 800 nm pump pulse can be carefully managed. Here, the pulse
remains low in energy and passes through very few optics, greatly reducing the likelihood
of accumulating higher-order phase distortions. This level of control is far more difficult
to achieve with a high-energy pump pulse feeding a final-stage OPA, where optical

complexity and thermal effects can introduce significant phase and spatial aberrations.

The DFG stage on the Chimera laser system uses two quasi-phasematched magnesium
oxide doped periodically poled lithium niobate (MgO:LiNbO3 or MgO:PPLN) crystals in
series (5% MgO dopant — Covesion UK). Each crystal has dimensions of 0.5 x 3 x 0.4 mm?,
with the 0.5 mm dimension aligned along the propagation axis. While birefringent phase
matching can achieve ‘perfect’ phase matching, it is constrained by material, wavelength
and phase matching compatibility. To allow for a larger range of wavelengths, quasi-
phasematching using periodic poling is a useful option, as the poling period can be
custom-matched to the wavelength of light you are hoping to generate. PPLN is a highly
efficient medium for this, particularly for applications requiring broadband wavelength

conversion, due to its high nonlinear coefficient as well as a large available interaction
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length. PPLN also exhibits a temperature-dependent phase-matching condition, meaning
that changing the crystal temperature allows some degree of wavelength tuning in your
interaction. Despite these attractive criteria, however, undoped PPLN requires high
operating temperatures (100 - 200°C) and experiences considerable problems with power
instabilities and photorefractive damage due to thermal lensing effects [211]. To combat
this, it is common practice to use MgO as a dopant. This maintains both a high
nonlinear coefficient and large interaction length while providing a higher resistance
against photorefractive damage, improving its wavelength tunability and capacity to run

well at room temperature [212].

The MgO:PPLN crystal used in Chimera is custom-manufactured with a linear
chirped grating of 19.4 - 22.0 nm. Upon first installation in 2018, the crystal was
temperature-tuned using a PPLN oven (Covesion UK), the results of which can be
seen in Figure 5.20. The output spectrum was recorded for each temperature step
(£ 0.01°C stability) in order to maximise the usable bandwidth. The results from this
scan provided assurance regarding the bandwidth available to us, with AX ~ 965 nm
at a central wavelength of Ay = 3700 nm at room temperature. The consistency in the
data in the 20 - 50 °C range informs a further design choice in the system: the PPLN
temperature oven is not required in our case for fine temperature control, and thus a

layer of complexity may be removed.
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Figure 5.20: The output MIR spectrum of the DFG stage as a function of PPLN temperature.
At room temperature, there is ~ 965 nm of avaliable bandwidth at a central wavelength of
Ao = 3700 nm. Data recorded by Dr Nicholas Stuart on 23/04/2018. The error bars in y
represent the standard deviation of the photodiode signal as recorded on the oscilloscope.

As the input pulse is chirped to ~ 190 fs, with an estimated group delay dispersion
(GDD) of —1234 fs~2, each wavelength component must be phase matched to a different
position in the crystal. This means that the poling period varies linearly along the optical
axis to enable more broadband phase matching. This is particularly important for us as
we are looking to generate and amplify a very large amount of MIR bandwidth of order
1 pm, to support a few-cycle pulse after compression. Several nominally identical PPLN

sections (5 - 10) are available transversely within the crystal. In our current configuration,
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two crystals are used in series — a modification first tested during installation, where the
addition of the second crystal increased the MIR seed energy by a factor of 5 - 10. At

present, these are mounted in a relatively simple, non-optimised setup.

At this stage of the system, we expect the DFG stage to produce ~ 10 nJ of MIR
light, with a central wavelength of 3700 nm. The pulse energy is too low to be detected
on an infrared card, energy meter, or mid-infrared beam profiler, but it can be detected
on a MIR photodiode. A more routine experimental signature arises from the broad
bandwidths involved: successful MIR generation is accompanied by the appearance of
collinear white and blue light from the PPLN. As shown in Figure 5.21, this is visible
to the naked eye and can be readily detected with a standard silicon chip camera or a

spectrometer.
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Figure 5.21: Experimental output of the MgO:PPLN DFG stage.
(a) Measured spectra of the output (smoothed using a 1D Gaussian filter), taken both with no
filter (orange) and with a blue filter to suppress the 800 nm signal (dark pink). The filtered trace
highlights the additional short-wavelength (visible blue) light generated during the DFG process.
The feature in the 950 - 1100 nm spectral range is attributed to the DFG signal, generated
alongside the MIR to conserve energy and momentum. This may also have its own utility — for
example, in seeding a high contrast ~ 1000 nm OPCPA system. Fine structure in both spectra
likely arises from the temporary diagnostic setup (non-optimised sampling optics). Spectra were
recorded using a Thorlabs SPLICCO spectrometer on 15/04/24. Intensities are not normalised
between traces.
(b) A photograph, taken with an iPhone 11, of the PPLN output, visible on a piece of white card.
The red wing of the beam is infrared light, not visible to the naked eye.
(c) Filtered beam profile showing the blue DFG signature (in real colour), recorded on a
standard silicon chip CCD camera.

The setup used for this measurement is not yet permanently integrated into the
system, but, particularly with the addition of a broader-wavelength spectrometer, could

become a valuable tool for characterising and routinely monitoring the DFG output.
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Specifically, it would enable a full characterisation of both the visible blue signature
and the DFG signal in the 950 - 1100 nm spectral range, providing a direct means of
optimising MIR, generation. Moreover, as these additional wavelengths are collinear with
the MIR, they can be exploited for alignment purposes using simple silicon detectors,
not sensitive to the MIR.

5.5.3 Mid-Infrared OPA Stages

There are four mid-infrared OPA stages currently in place on the Chimera laser. The first
is pumped with a portion of the compressed output from the ring, while the remaining
stages (the first of which is double passed) are driven by the Nd:YLF flashlamp pumped
chain. Since the beginning of this PhD in October 2021, only the first stage has been
operational, and, due to a number of technical challenges with the front end of the
system, at the time of writing, the author has not observed gain in any of the subsequent

stages.

The first stage, referred to as OPA-B1, is a 5 x 5 x 10 mm? Type I potassium titanyle
arsenate (KTA) crystal with a 48° phase matching angle. The crystal is pumped with
4.1 mJ of 1053 nm light from the ring booster. Once amplified, the MIR pulse energy
is high enough to be detected directly using a Pyrocam (the MIR beam profiler in use,
described in Section 4.1.2). The MIR beam profile, taken using the Pyrocam ~ 75 cm
after the output of OPA-B1, is shown in Figure 5.22.
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Figure 5.22: A beam profile of the amplified MIR beam (centred at 3700 nm) after the first MIR
OPA stage (OPA-B1), measured with a Spiricon Pyrocam IITHR beam profiler. Axis lineouts
were recorded using Spiricon BeamGage software, giving D4oY and D4oY of 9.7 mm and
9.7 mm, respectively. Here, D4o denotes the ISO standard ‘second-moment’ beam width,
calculated as four times the standard deviation of the intensity distribution. The software also
measured a pulse energy of 174.9 J and a peak fluence of 2.65 x 10% pJ/cm?.

At this stage of the system, the average MIR pulse energy previously measured
was 70 - 100 pJ. With improved oscillator and ring performance, we now routinely
achieve 90 - 140 nJ, with the highest recorded energy reaching 174.9 nJ (measured using
Spiricon BeamGage software). The beam profile also appears smooth and largely free

from aberrations — the radial clip visible at the top of the profile arises from the beam
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impinging on the edge of the camera sensor. This is unavoidable when measuring at this

location, given the size of the camera and the fixed position of the beam.

Highly specialised, bulky and expensive, although the Pyrocam is invaluable for MIR
alignment and characterisation of the spatial profile, it is not convenient for routine
operations. For everyday diagnostics, we instead make use of additional light produced
‘for free’ in the nonlinear interaction. In the case of MIR generation, this manifests as
visible blue light and the 950 - 1100 nm signal; in the OPA process, a visible red beam is
generated, which can again be detected using a standard silicon chip CCD camera. This,

alongside the measured spectra of the OPA-B1 output, is shown in Figure 5.23.
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Figure 5.23: Experimental output of the OPA-B1 stage.
(a) Measured spectra of the output (smoothed using a 1D Gaussian filter). The trace highlights
the additional short-wavelength (visible red) light generated during the OPA process, as well as
the residual amplified 800 nm light left over from the DFG process. The feature at ~ 1050 nm
shows the depleted 1053 nm OPA pump. There is also evidence of a small amount of visible
green light being produced at ~ 550 nm. This can often be observed around the KTA crystal
when being pumped and is attributed to the over-pumping of the process, causing an additional
second harmonic generation process to occur from the 1053 nm beam. Spectrum recorded using
a Thorlabs SPLICCO spectrometer on 15/04/24.
(b) Beam profile showing the red OPA signature (in real colour), recorded on a standard silicon
CCD camera. The black horizontal lines are due to excessive input power on the sensor.

For routine monitoring, optimising the brightness and beam quality of the visible
red beam provides a useful proxy for MIR performance when observed side by side. For
accurate characterisation beyond day-to-day checks, however, the Pyrocam remains the

preferred diagnostic.

As in the case of the DFG stage, this OPA stage would benefit from the addition of
a broader-wavelength spectrometer — particularly reaching wavelengths up to 2 pm, such
that the idler beam at 1.5 pm, generated in the OPA process, may be fully characterised
and monitored as an additional day-to-day diagnostic to reflect the quality of the amplified
MIR pulse.

We have also trialled the use of direct MIR detection with silicon cameras as a
lower-cost routine diagnostic for the MIR beam. Although they cannot directly detect

MIR light under normal conditions, when the beam is tightly focused onto the sensor, a
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detectable signal appears due to a three-photon absorption process in the chip. Using the
metrics given by the Spiricon BeamGage software (using D4o metrics: the ISO standard
‘second-moment’ beam width, calculated as four times the standard deviation of the
intensity distribution), which measures a beam area of 9.7 x 9.7 mm?, a MIR CaF5 lens

with f = 50 mm will produce a focal spot which has a diameter of ~ 23.6 pm.

Mounted on a translation stage, the lens produced a focus with intensities high
enough to quickly damage the chip. At positions slightly away from best focus, however,
the intensity was sufficient to generate a bright, non-destructive signal representative
of the beam, as shown in Figure 5.24. Despite the image shown being saturated, we
observed surprisingly good resolution — even to the point of resolving Airy rings when
closing an aperture in the beam path. This highlights the potential value of the direct
three-photon method: if placed at strategic points in the system, such cameras could

serve as useful low-cost, day-to-day alignment diagnostics for the MIR.
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Figure 5.24: Saturated, bright MIR detection at a peak intensity of O(10'* W/cm?). The visible
signature of the MIR beam on a silicon ship CCD camera is generated by three-photon
absorption in the detector when the 3.7 pm pulse is tightly focused.

For the profile shown in Figure 5.24, we can estimate a beam size of 0.66 x 0.85 mm?.

Assuming a pulse duration in the range 100 - 200 fs, this results in peak intensities of
order 10t W /cm?.

The remaining two MIR OPA stages have never been operated by the author; however,
we include them here for completeness. Before further amplification, the MIR pulse
is stretched to an estimated pulse duration of ~ 370 ps using an Offner stretcher (see

Section 5.6).

The second MIR OPA, referred to as OPA2, is a 10 x 10 x 30 mm? Type I KTA crystal
with a 41° phase matching angle. Pumped by ~ 100 mJ of 1053 nm light amplified in
the Nd:YLF flash lamp pumped chain, it is run in a double pass configuration. When
working well, the OPA2 is found to produce O(1 mJ) of pulse energy with ~ 500 nm of
available bandwidth. This is equivalent to a ~ 50 fs, 3-cycle pulse at its transform limit.

An example of the MIR spectrum of the output of OPA2 is shown in Figure 5.25.
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Figure 5.25: A spectrum taken at the output of the OPA2 by Dr Nicholas Stuart. The central
feature is due to damage to the detector. The wavelength calibration is estimated, not measured.

The third MIR OPA, referred to as OPA3, contains two separate KTA crystals
(both 20 x 20 x 15 mm?, phase matching angle 41°) and is pumped with ~ 1.2 J of
1053 nm light from the flashlamp chain. Contrary to modelling predictions carried out
by Dr Nicholas Stuart, which initially suggested a single longer crystal, higher gain was
found experimentally by using two shorter crystals in sequence with independent angle

tuning.

Although not verified during this work, the author was present when a new energy
record was set in September 2021 (prior to the start of this PhD). At that time, a
31 mJ, 100 fs (uncompressed) 3.7 pm signal was recorded at the output of OPA3. Due
to subsequent failures of several key system components, a new and well-characterised
energy record attempt remains a work in progress, with recent work instead being focused

on improvements to the stability and performance of the front end of the system.

5.6 Stretching and Compressing the Mid-Infrared Pulse

Similar to the challenge of mid-infrared generation, there is much variation and discussion
over the best way to stretch and compress a mid-infrared pulse, such that the highest
intensity may be extracted. For systems in which the MIR is generated from the idler
of a final-stage OPA, a dedicated stretcher is typically unnecessary as the pulse is not
subject to further amplification. If, however, the aim is energy scalability, it is crucial to
design an efficient stretcher system that preserves the pulse bandwidth while enabling

amplification.

A big problem faced in any ultrafast system is the accumulation of high-order
spectral phase during stretching and compression. In the mid-infrared, this issue becomes
particularly important due to the broader bandwidths required and the therefore increased
sensitivity of the pulse shape to dispersion. For this reason, stretcher designs in the
MIR must aim to minimise both third-order (TOD) and fourth-order (FOD) dispersion
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as much as possible to preserve the compressibility of the pulse. The vast majority of
systems presented in Table 5.1 use bulk material to compress (and stretch where relevant)
their MIR pulse. While material dispersion can be tailored to provide both positive and
negative group delay dispersion (GDD), it inevitably introduces significant third-order

phase, often limiting the achievable pulse duration after compression.

To understand the impact of higher order, particularly third- and fourth-order
phase, we can use the Sellmeier equation (Equation (2.45)) to estimate the dispersion
accumulated by a 3700 nm, 30 fs pulse propagating through 1 cm of silicon (a potential
bulk stretcher or compressor element), and compare it to the case of a longer 300 fs pulse.
This example would result in phase terms of ¢ = 4.186 x 10* fs?, ¢3 = 4.204 x 10° fs3,
¢4 = 1.823x 107 fs*. With the impact of these TOD and FOD terms shown in Figure 5.26,
whilst this has a negligible effect on longer pulses, few-cycle pulses are extremely sensitive
to higher-order dispersion. An obvious (but high-cost solution) is to introduce a MIR
Dazzler (acousto-optic pulse modulator used for active high-order phase control) [213]
into the system. For the 2000 - 3700 nm spectral range, Fastlite specifies a maximum
programmable delay of 5.5 ps at 2800 nm. This corresponds to roughly 2x103 fs> TOD
or 1x10% fs* FOD. To preserve pulse quality in ultrashort regimes, our system design

therefore aims to limit third-order phase to below ~ 10 fs3.
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Figure 5.26: The effect of third- and fourth-order spectral phase on the compressibility of an
ultrashort pulse. For Chimera parameters of A = 3.7 pm and a transform-limited pulse duration
of 30 fs (dark red), we compare propagation through 1 cm of Si with that of a longer, 300 fs
pulse (pink). This corresponds to spectral phase terms of ¢3 = 4.204 x 10° fs® and
¢4 = 1.823 x 107 fs*. Dashed curves represent the transform-limited pulses, while solid curves
show the effect of third- and fourth-order phase.

(a) Shows this on a linear intensity scale, while (b) uses a logarithmic scale.

With the addition of higher-order dispersion, the compressed pulse is limited to a minimum
FWHM duration of 59.3 fs. We note, however, that the FWHM metric does not capture smaller
high-intensity features below the half-maximum level, which still can contribute significantly to
the pulse envelope.

Comparing this now to a system which uses bulk material to perform their stretch,
for example, the system at RIKEN, Japan [187], we show the effect of their high-order
phase upon compression in Figure 5.27. They report a transform-limited pulse duration
of 66 fs, propagating through 14 cm of bulk Si. This will result in phase terms of:
¢ = 6.610 x 10* fs2, ¢p3 = 5.951 x 10° fs3, ¢4 = 2.312 x 107 fs*. Propagating through this
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bulk material adds significant dispersion to the pulse, which will have to be compensated
for if they wish to perform an adequate compression. They later chose to compress the
pulse using 60 cm of bulk CaFy. While this material does provide the opposite-sign GDD
necessary to compensate for the second-order chirp, it also introduces additional higher-
order phase. With this compression producing phase terms of : ¢y = —8.950 x 10* fs?,
3 = 5.790 x 10° £s3, ¢y = —3.222 x 10% fs*, we therefore find residual phase terms of:
o = —2.340 x 10* £s2, 3 = 1.1741 x 10° £s3, ¢4 = 1.9898 x 107 fs*. These residuals
result in a FWHM pulse duration of ~ 300 fs, although we note that when the pulse

shape no longer resembles a Gaussian, this metric fails to capture its true shape.
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Figure 5.27: The effect of third- and fourth-order spectral phase on the compressibility of an
ultrashort pulse. For RIKEN parameters of A = 3.3 pm, and a transform-limited pulse duration
of 66 fs [187], we show the spectral phase terms acquired through propagation through 14 c¢cm of
Si, followed by 60 cm of CaF5. This corresponds to ¢ = —2.340 x 10* fs2, ¢3 = 1.1741 x 10° fs?

and ¢, = 1.9898 x 107 fs*. Dashed curves represent the transform-limited pulses, while solid

curves show the effects of high-order phase.
(a) Shows this on a linear intensity scale, while (b) uses a logarithmic scale.

With the addition of higher-order dispersion, the compressed pulse is limited to a minimum
FWHM duration of 299.8 fs. If the second-order order-phase was perfectly compensated for, this
would result in a minimum FWHM duration of 143.5 fs. This simplified representation does not
account for additional dispersion contributions within the RIKEN system, and furthermore, the

FWHM metric alone cannot capture smaller substructures in the pulse envelope, such as
high-intensity features below the half-maximum level.

All materials commonly used in the mid-infrared spectral range exhibit positive TOD,
meaning that bulk materials alone cannot compensate for higher-order dispersion. As
a result, proper compression requires the use of additional dispersive elements such as
prism gratings (grisms) or an Offner triplet to adequately correct for the accumulated
TOD.

The bulk material implementation used at RIKEN was, in fact, trialled in an earlier
iteration of the Chimera MIR stretcher/compressor design. Using 14 cm of bulk Si to
stretch, and 20 cm of bulk CaFs to compress, (with additional dispersion caused by
propagating through the later OPA stages also accounted for), the residual dispersion was
found to be: ¢o = —1683 fs?, 3 = 1.01 x 106 £s3, ¢4 = 2.23 x 107 fs*. If the remaining
chirp were perfectly compensated, the pulse would compress to 150 fs, compared to a

transform-limited duration of 60 fs.
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Previous OPCPA modelling performed by Dr Nicholas Stuart suggested that we
might be able to amplify up to 700 nm of bandwidth for 5 - 10 mm of KTA. For a
Gaussian pulse, this would provide a transform-limited pulse duration of ~ 30 fs (2.3
optical cycles). The goal, therefore, is to design a system that can support 700 nm of
FWHM bandwidth through both a MIR stretcher and compressor in order to produce a
short, few-cycle pulse, close to the transform-limit, whilst simultaneously suppressing
higher-order phase. Bulk materials offer a clear advantage for this purpose due to their
straightforward, robust alignment. Indeed, we use a YAG-based stretcher prior to the
first MIR OPA stage. However, the large optical path lengths required to achieve the
necessary GDD for later stages mean that the accumulated TOD — as illustrated by the
RIKEN system — becomes challenging to compensate for. We turn instead to alternative
dispersion management schemes, which are better suited to scalable, ultra-broadband

MIR pulse shaping.

For the pulse durations we are hoping to reach, it is preferable to use reflective rather
than refractive optics as much as possible in order to minimise chromatic aberrations.
Potential candidates for the MIR stretcher included reflective geometries such as the
Martinez or Offner stretcher. These can then, in principle, be perfectly matched to a
Martinez or Tracey-style grating compressor following the final amplification stage. Prism
compressors were also considered in the design; however, due to multi-photon absorption
when using materials transparent to the mid-infrared at our expected intensities, they

are not well suited to compensate for third-order phase [214-218].

Using the Optometrika raytracing code [219], modified to include gratings and pulse
dispersion analysis by Dr Nicholas Stuart, different stretcher-compressor configurations
can be modelled. Although in theory a Martinez stretcher-compressor pair provides
perfect dispersion compensation and the flexibility to reach arbitrary stretched pulse
durations while maintaining compressibility, lab implementation and raytracing revealed
significant shortcomings. Specifically, when aligned, the Martinez stretcher system

exhibited strong aberrations and a vertically chirped output.

These issues arose from the use of off-axis parabolas: when the injected beam does not
precisely intersect the focal points of the parabolas, spherical aberrations are introduced.
Since angled beam injection is necessary to retrieve output beams in this geometry, this

configuration cannot be used to stretch our MIR pulse.

In contrast, if the diffraction grating is placed at the radius of curvature from the
concave and convex mirrors, an Offner all-reflective triplet design can perfectly correct
any such spherical aberrations introduced by parabolas. Designed for aberration-free
imaging across a wide field of view, the Offner triplet uses three mirrors to provide
positive GDD whilst attempting to minimise any spatial or temporal aberrations. It is
a fully reflective design, meaning there is no dispersion to consider, and is suitable for

broadband operation.
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A standard Offner stretcher typically requires large and expensive optics. The concave
mirror must be sufficiently oversized to accommodate the convex mirror between it and
the grating, with the beam propagating both above and below it. Reflective optics must
additionally exhibit surface waveform errors below ~ A/30 to avoid introducing random
aberrations in the spectral phase. This is one of the few cases in which working in the MIR
is advantageous: typical research-grade optics specified at A/10 for 600 nm correspond to
a much improved A/60 tolerance when used at 3700 nm, making these components more
forgiving in MIR systems. The Offner stretcher used on Chimera also uses a 4° off-axis
configuration, where the beam propagates orthogonally to the dispersion plane. This
orientation preserves the spectral phase characteristics of the standard on-axis geometry,
whilst allowing for a more compact layout and avoiding the need for excessively oversized
optics, helping to further minimise cost and optical footprint. The convex and concave
mirrors are 2-inch, f = 7.5 cm, and 4-inch, f = —15 cm, respectively. The optical layout

of the Chimera MIR off-axis Offner stretcher is shown in Figure 5.28.

Output Beam  Input Beam 4" Concave Mirror
4

'

e ——

Grating
Retro-reflector

Figure 5.28: Optical layout of the Chimera mid-infrared off-axis Offner stretcher. The input and
output beams are vertically displaced from one another. There is an off-axis angle of 4°.
Diagram not to scale.

Using the Optometrika raytracing code, with the Offner design written by Dr Nicholas
Stuart, we can model our setup to retrieve both the spectral phase and 2D spatial profile
of a MIR pulse interacting with the stretcher configuration, allowing us to identify any
spectral clipping caused by finite optic apertures at the design stage. This is shown in

Figure 5.29.

This model was run to stretch the MIR pulse to ~ 320 ps, with GDD of 4.42 x 106 fs.
No aberrations are observed when using this configuration — the output beam profile
remains round and free from spatial chirp, making it ideal for seeding subsequent amplifier
stages. For a 48.2° angle of incidence into the stretcher, the Taylor expansion of spectral
phase coefficients (around the central wavelength) are solved to be: ¢o = 4.42 x 106 fs?,
3 = —5.08 x 107 fs3, ¢4 = 9.23 x 10® fs*. These coefficients can then be used to guide
compressor design, enabling us to compensate for residual phase terms and deliver the

shortest possible pulse to the target.
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Figure 5.29: Image-on-screen and phase analysis output of the Optometrika raytracing code
simulating an Offner style stretcher system for the Chimera MIR laser. The code for this Offner
stretcher design was written by Dr Nicholas Stuart.

(a) 2D spatial profile of the beam on a screen. Each pixel encodes wavelength via the colour map
— the spatial distribution shows how the spectrum varies across the beam profile. For the Offner
stretcher design, the beam is circular and symmetric, with no visible spatial chirp or angular
dispersion. The lack of horizontal or vertical asymmetry indicates there is no spatial chirp or tilt
— i.e., the wavelength doesn’t vary across the beam significantly.

(b) Temporal Phase vs Delay. Blue curve: Shows how the central wavelength of the pulse varies
with delay. The linear nature of this curve, which decreases with wavelength, indicates a linear
chirp in time — shorter frequencies (higher wavelengths) arrive earlier. In terms of frequency, it
has a positive chirp. Red curve: Temporal phase as a function of time delay (using a polynomial
fit) — how the phase of the electric field evolves in time. The quadratic nature indicates a pure
linear (positive) chirp in the time domain.

(c) Spectral Phase vs Frequency. Blue curve: Ray-traced time delay vs frequency (i.e. GDD).
This reinforces the fact that we see a consistent chirp, meaning that the pulse is temporally
stretched in a predictable way. Red crosses: Spectral phase fitted from a polynomial. Black
dashed curve: Spectral phase fitted from a Taylor expansion. These show the frequency-domain
equivalent of the temporal chirp, with quadratic spectral phase indicating that the pulse is
temporally broadened. Since this matches the time-domain phase (b), it confirms that the chirp
is linear and well-behaved.

(d) Instantaneous Frequency vs Time. Blue crosses: Instantaneous frequency extracted from the
electric field phase derivative. Black curve: Fitted polynomial to the instantaneous frequency
(used to model chirp). The curve is smooth, monotonic, and the frequency increases with time,
confirming a positive chirp in frequency.



Chapter 5. The Chimera Multi-Beam Mid-Infrared OPCPA Laser System at Imperial
College London 128

By using an Offner stretcher rather than bulk material, not only do we significantly
aid the problem of large amounts of TOD accumulated through material dispersion, but
we also allow ourselves flexibility to scale up to higher energies. To our knowledge, no
other MIR system worldwide currently offers the capability for such a large stretch. As
discussed in Section 5.5.2, where the challenges of MIR pulse generation are considered,
energy scalability is a fundamental requirement for any system intended for high-intensity
experiments. Pulse durations (and dispersion compensation) are naturally a huge factor
in this goal, but if there is no capacity to provide more energy to a pulse, we are quickly
limited in the intensities we can reach. Systems that rely on long lengths of bulk material
for stretching or compression not only suffer from severe higher-order phase accumulation,
but must also contend with the damage thresholds of those materials — a serious obstacle
when scaling to high pulse energies. Although all systems, including ours, must contend
with material damage thresholds, the capacity for a large stretch allows us to prioritise
energy extraction and efficiency in the OPA process, rather than being constrained by the
stretching or compression architecture. In the case of Chimera, the main energy-scaling
limitation arises from how much energy can be extracted from the KTA crystals. Further
energy scaling is, in principle, feasible using larger-aperture crystals; however, in practice,

the maximum crystal size is constrained by current growth capabilities.

An alternative approach, demonstrated both in simulation and experiment by Fle-
mens et al. [220], uses a parasitic nonlinear process in CdSiPs to quench idler amplification
and thereby improve conversion efficiency in OPA systems. Reporting to boost efficiency
at 3390 nm from 18% to 44% by coherently suppressing the idler through an additional
parametric channel, this technique may be transferable to KTA by doping the crystal
with a material that selectively suppresses the idler while remaining transparent to the
pump and signal. Although such an approach could raise concerns regarding thermal
loading, the authors argue that the parametric nature of the process should largely avoid
dissipative heating. In our case, any residual thermal effects may be further mitigated
by the relatively low repetition rate of the system (10 Hz in the final MIR OPA stages),
potentially allowing thermal management via oven stabilisation or active cooling. When
combined with the inherent energy scalability offered by our MIR generation and Offner
stretching architecture, this could be an interesting future path to further increase pulse

energy for use on high-intensity experiments.

Once stretched, the MIR pulse is further amplified by several KTA OPA stages
(including one double-pass), which inevitably introduces additional dispersion. Any
compressor design must therefore also account for the cumulative TOD and FOD
introduced by these amplification stages. A practical compressor counterpart to the
Offner stretcher is the Tracey compressor, which uses a pair of gratings in a simple,
compact (double-passed) geometry. This design is attractive for its ability to provide
substantial GDD while minimising complexity. The primary challenge lies in sourcing
gratings that are both broadband and highly efficient in the mid-infrared — a region

where options are severely limited.
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When considering grating line (or groove) density, longer wavelengths favour smaller
groove densities (i.e., larger groove spacings). This follows from the grating equation
(Equation (2.46)). If A is too large, and d is too small (i.e. the groove density is too
high), the sine terms in the grating equation can exceed 1, making diffraction unphysical.
At normal incidence, the maximum wavelength that can be diffracted in the first order
is approximately Amax = d. In practice, however, gratings are rarely used at normal
incidence. They are often designed for operation near the Littrow angle, 0r,, where the

incident and diffracted beams are symmetric, such that:

A
sin 01, = % (5.4)

Operating near Littrow maximises diffraction efficiency, but also tightens the wave-
length range over which only the desired order exists. Moving away from Littrow relaxes
this somewhat, but additional diffraction orders can then enter at shorter wavelengths.
This makes the choice of line density a balance: too low, and extra orders appear across
the MIR bandwidth; too high, and the usable wavelength range is truncated. For example,
for our MIR pulse, the shortest wavelengths are ~ 3.4 nm. To ensure diffraction is
possible at these wavelengths, the groove spacing must be at least 3.4 nm, corresponding
to a groove density of approximately 294 1/mm. At Littrow, the allowable range is

reduced further, meaning somewhat lower line densities are desirable in principle.

Consultation with Plymouth Grating Laboratory (PGL) led to the eventual groove
density being manufactured as 320 1/mm. The reason for this design choice was a
compromise between manufacturability and the predicted spectral efficiency. Although
a lower groove density grating (e.g. 150 - 200 1/mm) would, in principle, make the
optical design of the stretcher easier, such gratings are extremely difficult to fabricate
for MIR wavelengths. Additionally, at lower groove densities, the grating can diffract
some wavelengths into higher diffraction orders, particularly when working with large
bandwidths, leading to energy leakage, reduced efficiency in the desired (first) order, and
potential distortion of the compressed pulse. For the wavelength range of 3200 - 4100 nm,
the chosen groove density of 320 1/mm was quoted to produce an overall diffraction
efficiency of 90%, with a uniformity of 5% over the 1000 nm of specified bandwidth.

A numerical raytrace was once again constructed to model a grating compressor. The
results of this, using a 15 cm grating separation, are shown in Figure 5.30. Regarding
the grating aperture and spacing, this was chosen to balance cost with stretched pulse
duration. The chosen dimensions are 50 x 50 x 15 mm?® and 70 x 50 x 15 mm?>. The
beam size on the first grating is set by the estimated laser-induced damage threshold, a
metric which is not well established in the mid-infrared. A conservative operating limit
of 50 - 100 mJ/cm? was therefore assumed. To remain below this fluence, the beam
must be expanded sufficiently after the OPA amplifier chain, fixing the minimum grating

aperture. The separation between the gratings then determines the amount of temporal
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Figure 5.30: Image-on-screen and phase analysis output of the Optometrika raytracing code
simulating a Tracey style compressor system for the Chimera MIR laser. The code for this
Tracey compressor design was written by Dr Nicholas Stuart.

(a) 2D spatial profile of the beam on a screen. Each pixel encodes wavelength via the colour map
— the spatial distribution shows how the spectrum varies across the beam profile. The beam is
circular and symmetric, with no visible spatial chirp or angular dispersion.

(b) Temporal Phase vs Delay. Blue curve: Shows how the central wavelength of the pulse varies
with delay. The linear nature of this curve, which increases with wavelength, indicates a linear
chirp in time — higher frequencies (shorter wavelengths) arrive earlier. In terms of frequency, it
has a negative temporal chirp. Red curve: Temporal phase as a function of time delay (using a
polynomial fit) — how the phase of the electric field evolves in time. The clean
downward-opening parabola indicates a pure linear (positive) chirp in the time domain.

(c) Spectral Phase vs Frequency. Blue curve: Ray-traced time delay vs frequency (i.e. GDD).
Red crosses: Spectral phase fitted from a polynomial. Black dashed curve: Spectral phase fitted
from a Taylor expansion. It is a smooth, downward-opening quadratic curve, indicating
dominantly second-order spectral phase (GDD).

(d) Instantaneous Frequency vs Time. Blue crosses: Instantaneous frequency extracted from the
electric field phase derivative. Black curve: Fitted polynomial to the instantaneous frequency
(used to model chirp). The pulse has a clean, negative linear chirp, with the instantaneous
frequency decreasing over time.
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stretching and simultaneously constrains the maximum allowable footprint on the second

grating to avoid clipping.

When using a Tracey-style compressor with the quoted grating apertures and 15 cm
separation, the model produces a projected output beam that remains circular and
free from spatial chirp. Spectral and temporal phase analyses show a clean quadratic
dependence, consistent with a well-behaved linear chirp. The Taylor expansion of spectral
phase coefficients (around the central wavelength) are solved to be: ¢ = —4.33 x 10° fs?,
¢3 = 4.97x107 £s3, 4 = —9.74 x 108 fs*. These well compensate the coefficients produced
by propagation through the Offner stretcher, confirming that the compressor design can
compensate the stretcher phase and deliver near-transform-limited pulses. The residual
spectral phase, after propagation through the the 10 cm YAG stretcher, 25 cm of KTA
crystal, the Offner stretcher and finally the Treacy compressor, is given by the coefficients:
b9 = 8 152, 3 = —2.61 x 10* £s3, ¢4 = —3.63 x 10° fs*. This is illustrated in Figure 5.31.
These phase terms broaden a 50 fs, 3.9 pm pulse to 68.6 fs, and are something that will
require a full experimental characterisation, through the use of either a MIR FROG or
SPIDER.
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Figure 5.31: The effect of high order spectral phase on the compressibility of an ultrashort pulse.
For Chimera parameters of A = 3.7 nym, and a pulse duration of 50 fs, we show the spectral
phase terms acquired through propagation through a 10 cm YAG stretcher, 25 cm of KTA

crystal and the Offner stretcher, before being recompressed in a Treacy-style compressor. This
corresponds to ¢g = 8 82, ¢35 = —2.61 x 10* fs3, and ¢4 = —3.63 x 10°¢ fs?. Dashed curves

represent the transform-limited pulses, while solid curves show the effects of high-order phase.
(a) Shows this on a linear intensity scale, while (b) uses a logarithmic scale.
With the addition of higher-order dispersion, the compressed pulse is limited to a minimum
FWHM duration of 68.6 fs.

Although we succeed in the retention of a relatively Gaussian temporal pulse envelope,
Figure 5.31b) shows a significant intensity pedestal due to the residual high-order phase,
which may limit applications where high temporal contrast is critical, such as when using

thin or nanostructured solid targets.

To test the compression setup, custom grating mounts were designed and 3D printed.
These mounts were built to fit within standard 4-inch precision kinematic mirror mounts,
allowing for quick integration onto the optical table. This means that in addition to

the horizontal and vertical plane adjusters, we can also set the rotational position of
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the gratings. The mounts are designed so that the grating slides in from the side and
is secured using three nylon-tipped grub screws. These are threaded into hand-tapped
M6-to-M4 adapters, which are glued into the plastic body of the mount. A ~ 2 mm
solid silicone rubber sheet is inserted between the grating and the plastic surface to
protect the grating from excessive point clamping loads when in direct contact with
the plastic. A thin metal load-bearing plate is installed on the top surface to further
reduce mechanical stress from being concentrated by the grub screws. These mounts will
eventually be replaced with custom stainless steel versions to reduce mechanical drift

and thermal expansion. The CAD grating mount design is shown in Figure 5.32.

) 101.6 mm

Figure 5.32: The compressor grating 3D printed mount designs. The gratings have dimensions
70 x 50 x 15 mm? (left) and 50 x 50 x 15 mm? (right). The three holes in the upper support
(deliberately protruded to protect against dust) are hand-tapped to M6 after printing.

Although the system is not yet ready to receive an incident MIR beam, once the
OPAs return to regular operation, we will be in a strong position to begin tests towards

MIR pulse compression, enabling the commissioning of high-intensity experiments.

5.7 Experimental Output of the Chimera Laser System

Despite currently lacking the intensity capability required for high-intensity laser—plasma
experiments (e.g. laser wakefield acceleration, requiring intensities of O(10'® W /cm?)),
the mid-infrared beam from the Chimera laser can be commissioned for experiments that
demand lower intensities. Although we do not yet have the capacity to directly measure
the MIR pulse duration (meaning that the laser intensity on target remains an estimate),
experimental commissioning has begun through solid high-harmonic generation (HHG),

marking the first experiment performed on the Chimera laser system since its conception.

With a pulse energy of 90.8 nJ measured by the Pyrocam, and a D4o beam size of
5.20 x 4.54 mm?, the beam was picked off from the first MIR OPA stage and focused,
using a f = 50 mm PCX CaF lens, onto a 10 x 10 x 0.3 mm? sample of ZnSe. From
this, we estimate, using the 100 Hz repetition rate of the system, an average intensity
of 4.09 W/cm?, assuming a spot diameter at focus of 47.1 pm. For a pulse duration
in the range 100 - 200 fs, this corresponds to a peak intensity on target of 2.05 -
4.09 x10" W/ecm?. The MIR beam profile, along with the HHG spectrum collected
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from the sample, is shown in Figure 5.33. Although a typical HHG spectrum contains
odd harmonics only, due to ZnSe being a non-centrosymmetric crystal, it presents even

harmonics as well.

- 1.0 0.25
- 0.8 020
= =
& < 0.15
=2 0.6 ~
2 2010
b 0.1
wn wn v
-04 % 2 v
= = v
— = 0.05 4 | I
- 0.2
0.00
- 0.0

200 300 400 500 600 700 800 900 1000
Wavelength / nm

(a) (b)

Figure 5.33: (a) A beam profile of the amplified MIR beam (centred at 3700 nm) after the first
MIR OPA stage (OPA-B1), before being sent to a solid sample of ZnSe, measured with a
Spiricon Pyrocam IITHR beam profiler. Axis lineouts were recorded using Spiricon BeamGage
software, giving D4cY and D4cY of 5.20 mm and 4.54 mm, respectively. Here, D4o denotes the
ISO standard ‘second-moment’ beam width, calculated as four times the standard deviation of
the intensity distribution. The software also measured a pulse energy of 90.8 nJ and a peak
fluence of 2.65 x 103 pJ/cm?.

(b) High harmonic spectral data obtained when directing a 1000 nm bandwidth 3700 nm pulse,
with duration 100 - 200 fs, at a sample of crystalline ZnSe. The pink trace shows the raw data,
recorded on an Ocean Optics USB2000+ spectrometer and reconstructed from a digital image of
the spectrum. The purple shows a smoothed version of the raw data, using a finite impulse
response (FIR) filter. The prominent central feature at 470 nm is attributed to
photoluminescence from the sample. Strong 4" and 5*" harmonic signals at ~ 890 nm and
~ 710 nm are seen. Weaker signals are seen at ~ 610 nm, ~ 545 nm and ~ 435 nm, possibly
representing 6, 7" and 8" harmonics. Harmonic signals are indicated on the plot with
triangles.

A prominent signal is observed at 470 nm in the spectral data, which we attribute to
photoluminescence in the sample. This was accompanied by a visible blue glow around
the sample in situ, consistent with the 2.70 eV band gap of ZnSe [221]. Although the
MIR beam is centred around 3700 nm, at this stage of the system, it exhibits a broad
bandwidth of nearly 1000 nm. Strong 4'"- and 5*"-order harmonic signals, observed at
~ 890 nm and ~ 710 nm respectively, indicate that the spectral region around 3500 nm
contains the highest intensity, and is the central wavelength generating the harmonic
spectrum. We also observe weaker features at ~ 610 nm, ~ 545 nm, and ~ 435 nm,

which could correspond to HHG reaching the 8" harmonic.

Using a peak fitting procedure to detect significant local maxima in the HHG spectrum,
we can match these to integer multiples of a chosen fundamental energy (within a 0.07 eV

tolerance, corresponding to a 0.2 tolerance in harmonic order), and thus estimate the
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implied photon energies, as well as the approximate bandwidth of each harmonic. For
this, we choose a fundamental energy of 3500 nm (equivalent to 0.35 eV photon energy),
which better reflects the highest-intensity region of the MIR spectrum (see Figure 5.20),
rather than the central wavelength of 3700 nm. The resulting harmonic structure as a

function of photon energy is shown in Figure 5.34.

With each MIR pulse containing approximately 10'® photons at 0.35 eV, the ZnSe
sample thickness of 0.3 mm defines a finite interaction length over which the nonlinear
polarisation responsible for HHG can accumulate. The observation of multiple harmonic
orders within this thickness indicates that the harmonic emission per unit length is
sufficiently strong to overcome both absorption and out-coupling losses, yet remains
weak compared to competing channels such as photoluminescence. This constrains the
HHG process to a low-efficiency but finite regime, consistent with an order-of-magnitude
conversion efficiency estimate in the 1072 — 107% range. To obtain the true conversion
efficiency, a measurement of pulse energy would have to be obtained, both before and
after interacting with the sample. For context, literature reports on ZnSe indicate
high second-order (SHG) conversion efficiencies of up to ~ 35% under phase-matched
conditions [222, 223]. These values demonstrate the strong intrinsic nonlinearities of
ZnSe; however, they cannot be directly compared to the results reported here. The
spectrometer on which these results were recorded does not cover the wavelength range
required to measure the second-order harmonic, and conversion to the fourth and higher
orders is not a simple extension of SHG. The efficiency of higher-order harmonics is
governed by strongly nonlinear processes, influenced by absorption, phase-mismatch, and
non-perturbative electron dynamics, preventing any straightforward extrapolation from

low-order values.

At this stage, the laser stability is not sufficient to measure intensity dependence
or spectral broadening of the MIR harmonics, such as those reported by Chin et al.
in 2001 [222]. Nevertheless, this would be an interesting avenue to pursue in future
Chimera experiments when more stable operation is restored. In both [222] and the
more recent work of Werner et al. in 2019 [223], experiments were performed with
thicker ZnSe samples than used here, and in both cases an increase in harmonic signal
and efficiency with thickness was reported. This, as well as investigating additional
solid-state semiconductors, should form part of future iterations, particularly given that
the energy available to us (even from the first front-end MIR OPA of Chimera) far
exceeds the ~ 35 pJ per pulse reported in the literature. When the final-stage MIR
OPAs return to regular operation, this experiment could also be repeated both before

and after compression, offering a wide parameter space to investigate.

Looking ahead, we aim to extend high harmonic generation experiments from the
Chimera laser beyond purely spectral measurements. Once pulse intensities reach the
threshold for intense laser-plasma interactions, a full characterisation of the MIR pulse
will become essential. As the MIR spectral range is notoriously difficult to detect directly,

this is something that remains challenging and raises the question: can the visible spectra
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Figure 5.34: Measured MIR, harmonics as a function of photon energies. Significant local maxima
in the HHG spectrum were identified by a peak-detection routine and matched to integer
multiples of a fundamental energy, assuming a central wavelength of 3500 nm (0.35 €V) with a
tolerance of 0.2 in harmonic order (equivalent to 0.07 €V). Harmonic bands are indicated using
the colour map, where the harmonic order is shown for the wavelength range of 3200 - 4300 nm.

from solid HHG provide indirect experimental information about the MIR pulse, serving
as a non-destructive diagnostic at the point of interaction? A recent publication from
Awad et al. [224], demonstrating the use of HHG in ZnO as a pulse-duration diagnostic
at 3.2 pm, suggests that extending this approach into our spectral regime may indeed be

possible.

Given our initial demonstration of high harmonics on the Chimera laser, further
exploration of this method need not wait for the return of the entire MIR OPA chain or
for the successful compression of our MIR pulse. Rather, it depends on the construction of
one or more pulse-duration diagnostics, such as a MIR FROG, SPIDER, or autocorrelator,
with which the results can be corroborated. If this approach proves viable, then, combined
with spectral beam-profile characterisation via three-photon absorption in silicon chip
cameras, high-intensity MIR-driven experiments could become far more diagnosable than

previously anticipated.

5.8 Multi-beam Capabilities of the Chimera laser system

In this chapter, we have focused primarily on the main mid-infrared (3.7 pm centred)
pulse of the Chimera laser system; however, this is not the full extent of Chimera’s
eventual capabilities. Designed as a multi-beam platform, although only the MIR arm is
currently in full operation, Chimera contains two additional wavelength arms at 0.8 pum

and 1.5 pm.

The 0.8 pm arm is the most straightforward candidate for commissioning, owing to
its more conventional wavelength. Indeed, the Chimera project began with the re-use of
much of the hardware from a previous 0.8 pm OPCPA laser, with the initial intention
being to ‘simply’ amplify the idler at ~ 2 pm; however, pushing further into the MIR
was found to hold more interesting scientific opportunities. The 0.8 pm seed originates
from the split following the 0.8 pm OPCPA subsystem: of the ~70 nJ available after

amplification, 50% is directed to generate the MIR seed while the remainder is sent to
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a diagnostics line. While this diagnostics branch is of great use for day-to-day system
operation, it is also an obvious point for an upgrade via further amplification, either
using standard Ti:Sa gain media or, for higher contrast, in an additional series of OPA
stages pumped at 527 nm. At present, this line also incorporates a NIR Dazzler despite
spectral phase control not being required for diagnostics. In an upgraded configuration,
however, the Dazzler would be much better placed in the 0.8 pm arm, where it could

provide dispersion management and enable compression to few-cycle durations.

The 1.5 pm arm presents another promising upgrade pathway. This wavelength
appears naturally as the idler in the MIR OPA process — effectively provided ‘for free’
by energy and momentum conservation. In the earlier OPA stages (OPA-B1 and OPA2),
this 1.5 pm light will be used for diagnostics, as it is easier to detect and characterise
than the MIR. In the final stage (OPA3), however, there is the opportunity to exploit
this higher-energy idler as a secondary beamline. With the addition of a dedicated
1.5 pm compressor, this pulse could be commissioned as an electronically and temporally
synchronised probe for experiments driven at 3.7 pm. An outstanding challenge, however,
would be to design and build a suitable compressor as its chirp would inherit the opposite

sign of the seed.

If fully realised, Chimera’s multi-beam architecture would establish it as a truly unique
system, enabling high-intensity, multi-beam experiments at the university-laboratory

scale.

5.9 Summary

In this chapter, we have described the design, development and characterisation of the
Chimera multi-beam mid-infrared OPCPA laser system at Imperial College London.
We presented the Chimera front end, including the Femtolasers Rainbow oscillator, the
wavelength-shifting photonic crystal fiber, and the regenerative amplifiers, followed by
the nonlinear amplification stages: an 800 nm OPCPA subsystem, four MIR OPA stages
(one operated in double-pass), and the flashlamp-pumped amplification chain. Particular
attention was given to improvements made to the oscillator and ring booster, as well as
unresolved peculiarities observed in the linear regenerative amplifier. We also discussed in
detail the design considerations for generating the MIR pulse, together with its stretching
and compression architecture, placing this in the context of other state-of-the-art high-
intensity MIR systems reported in the literature. Finally, we described Chimera’s first
commissioning experiment: in a high-harmonic generation experiment using a crystalline

8th order. In

ZnSe sample, we observed signals consistent with harmonics up to the
addition to the main MIR arm, Chimera was designed with two further beamlines at
0.8 pm and 1.5 pm. Although not yet commissioned, these offer clear upgrade pathways:
the 0.8 pm arm could be amplified and compressed for few-cycle operation, and the
1.5 um idler from the MIR OPAs could be exploited as a synchronised probe. Realising
this multi-beam capability would establish Chimera as a uniquely versatile platform for

high-intensity experiments.



6 Mid-Infrared Laser Wakefield
Acceleration Simulations : An
exploration of high electron

energies

HE CHALLENGE OF CREATING a high-intensity mid-infrared short-pulse laser has

led to very few experimental or computational results in the literature to which a
comparable baseline may be established. This allows us a certain amount of freedom
in our investigations. Before we commence any kind of experimental planning, we may
instead turn to a simulation campaign purely to satiate a curiosity. The query to resolve
is: will a mid-infrared (MIR) driven laser wakefield acceleration (LWFA) experiment
produce comparable results to a more typical (and much more extensively documented)

800 nm experiment?

In asking this question, we must ask ourselves what exactly we are doing by changing
the wavelength of the driving laser. When expressed using normalised quantities, as is
standard in particle-in-cell (PIC) simulations, Maxwell’s equations are dimensionless and
therefore parametrically scalable. This suggests that the wavelength itself has little direct
effect; instead, its influence arises through how it reshapes the relationships between
other laser and plasma parameters. In principle, a change in wavelength would be
inconsequential if all other quantities were scaled accordingly; in practice, however, such
perfect similarity is rarely achievable, and it is precisely these departures that make

longer-wavelength drivers distinctive.

Considering first what an increase in laser wavelength could potentially mean, we
can look at how this will affect other experimental parameters. Beginning with the
normalised vector potential, ag, and the ponderomotive force, F, (Equations (3.4) and

(3.17)), there is a strong wavelength scaling, such that:

|Fp| o af oc \? (6.1)

137
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Although this implies a very positive wavelength scaling towards how strongly we
can drive a nonlinear wakefield, the expression is naive: ag also depends on laser energy,
which, in practice, is far lower in millijoule-class mid-infrared systems compared to

joule-class 800 nm systems.

Using the dispersion relation (Equation (3.25)), we also define a critical plasma
density n. (the density at which the plasma frequency wy, is equal to the frequency of

the propagating laser within the plasma wry,) as:

eomew%

(6.2)

Ne =
e2

A change in wavelength will then necessarily impact the critical plasma density, such
that:

1

= (6.3)

Ne X

In a scenario where we change the wavelength of an experiment, we take this to imply
that dimensionless parameters, such as the ratio of plasma density to a critical plasma
density n./n. and the normalised laser vector potential ag, should stay the same. For

ne/ne and ag both constant, this implies the relationship A, o< A, with:

e x Cox P M (6.4)
Ne WL, Ap

Such that longer-wavelength lasers drive proportionally larger plasma bubbles. Using
Equations (3.48) and (3.49), it also implies longer dephasing and depletion lengths for

longer wavelength drivers.

What this thought experiment lacks is the fact that this whole scenario is simplistic
— a longer wavelength laser system is simply not a scaled-up version of a shorter one.
To provide some perspective, let us consider a ‘standard’ 800 nm LWFA experiment,
using perhaps the Gemini laser at the Rutherford Appleton Laboratories, as well as a
less conventional one, for example, the Salle Noire laser at the Laboratoire d’Optique
Appliquée (LOA). Using [225], the Gemini laser has a wavelength and pulse duration of
800 nm and 43 fs, respectively, with 11 J of energy on target. This would produce a peak
power Py of 260 TW. By contrast, the LOA system operates at the same wavelength
but with a much shorter pulse of 3.4 fs and 2.1 mJ on target, yielding a peak power
of 0.6 TW [66]. The Chimera laser has a longer wavelength of 3700 nm, a target pulse
duration of 30 fs, and 25 mJ of energy on target, producing a peak power of 0.8 TW.
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These examples highlight the complexity of the parameter space: comparing experiments
by wavelength alone is misleading, since factors such as pulse duration and energy strongly
influence the resulting dynamics. Instead, we consider only dimensionless quantities —
the ratio of plasma density to a critical plasma density ne/n., the ratio of laser power to
a critical laser power P/ P, the normalised laser vector potential ag, and the number
of optical cycles contained within the laser pulse — to provide some amount of reasonable
comparison to other LWFA experiments previously reported in the literature. Here Pt
is the critical power — the threshold power for a laser to relativistically self-focus in a

plasma.

This is defined as:

Smegmicw? Wi X2 .
Pt = X —2 X — X — (6.5)
crit 2,2 2 2
e‘wy wp AL Me

Where the subscripts ‘I’ and ‘p’ refer to laser and plasma, respectively.

Using the relation for plasma frequency wp = \/nee?/egme, (and taking an experimen-
tal plasma density of 2.8 x10'® ecm™3), we can calculate and compare relevant parameters

for the Gemini, Salle Noire and Chimera lasers. These are displayed in Table 6.1.

Gemini Salle Noire Chimera
Wavelength A 800 nm 800 nm 3700 nm
FWHM Pulse Duration tpwam 43 fs 3.4 1s 30 fs
Laser Energy Ef, 11J 2.1 mJ 25 mJ
Number of Cycles 16.1 1.3 2.4
Power P 260 TW 0.6 TW 0.8 TW
Plasma density n, 2.9 x10"¥ em™3 1.2 x10%° cm™ 2.8 x10'® cm™?
Critical Power Pt 10.8 TW 0.249 TW 0.501 TW
P/ Pt 23.7 2.41 1.58
Critical Density ne 1.7 x10*' em™3 1.7 x10*! em™3 8.0 x10' cm™3
Ne/Ne 0.002 0.07 0.03
FWHM spot size dpwim 42 pm 3.5 nm 13.6 pm
ag 2.4 1.4 1.9

Table 6.1: A comparison of parameters for a LWFA experiment driven by either the Gemini, Salle
Noire or Chimera laser systems. The numbers used for the Gemini and Salle Noire parameters are
taken from [225] and [66]. The Chimera parameters are those used in this simulation campaign.

This exercise highlights that the problem spans a truly multidimensional parameter
space. For a direct comparison, the Chimera parameters would need to be drastically

altered.

To match the Gemini laser, we would need to include changes such as a 138 fs pulse
duration (to provide the same number of optical cycles). To reach the same P/P

would require a peak power of 12 TW. With the longer pulse duration, this would mean
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having a laser energy of 1.7 J — a significantly higher energy than is currently achievable
in the mid-infrared, due both to the lack of brute force gain storage amplifiers in that
wavelength range and the challenge of growing large enough crystals for a high-energy
OPA process. To reach the same ag (with the above parameters), this would then mean
an extremely large FWHM spot size of 4.2 cm. Essentially, then, for a 3.7 pm driven
LWFA experiment to take place under the same conditions as an 800 nm one, driven
by Gemini, we would have to commit drastic changes, most of which laser technology

cannot yet meet.

The LOA laser, on the other hand, may provide a more sensible comparison. Like
Chimera, it operates in the few-cycle regime, which makes its parameter space (aside
from wavelength) appear closer to our own. Providing the same number of optical cycles
would mean a pulse duration of 16 fs, a peak power of 1.2 TW and a laser energy of 19 mJ.
Disregarding the technical challenge of further reducing the pulse duration within the
MIR, these parameters are not dissimilar to Chimera’s design regime. The main difference
lies in the normalised vector potential ag. Due to its strong wavelength dependence, even
modest changes in other parameters translate into dramatic variations in ag. For these
Salle Noire-adjusted laser parameters, our original simulated spot size of 13.6 pm would
result in an ag &~ 2300 — to be comparable to LOA, our spot size would have to increase
to 22 mm, which would preclude strong wake excitation, self-guiding, and operation in
the blowout regime. Rather than representing a straightforward geometric upscaling, this
illustrates that the strong wavelength dependence of a¢ fundamentally constrains which
combinations of intensity, spot size, and plasma density remain physically meaningful at
longer wavelengths. The MIR regime therefore accesses a qualitatively different region of

parameter space, rather than a scaled version of the 800 nm case.

In short, we are now delving into a completely different regime than that which we
have come to understand and expect from our regular LIWFA experiments using 800 nm

driving lasers — and thus should compare the two with some caution.

6.1 Plasma Density Dependence of Accelerated Electron Energy

In 2007, a phenomenological framework of laser wakefield acceleration in the 3D nonlinear
regime was set out by Lu et al. [74]. Discussed in more detail in Section 3.3.5, this
pioneering paper established a set of scaling laws to which the vast majority of experiments
still conform. Amongst these scaling laws is one to determine the maximum energy Wiax

reached by accelerated electrons in a 3D nonlinear LWFA regime. This is given by:

I/Vmax/mec2 = —qp— (6.6)

We use this relationship as a starting point in this simulation campaign: by scanning
through the starting plasma density, we can track how it affects Wi.x. To begin our

investigation, we chose variables which we (optimistically) predict the Chimera laser
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system to reach. For a FWHM spot size of dpwiy = 13.6 nm (wp = 11.6 pm), pulse
energy 25 mJ and FWHM pulse duration of ~ 30 fs, this corresponds to an ag of 1.9.
We note that this is not the matched spot size — the optimal spot size suggested by
simulations for which laser-self guiding may occur is density dependent, and is given by
wm = 2y/ag ¢/wp, where wy, is the plasma frequency [226]. The full set of parameters

used in this density scan is given in Table 6.2.

Wavelength 3.7 pm

FWHM (intensity) beam waist 13.6 pm

FWHM (intensity) pulse duration 30 fs

Pulse energy 25 mJ

Polarisation Linear, out of the simulation plane (z)
Temporal Pulse Shape Gaussian

ag 1.9

Critical density 8.0 x 10 ¢cm™3

(a) Laser Parameters

Particle density 1.8-5.0 x 10" cm™3
Profile Trapezoidal density ramp
Plateau length 800 pm

Ramp length 100 pm at beginning and end

(b) Plasma Parameters

Geometry Azimuthal Mode Cylindrical
Number of azimuthal modes 2

Particles per cell 10

Box size 94 x 57 pm
Resolution A/100 x /20
Timestep 0.060446 = 0.999977 x CFL
Initial Electron Temperature 0K

(c) Simulation Parameters

Table 6.2: The full set of parameters used to simulate the Chimera laser system using the PIC
code Smilei.

Here we scan through densities ne = 1.8 — 5.0 x 10'® cm™3, keeping all other param-
eters constant. To extract energies of the accelerated electrons, we use a particle tracking
diagnostic to record the positions and momenta of macroparticles over the course of the
simulation. Limiting this to track only macroparticles reaching energies greater than
5 MeV (to exclude noise from background plasma electrons), we can extract particle
energies over all simulated timesteps. Figure 6.1 shows an example electron waterfall
plot (energy-time distribution) and energy spectrum, with Figure 6.1(a) highlighting the
evolution of the maximum and 90" percentile macroparticle energies, Eymax and Eyg99,

along the longitudinal direction, at each timestep of the simulation.

Looking at this plot, we can see that there is a wide spread in electron momenta,

and that identifying the very highest accelerated electron energies is perhaps not very
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Figure 6.1: (a) Electron waterfall plot (energy-time distribution) for a LWFA simulation at a
starting plasma density of 2.8 x 10'® em ™3 and using simulation parameters given in Table 6.2.
The maximum (Epmay) and 90" percentile (E,g9q%) electron energies E, of distributed charge

are extracted and overlaid onto the waterfall plot.

(b) Corresponding electron energy spectrum, expressed as the differential charge distribution

dQ/dE.

physical due to the small percentage of electrons (or numerical noise) reaching this
point. We will choose to work instead with energies at the 90" percentile of distributed
charge (E,9p%).- We can also extract additional information from this plot regarding
the injection events of the accelerator. The first injection event occurs very early on, at
roughly 0.6 ps, when the laser self-focuses to a minimum spot size. Due to the disorder
and random nature of the self-injection mechanism, this first injection event is quickly
followed by many additional injections, which reach decreasingly lower energies as the
simulation progresses. There is one further injection event of note, at about 1.2 ps into

the simulation.

We can corroborate these injection events in the electron energy spectrum with the
transverse laser profile seen through the course of the simulation. Figure 6.2 is a 3D
waterfall plot (with an intensity scale relative to its maximum intensity) showing the
evolution of the transverse FWHM beam waist of the laser, simulated with a starting
density of 2.8 x 10'® cm™3. With the colour scale representing the FWHM spot size
drwimM, we see evidence of the laser self-focussing into the plasma, reaching a minimum
spot size of 10.13(1) nm at 0.55 ps. This matches well with the first injection event. The
laser then appears to self-guide for roughly 1 ps before starting to self-focus again. At
the very end of the simulation, the laser rapidly approaches total energy depletion and
diffraction effects take over. The cause of the second injection event is unclear and can

not be unpicked by the transverse laser evolution alone.

Extracting the highest energy along the E g9 line, and equating this to the Wiyax
defined in Equation (6.6), we find a Wiyax of 44.3 MeV, 1.8 ps into the simulation. We
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Figure 6.2: A 3D waterfall plot showing the transverse laser evolution for a simulation with
starting density 2.8 x 10'® cm™3. The intensity of the pulses is normalised relative to the highest
intensity. The red rectangle highlights the minimum FWHM spot size position at 0.55 ps, where,

using a Gaussian fit, we find the laser to self-focus down to 10.13(1) pm.

repeat this analysis for each starting plasma density in the parameter scan, obtaining

0" percentile of charge over the course of each

the maximum energy reached by the 9
simulation. These values are plotted as pink diamonds for densities in the range 1.8 —
5.0 x 10'® ¢cm™2 in Figure 6.3. As a cross-check, we apply a second extraction method.
The first method tracks a random selection of individual electrons, taking the highest
energy reached by the 90" percentile distribution, shown in blue in Figure 6.1. The
second method (orange circles in Figure 6.3) identifies the 90*" percentile of charge
directly from the binned energy spectrum (as in Figure 6.1(b)) for each simulated density.
Whilst this second method includes all simulated macroparticles (unlike the first case),

it comes at the expense of energy resolution.

Plotted alongside E, g9, we include the aforementioned Lu energy scaling, given in
Equation (6.6), and see that by using an initial ag of 1.9, this fares extremely poorly
compared to the extracted energies of our dataset. Indeed, we see that the Lu scaling is

only followed if we impose an ag of 4.7.

This result is extremely unexpected. The Lu framework is one which is very well
established within the LWFA community for work at 800 nm — a very large proportion
of simulation and experimental results agree with these scalings remarkably well, and

the framework is one used by many, both to plan and interpret their experiments.

It is, of course, both possible and expected that there will be some evolution of the
propagating laser corresponding to a larger ag than that which we have inputted. This
evolution occurs due to the self-focussing and temporal compression of the pulse as it

propagates (see Sections 3.2.2 and 3.2.3). If we assume that the pulse will evolve to its
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Figure 6.3: The 90" percentile of accelerated electron energies for each starting density
1.8 — 5.0 x 10 ¢cm—3, obtained using two methods. Pink diamonds: tracking a random selection
of electrons and taking the maximum energy reached by the 90" percentile distribution during
the simulation. Orange circles: identifying the 90" percentile of charge from the binned electron
energy spectrum at each density. The grey and black dot-dash curves show the scaling predicted
by Lu et al. [74] for ag = 1.9 and ag = 4.7, respectively, while the grey dash curve shows the Lu
energy scaling predicted when using an evolved agmax = 2.36, calculated using Equation (6.7).

matched spot size (corresponding to a maximum agmax), we can use another of Lu’s
scalings, ag ~ 2(P/P,)'/? [74], to extract what we anticipate agmayx to be. From this
(and taking an example starting density of 2.8 x 10'® cm™3) we calculate an agmayx of
2.34 — only a fraction higher than the inputted ag at the start of the simulation and still
below the ag which might explain our high electron energies. Thinking further about
what happens to the laser as it evolves, Bloom et al. [150] proposed an extension to
Lu’s initial scaling. They do this by taking the laser power P to be some final power F,
depending both on a pulse temporally compressed down to some final pulse duration 7¢
and the fraction « of laser energy FEp, which is trapped within the bubble, resulting with
the final expression:

Aomax ~ 2(P/Po)'/3 ~ 2(aEy/(1iP.))'/? (6.7)
Taking an « of 0.5 (and noting that this is the maximum for a Gaussian pulse and
thus would be considered relatively high in an experiment), we calculate an evolved agmax

of 2.36 (included in Figure 6.3 in grey dash) and are no further into our investigations
than before.

To highlight the unusual nature of the results that we present, we take the same
W/

data plotted in Figure 6.3 and normalise it to a maximum predicted energy W, ..,

using
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Equation (6.6) with ag updated to the maximum agmax in Equation (6.7). This allows
us to directly compare our results to a wide range of published data, including both
experiments and simulations. This is shown in Figure 6.4. The publication depository

from which all the presented results are taken can be found at [227].
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Figure 6.4: The highest electron energy with plasma density for a selection of laser-driven
wakefield experiments. The grey data points represent publications reporting both simulation
and experimental results. These data are from references which have been placed in a depository
found at [227]. The orange data points show the simulation results presented in this chapter: the
highest energy reached by the 90" percentile distribution of binned charge in the electron energy
spectrum for simulated densities between 1.8 — 5.0 x 10'® cm™3. Plotted in dark blue, we also
identify the only comparable LWFA experiment reported thus far to the simulations we present —
driven by a 3.9 pum laser at the University of Maryland [185]. The y-axis shows the maximum
reported energy reached by accelerated electrons, normalised using the maximum predicted
energy Wiax from Equation (6.6), with agmax calculated from Equation (6.7). The reference line
at y = 1 indicates what would be a perfect agreement between the results and the updated
model.

Here we see that the simulation data presented in this chapter (orange circles) appear
to stand out markedly from the rest. While differences in n./n. can in part be attributed
to the change in laser wavelength, most published results (with the exception of this
work and a few others) lie below the y = 1 line, indicating some ‘underperformance’
regime. This is most likely due to effects such as laser depletion or dephasing, preventing
electrons from reaching the theoretical maximum energy. Conversely, publications lying
above y = 1, and especially those above y = 2, may be considered to ‘over-perform’

relative to Lu’s scaling.

In addition to our own results, we highlight the dark blue point in Figure 6.4, which
represents, to our knowledge, the only experimental LWFA result obtained with a driving
laser of comparable characteristics to those modelled here. This result, published by

Woodbury et al. in 2018 [185], with laser parameters of A = 3.9 pm, Tpwmy = 118 fs,
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Er, = 23 mJ, is also a significant high-performing outlier, providing a valuable sanity

check towards the fidelity of our simulations.

To characterise further, we distinguish between different experimental configurations:
self-injected /self-guided, guided, staged, optical injection, ionisation injection and down-
ramp injection. Using a logarithmic z-axis and including only a single representative

data point from this work (at ne = 2.8 x 10'® cm™3), this is plotted in Figure 6.5.

Self-injection

Guided
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2.5 Optical injection
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) L Ionisation injection
= 15 This work, 3.7 pm
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L et OpticsLetters2018
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Figure 6.5: Using a logarithmic scale on the z-axis, we replot the data presented in Figure 6.4,

with individual results classified into experiments which are self-injecting/self-guided (circles),

externally guided (squares), staged (crosses), or using downramp injection (diamonds), optical

injection (plus signs) and ionisation injection (triangles). The individually highlighted results are:

orange — a single representative point from this work; dark blue — Woodbury et al. [185]; Purple —
Zgadzaj et al. [228]; Cao et al. [229]; and Poder et al. [225]. The y-axis shows the maximum
reported energy reached by accelerated electrons, normalised using the maximum predicted
energy Wiax from Equation (6.6), with agmax calculated from Equation (6.7). Lines at y = 1

and y = 2 are plotted for reference.

From this plot, it is immediately clear that results lying above the y = 2 line
originate predominantly from guided or staged experiments. Such cases are more difficult
to interpret within the Lu framework: staged setups are not considered, and guided
configurations typically operate in a quasi-linear regime, where direct comparison to the

Lu scaling (defined in a fundamentally nonlinear regime) becomes less meaningful.

There are three self-injection/self-guided experiments above the y = 2 reference in
Figure 6.5. The orange circle again marks the representative simulation result from this
chapter, while the dark blue circle corresponds to the MIR, LWFA experiment of Woodbury
et al. [185]. We also highlight the pink and purple circles, representing simulated and
experimental LWFA results using a 2 J, 4 ps COz driving laser at 9.2 pm [228, 229].
These results are especially striking, as they challenge the intuition that the apparent

outliers in our work could simply be explained as a wavelength-driven effect.
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The only near-infrared experiment within this ‘over-performing’ region, which is
neither guided nor staged, is a recently reported one from Poder et al. [225] in 2024. Here,
the authors explored the use of various focusing geometries and showed that initiating
the laser with an intentionally over-matched spot size slows the onset of self-focusing.
This, in turn, stabilises the bubble length at early times and reduces the beam loss
of injected electrons, allowing those injected into the extreme fields at the back of the
bubble to remain confined and reach high energies. In our simulations, the laser spot
size is close to the matched condition and fixed, with plasma density being the only
parameter scanned, suggesting that the mechanism identified by Poder et al. is unlikely
to explain our results. In addition to this, for these simulations, the injection event
containing the electrons which eventually reach these unexpectedly high energies also
occurs very early on in the acceleration process. The mechanism described by Poder et al.
concludes that initiating LWFA using an overlarge spot fundamentally delays injection.

Across each of the tested starting densities, we see no such delay.

In this chapter, we will consider various mechanisms which might explain these
anomalously high electron energies. These include tracking the evolution of ag within the
simulation by means of laser redshift and electric field; monitoring the size of the blow
out radius as the wakefield evolves; considering carrier envelope phase (CEP) effects; a
discussion of whether the high energy electrons might have been accelerated directly by
the laser itself, by means of a direct laser acceleration (DLA) scheme; and a discussion

into the potentially positive effects of beam-loading.

6.1.1 Normalised Vector Potential

As discussed in Section 3.2.3, self-compression of the laser pulse as it evolves must
correspond to some increase in bandwidth, as stated by the time-bandwidth product
(Equation (2.3)). This increase in bandwidth materialises as the phenomenon of photon
acceleration, resulting from a time-dependent refractive index within the co-propagating
plasma. For a Gaussian pulse driving a wakefield through an underdense plasma, the
front of the pulse can steepen, resulting in a redshift, whilst the back of the pulse can
extend, causing a blueshift [135, 136]. Given the strong wavelength dependence of laser
intensity and normalised vector potential, there is a high likelihood of a redshift, if

present, contributing to an increase in the ag.

Figure 6.6 shows a laser kymograph (laser spectrum streaked through time), showing
very significant redshifting of the laser at our representative density step, n, = 2.8 x
10'® ¢cm™3, reaching wavelengths of up to 10 pm. This effect seems to be most prominent
at very late times in the simulation, with the biggest shift happening after 2 ps. We can
use this to understand if and how this wavelength shift translates to an enhancement in

ag.

As PIC codes are dimensionless, the normalised vector potential ag throughout

the simulation can be simply estimated by extracting the laser electric field E, before
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Figure 6.6: A laser kymograph for a simulation with starting density 2.8 x 10'® cm ™3 and
initiated wavelength 3.7 pm. We see significant redshifting of the laser pulse up to wavelengths
of 10 pm.

converting the diagnostic into real units. As ag = e|Eg|/(mewrc), we see that for a
reference, normalised electric field E, we can take this as a good approximation to the

laser ag.

We should also consider using alternative methods to calculate ag. While using the
normalised electric field can be effective, it relies on the assumption of a fixed reference
frequency. As a result, any ag enhancement due to the redshifting of the laser spectrum
is not captured in this approach. To compensate for this, the normalised field can be
rescaled by the instantaneous wavelength shift observed in the laser spectrum, via the
ratio A(t)/ Ao, or equivalently wp/w(t). This correction enables a more accurate estimate
of the effective ag in the presence of significant spectral evolution. Using this definition,

we approximate ag as:

() A
ag = TOE (6.8)

Estimating a¢ from the normalised electric field provides a useful first-order un-
derstanding of its evolution; however, a more rigorous definition can be obtained by
returning to the fundamental relation between the electric field and the vector potential.
In the Coulomb gauge (V-A = 0) and assuming a negligible scalar potential (as is typical

for a laser field in underdense plasma), Maxwell’s equations give:

From this, the vector potential can be recovered via:
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M%w:—/aEmw (6.10)

The normalised vector potential is then defined as:

Ae

_ 6.11

a= - (6.11)

I (6.12)
MeC

The challenge with this method from a computational standpoint is that the field
diagnostics available in the Smilei PIC code do not provide a full time-resolved electric
field at each spatial position, preventing a direct time integration. In an underdense
plasma, the laser pulse propagates at the group velocity v,. Using this assumption, we
may perform a change of variables, converting the time integral into a spatial one and

enabling a more physically complete estimate of ag:

Amnz—/“Emw (6.13)

Vg

For the representative density step, ne = 2.8 x 10'® em™3, Figure 6.7 shows the
evolution of all the discussed methods of calculating ag. Seen in the enhancement of ag,
we see the evidence of strong self-focusing effects at early times up to 0.55 ps — the point
at which we see the laser pulse evolving to its tightest focal spot. We also see a strong ag

enhancement at times corresponding to the redshift at later times, as seen in Figure 6.6.

Although both self-focusing and photon acceleration arise from nonlinear laser-plasma
interactions, we highlight that they are different in origin and effect. Self-focusing is
a transverse effect driven by the intensity dependence of the plasma refractive index
and occurs immediately as the laser enters the plasma. This leads to rapid temporal
compression of the pulse and an early increase in ag. In contrast, photon acceleration
is a longitudinal effect caused by the time-dependent refractive index introduced by
the evolving plasma wave. In our simulation, significant redshifting (characteristic of
photon deceleration) only becomes apparent at later times, particularly after 2 ps. While
this redshifting does result in a secondary enhancement of ag, it does not exceed the
peak value established during the initial self-focusing phase. Consistent with this, the
highest energy electrons in the simulation are injected early, coinciding with the period of
strongest self-focusing. This suggests that the initial self-focusing phase (rather than the
later spectral evolution due to photon acceleration) plays the dominant role in setting

the energy gain of accelerated electrons. In both cases of ag enhancement, the maximum
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Figure 6.7: Evolution of the normalised vector potential ay through a simulation with starting
parameters: ag = 1.9, ne = 2.8 x 10'® cm™3. The q retrieval is done using three different
methods: extracting the normalised laser field, the normalised laser field rescaled by the
instantaneous laser wavelength shift, and the vector potential derived using Maxwell’s equations.

ag achieved in the simulation remains below the threshold required to match the electron

energies predicted by the scalings of Lu et al.

We can also refer back to the model proposed by Thomas (2010) [143], discussed
in Section 3.3.2, which estimates the threshold ag required for electron injection in the

bubble regime. According to this model, injection occurs when:

ag 2 In(292) — 1 (6.14)

Where +,, is the Lorentz factor corresponding to the phase velocity of the plasma wave,
or equivalently, the velocity of the back of the bubble in the etching regime. The model
assumes yg = n¢/3ne. Using this expression, we find that the threshold for injection
corresponds to ag = 1.96. Although we do not use this model to precisely determine the
value of ag at the specific injection point in our simulation, given that the highest energy
electrons are injected so early in time, these initial self-injected electrons likely experience
a laser ag close to this threshold. If, as would be suggested by all methods of tracking
ao presented here, this is the case, it remains unclear why electrons accelerated after
being injected at this timestep reach energies up to twice those predicted by established

models.
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6.1.2 Carrier Envelope Phase (CEP)

When faced with discrepancies in irregular results, it is essential to re-examine the
operating regime of the simulation. With the starting laser parameters used in these
simulations, we are operating well within the few-cycle regime, at 2.3 optical cycles. As
highlighted in Section 3.1.1, such short pulses can give rise to behaviour that deviates
from standard LWFA expectations. This is because many of the theoretical models and
diagnostic assumptions applied to both experimental and numerical studies of LWFA are
built upon the slowly varying envelope approximation (SVEA). The SVEA underpins
the derivation of the ponderomotive force, which is central to electron acceleration in
the wakefield regime (see Section 3.1.1). When the pulse duration approaches only a few
optical cycles, the SVEA can no longer be applied, and the associated models may fail

to capture all aspects of the laser—plasma interaction.

One approach to investigating and mitigating potential few-cycle effects is to examine
the influence of the carrier envelope phase (CEP) of the driving laser pulse. CEP effects
in LWFA, and few-cycle behaviour more generally, remain active areas of research, with
many groups worldwide working to identify their experimental signatures and explore
ways to exploit them for performance gains [66, 127, 230]. Although no comprehensive
theoretical model yet exists to predict electron dynamics in the presence of CEP variation,
the effect can be straightforwardly explored in simulation by initiating pulses with different
carrier envelope phases. In near-single-cycle pulses, changing the CEP modifies both
the amplitude and phase of the laser field within the pulse envelope. If CEP plays
a significant role in the dynamics, this should manifest as variations in the resulting
electron spectra. In particular, assuming that trapped and accelerated electrons originate
from the most intense part of the laser cycle, the CEP will control the exact initial

conditions of their injection and, consequently, their subsequent acceleration [231].

Simulations were performed at a starting plasma density of ne = 2.8 x 10 c¢m™3,

with initial laser parameters ag = 1.9, A\g = 3.7 pm, Ep, = 25 mJ, and 7pwum = 30 fs.
To investigate the influence of the CEP on the resulting electron characteristics, we can
adjust the phase term ¢ within the simulated laser carrier envelope. Here we compare
simulations run with: ¢ =0, 7/6, 7/4, 7/3, 7/2 and 7.

Examining the resultant electron spectra in Figure 6.8, no significant differences
are observed between the simulations. In all 6 cases, the spectra show initial injection
occurring at 0.560(4) ps, with 90" percentile energies of 43.5(4) MeV /c, 1.7(10) ps
into the simulations, where the uncertainties represent the standard deviation between
the tested simulations. The consistency of the final electron energies across all CEP
values suggests that varying the laser CEP has no measurable impact on the acceleration

process in this regime.

While this may initially seem unlikely given that we are simulating in a regime of
only 2.3 optical cycles, this becomes clearer when we examine the actual pulse field being
simulated. Figure 6.9 shows the electric field for CEP values of ¢ = 0 and ¢ = 7/2
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Figure 6.8: Electron waterfall energy spectra for LWFA simulations run while scanning the laser
carrier envelope phase (CEP) term. Here we test: (a): ¢ =0, (b): 7/6, (c): w/4, (d): 7/3, (e):
7/2 and (f): 7. The maximum (green) and 90" percentile (blue) electron momenta p,. of
distributed charge are extracted and overlaid onto each plot.
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(commonly referred to as cosine and sine CEP). Not only does the imposed phase offset
appear relatively minor, but the overall pulse envelope is also largely unchanged. For
CEP effects to be prominent, we would expect a substantial difference between the highest
peak within the pulse envelope and its second-highest peak. Somewhat surprisingly,
despite nominally containing just 2.3 optical cycles, the pulse does not appear to exhibit
the strong asymmetry typical of a few-cycle waveform. This can be understood by
recalling that the ‘number of optical cycles’ is defined relative to the pulse’s full width at
half maximum (FWHM) duration, rather than the total field duration.
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Figure 6.9: The laser electric field E, for both cosine and sine carrier envelope phases (¢ = 0,
¢ =m/2), 0.27 ps into the simulation. We see the offset driven by the change in carrier phase;
however, there is no particular asymmetry caused by this. There is no substantial difference
between the first and second highest peaks within the pulse envelope, implying that modifications
in carrier envelope phase are not a significant concern for the simulations we present.

Given that changing the laser CEP produces only small changes to the waveform, it is,
upon reflection, inevitable that we observe little variation in the electron spectra presented
in Figure 6.8. Any genuine CEP-dependent variation is likely to be overshadowed by
strong pulse evolution during propagation through the dispersive plasma, meaning that

the residual differences will be predominantly statistical.

6.1.3 Direct Laser Acceleration (DLA)

If the electrons under consideration are not gaining energy via the ponderomotive force
in the classical wakefield sense, they may instead be accelerated through a different
mechanism. In contrast to LWFA, where energy gain arises primarily from the longitudinal
electric fields of the plasma wake driven by the laser’s ponderomotive potential, direct
laser acceleration (DLA) involves a direct transfer of energy from the laser to the electrons
themselves. As discussed in Section 3.4, DLA occurs when electrons undergo significant
resonant transverse oscillations within the laser field, enabling a coherent transfer of
energy from the laser to the particles. This could be an explanation for the significant
mismatch of observed electron energies with theory, as the models used here do not

consider any contribution from DLA.

DLA has a characteristic signature in electron momentum space: it exhibits a forked
structure in its p, p| phase space. For classical LWFA, such a plot will typically show

a single narrow streak along the longitudinal axis, indicating that most momentum is
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in the direction of forward-propagation with only a small transverse spread. For DLA-
accelerated electrons, however, two symmetric diagonal ‘prongs’ that split away from the
main longitudinal spine will appear, arising from resonant betatron oscillations in the
laser field. Betatron oscillations are a normal consequence of LWFA, but if the frequency
of these oscillations (or a harmonic) matches the Doppler-shifted laser frequency in the
electron’s frame, the laser can do net work on the electron in the transverse direction.
The resulting transverse momentum is then partially converted into additional forward

momentum via the v x B force, producing the characteristic angled prongs.

If present, the fork’s features can inform interpretation: the prongs’ length and
population relative to the LWFA spine provide a measure of the DLA contribution, while
their angle directly indicates the ratio of transverse to longitudinal momentum — steeper
angles corresponding to stronger transverse oscillations relative to forward acceleration.

Shown in Figure 6.10, no such DLA signature is observed in our simulation.
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Figure 6.10: A map over the electron momentum phase space for a simulation with starting
density 2.8 x 10'® cm™3. The snapshot is taken at ¢t = 1.69 ps — the time at which the electrons
reach their highest energy. The spectrum shows only a small amount of transverse spread — it
has a single narrow streak along the longitudinal axis, characteristic of a classical LWFA electron
beam. There is no evidence of any ‘forked’ or ‘pronged’ structure which would be characteristic

of DLA.

To confirm this result without relying solely on visual inspection, we can directly
track the momenta of a representative set of electrons and quantify the mechanism by
which they gain energy. For electrons accelerated via DLA, energy gain arises from work

done by the transverse laser electric field [152]:

t
WJ_ = —6/ EJ_ 'VJ_dt, (6.15)
0

In contrast, electrons accelerated in the LWFA regime gain energy from work done

by the longitudinal electric field of the plasma wake:

t
W” = —6/ E” -V”dt/ (6.16)
0
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Where E| , E| are the transverse and longitudinal electric field components, v, and
v|| are the corresponding velocity components of the electrons, and e is the electron

charge.

For all simulations in the density scan (starting plasma densities of ne = 1.8 — 5.0 x
10*® em~3), all with initial laser parameters ag = 1.9, A\g = 3.7 pm, Ep, = 25 mJ, and
TrwnMm = 30 fs, we plot the DLA and LWFA contributions to the final energy of each of
the randomly selected electrons versus their final energies. This is shown in Figure 6.11.
We note that, due to the electron selection criteria (tracking a percentage of electrons

that exceed 5 MeV at any point), the number of electrons tracked varies with density.
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Figure 6.11: The DLA W, (green) and LWFA W) (blue) contributions to the final energy of
randomly selected tracked electrons versus their final energies for starting densities
ne=1.8—15.0 x 10'® cm™3.

This plot demonstrates that the maximum transverse energy contribution to the final
electron energy (i.e., the DLA contribution) never exceeds 5 MeV. This is consistent with
our interpretation of the momentum phase space in Figure 6.10: the DLA mechanism

does not significantly contribute to the energies achieved by the accelerated electrons.

6.1.4 Bubble Size

Amongst the scaling laws prescribed by Lu et al. [74] is the prediction that, in the
so-called bubble or blow-out regime of nonlinear laser wakefield acceleration, the radius of
the plasma cavity is directly related to the normalised vector potential ag of the driving
laser field. Building on earlier phenomenological work by Gordienko and Pukhov [232],
and verified using particle-in-cell simulations, they find that the bubble radius R is given
by:

kR = 2\/ag (6.17)

Where £k, is the plasma wavevector. Although this relation is most often used to

determine a matched spot size that favours self-guiding, it can also be inverted: by
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measuring R in a simulation, we can estimate the corresponding ag at any point during the
interaction. This provides an independent method for tracking ag evolution throughout
the simulation. The procedure for obtaining a quantitative bubble radius is illustrated

in Figure 6.12.
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Figure 6.12: Procedure for quantitatively extracting the plasma bubble radius from a PIC
simulation.
(a) Raw electron density map at the timestep of interest (here we are at 0.55 ps).

(b) Gaussian smoothing followed by a 10 x 10 flat average to suppress small-scale noise.
(c) Spatial threshold applied along the propagation axis to isolate the primary bubble.
(d) Density thresholding to produce a binary map of high-density regions, followed by Gaussian
smoothing.

(e) Skeletonisation of the bubble boundary.

(f) Extraction of a smooth curve representing the bubble profile, from which the radius is
measured. The black crosses identify the two endpoints of the bucket feature, relative to its
central axis in green. This is overlaid onto the electron density map.

We apply this method at the timestep 0.55 ps — the point at which the electrons
that reach the highest energies are injected. Starting with a simple electron density
map taken at the timestep of interest (a), we firstly use a Gaussian filter to smooth
the data by averaging nearby values before smoothing again using a flat average over a
10 x 10 neighbourhood (b). To isolate the bubble structure, we exclude all data before a
specified z-position by applying a threshold along the propagation axis (c). We apply an
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intensity threshold to the remaining data to create a binary map of regions above the
chosen density, which is smoothed again using a Gaussian filter (d), before skeletonising

the data (e), such that a single smooth curve can be extracted (f).

This method allows us to extract a transverse radius of the bubble, measured between
the two endpoints of the bucket feature relative to its central axis. The problem that
follows is that, rather than being a perfect sphere, the bubble structure in our case is
actually an ellipse. As a result, we can also define a longitudinal radius: the distance
from the central point along the axis, set by the transverse radius, to the back of the
bubble, as determined from the extracted curve. For this simulation, the transverse and
longitudinal radii are calculated to be 9.95 pym and 13.26 pm, respectively. The visual

result of this fitting is shown in Figure 6.13.
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Figure 6.13: Electron density map, with starting plasma density n. = 2.8 x 10'® cm™3 at 0.55 ps.
The density map is overlaid with the calculated bubble centre (green dot), the central horizontal
bubble axis (grey dashed) and the ellipse (red) inferred from tracking the bubble shape.

These two radii lead to markedly different values of ag: using the transverse radius
of R =9.95 pm yields ag = 2.46, while the longitudinal radius of R = 13.26 pnm gives
ap = 4.35. The former of these values is consistent with our previous methods of tracking
ag, whereas the latter — if accurate — could potentially explain the high electron energies

we observe.

There are several difficulties in pursuing this interpretation: firstly, the Lu model
described by Equation (6.17) assumes a spherically symmetric bubble — something that
this method clearly does not yield; secondly, defining the exact centre or edge of the
bubble is non-trivial. In particular, the longitudinal measurement is highly sensitive
to small changes in where the ‘end’ of the bubble is defined, whereas the transverse
measurement is far less affected. For example, shifting the central position in Figure 6.13
(green circle) from 118.7 pm to 116.8 pm so that the far edge of the ellipse does not
extend as far into the laser field reduces the longitudinally derived ag from 4.35 to 3.17,
while the transverse ag changes only slightly, from 2.46 to 2.19. We further note that in
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the matched regime, the laser spot size wg should be roughly equal to the bubble radius.
For a FWHM spot size at focus of dpwun 10.13 pm, this would translate to a laser spot
size wq of 8.58 ym and ag ~ 1.82.

We can look to perform this same exercise 1.69 ps into the simulation — the point
at which the electrons are at their highest energies; however, we find that this quickly
becomes nonsensical. Shown in Figure 6.14, there is no longer a well-defined ‘bubble’ to

track, and the wake appears to be heavily beam-driven.
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Figure 6.14: Electron density map, with starting plasma density n. = 2.8 x 10'® cm™3 at 1.69 ps.
The bubble no longer retains its approximately spherical shape — it has elongated in the
longitudinal direction and contracted in the transverse direction. At this timestep, it appears to
be heavily beam-driven — a high-density bunch is driving a blown-out electron cavity in its wake.

Such significant beam loading — to the point where the electron bunch is driving its
own wake before the depletion of the laser pulse — gives rise to the suggestion that the

high-energy electrons that we see in these simulations are a result of beam-driven effects.

6.1.5 Beam Loading

The concept of beam loading is not a new phenomenon [233]. Historically seen as an
effect which will ultimately limit the charge that can be accelerated in a LWFA, as
well as the quality of the accelerated beam, beam loading is often posed as a serious
disadvantage to the prospects of laser-plasma accelerators. While pure beam driven
plasma wakefield accelerators (PWFA), where the wakefield is driven by a very short
particle beam rather than a laser [234-236], have the significant advantage of not being
subject to the same dephasing limit as the laser-driven case, the combination of laser and
plasma drivers (by way of beam loading), is not seen to be an experimental advantage.
For the most part, investigations have been undertaken to control and characterise the
effect, as, when uncontrolled, it can contribute to an extensive energy spread in the
output electron beams [237-241]. On the other hand, there have been some proposals
regarding the feasibility of such a hybrid scheme, to profit from the benefits of PWFA,
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without the challenge of accessing a classical particle accelerator to provide the short
electron pulse [242]. This so-called ‘self-mode-transition’ from LWFA to PWFA of a
laser-driven plasma-based electron accelerator has been reported to contribute to electron
energy gain in laser wakefield accelerators — specifically, it has previously been reported
to enhance electron energies up to more than two times the Lu scaling predictions [243,
244).

We thus propose that it is the result of extreme beam loading, to the extent of a self-
mode-transition to a hybrid LWFA /PWFA scheme, that causes the higher-than-predicted
electron energies seen in these simulations. Here, we use the hybrid LWFA/PWFA
term to mean that a particle bunch begins to drive its own wake, whilst still benefiting
from the accelerating fields of the driving laser. This is different to the cases reported
in [242-244], who describe a particle bunch driving the acceleration of a second bunch

once the driving laser is fully depleted.

We first look to confirm that we really are within the regime of a beam-driven
wakefield. Shown at the point of injection, as well as several timesteps following up to
the point of maximum energy, Figure 6.15 shows the wakefield structure in density space.
To quantify whether or not a snapshot can be classed as being beam driven, we overlay
a 1D line-out of particle density: it is a consequence of a laser-driven wake that it can
never be considered fully blown-out — that is to say, the particle density will never drop
to zero to form a complete ion channel. This is not the case for a beam-driven wakefield,
meaning that if, at any point, the particle density following an electron bunch is equal to
zero, we may judge the wake that follows it to be beam-driven. In addition, we include
a 1D line-out of the longitudinal electric field F,. In a beam-loaded or beam-driven
wake, the presence of a high-charge electron bunch modifies the wakefield, leading to
a characteristic flattening of E, across the bunch. The simultaneous observation of a
fully evacuated ion channel and a flattened accelerating field therefore provides strong
evidence that the wake is being driven, at least in part, by the electron beam rather

than the laser alone.

This distinction arises from the different forces responsible for driving the wakefield,
and is reflected both in the plasma density structure and in the longitudinal electric field.
In LWFA, the ponderomotive force (Equation (3.17)) is proportional to the gradient
of an oscillating, spatially inhomogeneous laser field, making it less effective at fully
evacuating plasma electrons and sustaining a flat accelerating field than the peak field
amplitude alone might suggest. In PWFA, by contrast, the dominant force arises from
space-charge separation within the electron beam itself, which can much more efficiently
expel plasma electrons and directly shape the accelerating field. As a result, even though
the total energy carried by an electron bunch is often considerably smaller than that
of a laser, it can excite a plasma wave more effectively and produce a more strongly
beam-loaded wake [245].
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Figure 6.15: Electron density map with starting plasma density ne = 2.8 x 10'® cm ™3 with
additional 1D density (black) and longitudinal field E, (red) line-outs, showing beam-loading
effects during the course of the simulation. Snapshots are shown at (a) 0.77 ps, (b) 0.86 ps,
(c) 0.96 ps, (d) 1.23 ps, (e) 1.44 ps and (f) 1.70 ps. The intensity scale is shared for each row in
the panel. With the exception of panel (a), the plasma density line-out drops to zero
immediately behind the injected bunch (reference grey dotted line included at n, = 0),
indicating a fully blown-out, beam-driven wake. The corresponding flattening of F, further
supports the presence of beam loading.
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The results in Figure 6.15 confirm that beam-driven effects are indeed present, and
remarkably, they appear as early as 0.86 ps into the simulation (panel (b)). Previous
studies have typically reported the onset of this hybrid mode only after the depletion of
the laser in a long plasma target [243, 246], or when the laser diffracts due to ionisation-

induced defocusing [247], leaving the electron bunch as the dominant driver [245].

Although our simulations clearly show the presence of beam loading effects, the precise
mechanism by which they enhance energy gain is less straightforward. The hypothesis
that we propose is that this hybrid regime acts to slow down dephasing. Through
particle tracking, we can determine that the electrons which reach these unexpectedly
high energies are being injected very early on in the process, before the wake becomes
beam-driven. We find that electrons are ‘born’ ~ 0.55 ps into the simulation. Since
beam-driven effects appear almost immediately after injection, the resulting slowdown
of dephasing would allow these early-injected electrons to remain in phase with the

accelerating laser field for longer, and thus gain more energy.

If this is the case, we anticipate that we should exceed the dephasing scaling length
described in Equation (3.48). Considering now all simulations in the density scan,
with ne = 1.8 — 5.0 x 10'® ecm™3, we show in Figure 6.16 how this compares to the

0t percentile of

scalings. Figure 6.16a shows directly the distances reached by the 9
accelerated electrons plotted alongside both the dephasing and pump depletion lengths
(Equations (3.48) and (3.49)). Figure 6.16b presents the same data as a function of
energy. To make this comparison meaningful, we do not use the absolute electron
position in the lab frame. Instead, we define the effective acceleration length, L gq0, as
the distance over which the electrons have been accelerated within the wake. This is
obtained by subtracting the distance travelled by the laser prior to injection, thereby
isolating the true acceleration length. To express the predicted energy gain as a function

of acceleration length, we combine Equation (3.48) and Equation (3.51) as:

o™ (6.18)

In Figure 6.16, we see that at lower plasma densities the accelerated electrons travel
well beyond the predicted dephasing length. At higher densities, this is not the case,
suggesting that while an extended dephasing length may be a contributing factor, it
cannot be used as definitive evidence towards hybrid LWFA /PWFA playing a role in
the observed overperformance of the accelerator. This is because even at high densities —
where the dephasing length is not exceeded — the electrons still reach energies beyond

the Lu predictions.

This highlights an important limitation of using dephasing alone as a diagnostic for
the underlying acceleration mechanism. In practice, the maximum achievable energy is

not controlled by dephasing length in isolation, but by a combination of factors including
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Figure 6.16: Comparison of simulated acceleration lengths with theoretical dephasing and
pump-depletion scalings.

(a) Effective acceleration length L_goo reached by the 90" percentile of electrons as a function
of plasma density n., plotted alongside the predicted dephasing (grey) and pump-depletion
(black) lengths.

(b) 90" percentile electron energy plotted as a function of acceleration length L,gpe. The
dephasing length, calculated using Equation (6.18), is included as the grey curve.

In both panels, L, g9y accounts only for the relative distance travelled after injection,
subtracting the driver’s motion to isolate the effective acceleration path.

the evolution of the wake phase velocity, pump depletion, beam loading, and the stability
of the accelerating structure. In particular, strong beam loading can simultaneously
flatten the accelerating field, reducing local energy gain while also modifying the wake

dynamics in a way that delays dephasing for early-injected electrons.

There are also other reasons why an accelerator might appear to exceed its predicted
dephasing length. One possibility is that the etching of the laser front, defined by
Decker et al. [149], proceeds more slowly than expected. Since the etching velocity is
given approximately by Setch = ne/Nc, a reduced etching rate would increase the effective
phase velocity of the wake, thereby extending both the dephasing and pump depletion
lengths beyond the simple scaling predictions.

More work is required to understand this result in its entirety; however, if it is
the case that high-energy electrons can be accelerated through the proposed hybrid
LWFA /PWFA mechanism, it would be of great interest to pursue this further, as it could
provide a route to enabling higher energy gains without requiring larger, more powerful
laser systems. In particular, it would be of interest to see if this effect can be further
manipulated, especially when using alternative injection schemes such as downramp,
ionisation or shock injection, which offer greater control over the injected beam’s energy
and energy spread. Successfully harnessing this hybrid regime could offer a means of
producing higher-quality, higher-energy electron beams for both scientific and industrial

applications.
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6.2 Discussion

The possibility of a hybrid LWFA /PWFA mechanism provides a potential explanation
for the higher-than-expected energies seen in our simulation campaign; however, to
understand why these simulations may access this regime, it is necessary to place these

results within a wider experimental and theoretical context.

Considering the normalised parameters — number of optical cycles, ag, and P/P, —
which we previously suggested as directly comparable across the full LWFA parameter
space, we investigate whether any systematic trends emerge that might help explain why
both the MIR-driven simulations presented here perform unusually well compared to the
rest of the literature. In addition to these parameters, we introduce a fourth: the ratio of
the pulse length c7 to the plasma wavelength A,. Using the same dataset as Figure 6.5,
we apply a colour map to visualise these normalised quantities across the full database.

This is shown in Figure 6.17.
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Figure 6.17: Using the same data as Figure 6.5, we apply a colour map to explore possible trends
in normalised (and therefore directly comparable) quantities across the full database. The tested
parameters are: (a) number of optical cycles, (b) ao, (¢) P/P. and (d) er/A,. All plots share the
same normalised z- and y-axes. As before, circles denote self-injection experiments; squares,
externally guided; diamonds, downramp injection; plus signs, optical injection; crosses, staged
experiments; and triangles, ionisation injection. The representative simulation datum presented
in this thesis is circled in black.

In the first three cases, the distribution of the tested normalised parameters appears

essentially random: no clear trend or correlation emerges. Figure 6.17a examines whether
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the number of laser cycles correlates with the maximum electron energy. As only a
small number of experiments fall into the ‘few-cycle’ category (here taken to mean
fewer than 10 optical cycles within the FWHM pulse envelope), the available data are
insufficient to support a firm conclusion. Nevertheless, several of the lower-energy data
points correspond to experiments explicitly designed to probe CEP effects (notably at
Laboratoire d’Optique Appliquée, ENSTA /Ecole Polytechnique) [66, 127, 230, 231], and

the inclusion of these targeted results reinforces the absence of any discernible trend.

The ag and P/ P, ranges shown in Figure 6.17b and Figure 6.17¢ cover a much wider
set of experiments but likewise show no correlation between either ag or P/P, and
the achieved electron energies. Given the unusually low P/P, values arising from our
simulation parameters, one might have expected a stronger signature to emerge, but no

such pattern is observed.

Figure 6.17d, on the other hand, may allow some interpretation. For efficient wakefield
excitation, the laser pulse length should be on the order of the plasma period, meaning
that for shorter wavelength laser drivers, it is important to operate in regimes of lower
plasma density. Assuming an essentially fixed pulse length c¢7 across experiments, the
ratio ¢r /A, naturally grows with increasing plasma density, meaning that the vast
majority of experiments operating at high ratios of plasma to critical density n/nc,
must use driving lasers with a comparatively long pulse length to plasma wavelength
ratio. The choice of laser wavelength thus affects this condition indirectly: because the
critical density scales as n. o« 1/, longer wavelength drivers naturally operate at higher
ne/ne. It is likely, therefore, that the parameter space we find ourselves in for these
simulations is extremely unusual. Although the complexity of LWFA parameter space,
where many quantities are strongly entangled and interdependent, make it difficult to
isolate a single explanation for why our simulations appear to over-perform relative to
the electron energies predicted by Lu et al. [74], it is very likely that it has something to

do with the efficient high density region we are able to operate in.

We also note that much of the literature exploring and exploiting beam loading effects
comes from the same few-cycle, Salle Noire system at LOA, to which we compared our
parameters at the beginning of this chapter [239, 240, 247]. Although we initially argued
that operating at longer wavelengths cannot be understood as a simple upscaling of
800 nm experiments — and in many respects this remains the case — when considering
plasma parameters, a long-wavelength drive does offer several practical and logistical
advantages that are consistent with such an upscaling perspective. In particular, when a
longer wavelength driver corresponds to an increase in plasma wavelength, this naturally
produces a larger blowout cavity, capable of supporting significantly more charge. This
may help to explain why beam loading effects appear at much earlier stages in our
simulations compared to at the dephasing length reported at LOA, and why we are
able to reach unexpectedly high electron energies in regimes where their experiments do
not — although this could also be influenced by the nearly single-cycle regime in which

they operate, where CEP effects are significant. In practical terms, a larger wakefield
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is advantageous both for diagnostics and for external injection mechanisms, permitting
operation at lower plasma densities and simultaneously removing the requirement for

extremely small targets, which are considerably more challenging to manufacture.

Given the fundamentally different parameter space that can be accessed with the
Chimera laser system, it is perhaps unsurprising that our simulations suggest a regime
of operation distinct from that described by the Lu framework of 2007. While Lu et
al. presented their model as a “recipe for designing a LWFA for given laser and plasma
parameters” [74], we argue that for parameter regimes far outside those accessible to
most conventional laser facilities, this recipe cannot — and should not — be applied
uncritically in the context of our experimental design. We note too that although the
LWFA experiment performed on the 3.9 nm system at the University of Maryland [185]
provides a degree of assurance towards the validity of this simulation campaign, we
must nevertheless consider this work inconclusive until such time that we carry out this

experiment ourselves.

6.3 Summary

In this chapter, we presented results from a density scan of laser wakefield acceleration
(LWFA) simulations, driven with parameters representative of the Chimera laser system
under development at Imperial College London. The scan revealed an unexpected
outcome: accelerated electron energies exceeded the predictions of the widely adopted

Lu et al. scaling law [74] to an extent that could not be readily explained.

To probe this discrepancy, we examined several possible mechanisms, including the
evolution of the normalised vector potential ag through laser redshifting and self-focusing,
the scaling of the blow-out radius, and potential contributions from carrier-envelope
phase (CEP) effects, direct laser acceleration (DLA) and beam loading. While most of
these mechanisms proved insufficient, beam loading effects may constitute an important
factor in accounting for the high energies we observe. Our simulations suggest that an
early transition to a hybrid LWFA /PWFA regime could extend the effective dephasing
length, enabling electrons injected at early times to remain in phase with the accelerating

field for longer.

Due to the longer wavelength of the mid-infrared Chimera driver that we simulate
(3700 nm), compared to more typical experiments driven with an 800 nm beam, more
extensively reported in the literature, the simulations we present operate at comparatively
high ratios of plasma to critical density. Mid-infrared drivers naturally access regimes
of higher n./n., affecting wakefield excitation and potentially modifying acceleration

dynamics relative to the conditions assumed in conventional 800 nm experiments.

We therefore conclude that the parameter space accessed by these mid-infrared,
few-cycle simulations differs fundamentally from the regimes for which the Lu framework
was originally developed. While further investigation is required to fully understand

these results, operating in this regime could allow access to highly efficient wakefield
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excitation, even at lower laser energies and more achievable pulse durations compared to
conventional near-infrared systems. It also opens a promising route for future research,
combining the compactness of laser wakefield acceleration with the efficiency and stability
of beam-driven plasma wakefield acceleration. In particular, it motivates exploration of
tailored injection schemes, optimised plasma densities, and more controlled beam loading
effects to harness the full potential of this hybrid acceleration regime in next-generation

mid-infrared laser systems such as Chimera.



7 Design Considerations for a Laser
Wakefield Acceleration experiment
driven by the Chimera laser

system

N LASER WAKEFIELD ACCELERATION (LWFA) experiments at major facilities, emphasis
I is typically placed on ‘standard’ laser and gas parameters such as pulse duration, spot
size, normalised vector potential, gas constituents and gas density to produce the most
stable, high charge, high energy, narrow spread electron beams. While these parameters
are certainly of unquestionable importance, the most fundamental laser parameter, its
wavelength, remains relatively unexplored. A long wavelength driving laser may be
advantageous to a laser wakefield accelerator — this is something we want to explore firstly
in simulation and latterly in experiment. Here we use the open-source particle-in-cell
(PIC) code Smilei [172] to simulate a 3.7 pm central wavelength laser wakefield experiment
using the Chimera laser system, currently under active development at Imperial College

London.

In order to plan effectively for a first in-house LWFA experiment, it is important to
try and understand not just the relationships that each of these parameters have with
one another, but how the resulting effects might be experimentally diagnosed. This is not
an easy task: the former requires exploring a multidimensional co-dependent parameter
space, and the latter may require creative solutions where certain diagnostic equipment
is unavailable. University-scale developmental laser systems, such as Chimera, may
not provide perfect day-to-day reliability or stability, further complicating experimental
planning. Accordingly, we seek to define the operational limits for a mid-infrared (MIR)
LWFA, and to identify how other parameters might mitigate constraints in pulse duration,
energy, and beam quality. In this chapter, we map the relevant parameter space for both
best- and worst-case scenarios in terms of laser performance, providing a framework for

the future planning and realisation of this experiment.

167
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7.1 Laser Parameters

We begin by extending the plasma density scan introduced in Chapter 6. That scan,
performed for a 25 mJ, 30 fs laser pulse, with ag = 1.9, indicated that the optimal
starting plasma density for maximising electron energy gain is 2.8 x 10'® cm™3. Building
on this result, we now investigate how three key laser parameters — pulse energy Ep,, pulse
duration mewgy and FWHM beam waist at best focus dpwpwm — affect the accelerator

performance, keeping the plasma density fixed at this notionally optimal value.

Since the wakefield amplitude is governed not by energy or pulse duration alone, but
by the dimensionless laser strength parameter ag, for a Gaussian beam, we define Ij as

the peak laser intensity and Ay, the laser wavelength, to write:

(& I(]
=——/— A 7.1
@0 mmec? \| 2eqc L (7.1)
(7.2)
For a Gaussian spatial profile with a focal spot of wg, I(r) = 106_27’2/“’(2) with

drpwnM = woV21In2 (see Appendix A.2 for the FWHM versus 1/e definitions) and a
Gaussian temporal profile with FWHM 71rwmw, the peak intensity relates to the pulse

energy via:

8Fy,(In2)3/2
Ip =~ L(In )2 (7.3)
/2 TrwHM dEwim
Substituting this into the expression for ag gives:
ALe In 2 %/2 4F,
ag = 3 — 5 (7.4)
TMeC T €0 ¢ TFEWHM dEwim

This scaling makes it clear that the strength of the LWFA interaction can be altered

through a combination of the laser energy, its pulse duration, and its spot size at focus.

With energy scans taking place in the range 5 mJ - 55 mJ, pulse duration scans in the
range 20 fs - 70 fs, (19.78 fs being the transform limit of a Gaussian 3.7 pm centred pulse
with 1 pm of bandwidth), and focal spot sizes between 9.6 pm - 19.6 pm, we present the

energy spectra for each 1 dimensional scan in Figure 7.1.

These plots show that for a fixed energy of 25 mJ and a FWHM beam waist of

13.6 pm, the maximum pulse duration that still allows self-injection and acceleration of
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Figure 7.1: Electron energy spectra for 1D scans of (a) laser energy, Er,, (b) pulse duration,
TewuMm and (c) focal spot, dpwunm. The inset of (c) shows the quasi-monoenergetic spectrum
achieved when using a spot size of dpwpn = 17.6 pm. These parameters are varied in 6 discrete
steps between 5 - 55 mJ, 20 - 70 fs and for 9.6 - 19.6 pym. Within each scan, the parameters not
being varied are Ey, = 25 mJ, 7ewum = 30 fs, dpwum = 13.6 nm.

electrons is 40 fs (FWHM) — there is no available energy spectrum for the simulations
above this. Similarly, for a fixed pulse duration of 30 fs and FWHM beam waist of
13.6 pm, 25 mJ appears to be the minimum laser energy capable of driving the same
process. We note that for these simulations, we are operating with a perfect Gaussian
pulse, meaning that half of the available energy is contained within the FWHM focal
spot. This is unlikely to represent the pulse shape in an experiment, meaning that the
total detected pulse energy will therefore need to be higher, depending on the focal spot
quality. Around these limits, the spectrum shows much greater variation when adjusting
pulse energy compared to pulse duration, suggesting that the system is more sensitive to
energy fluctuations than we are to a tightly defined temporal pulse. A forgiving pulse
duration is likely to be beneficial to the real system we aim to use, since, as discussed in
Chapter 6, achieving clean temporal compression is often the most challenging aspect of
operating a high-power CPA system. Although 40 fs remains a challenging goal for the
system, it is possible that adjusting other parameters, such as the laser energy and spot

size at focus, will allow more flexibility here.

When varying the FWHM beam waist, keeping pulse duration and laser energy fixed
to 30 fs and 25 mJ, we find a relative tolerance. Whilst there is negligible injection seen
for dpwpm = 19.6 pm, simulations using FWHM beam waists between 9.6 pm - 15.6 pm

result in very similar electron energy spectra. In fact, in Figure 7.1(c), the spectra for
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drwaMm = 13.6 pm and 15.6 pm are indistinguishable. This is not completely unexpected:
as the laser propagates into the plasma, it will undergo some period of self-focusing as it
converges towards its matched spot size. Somewhat interestingly, the simulation using
drpwaMm = 17.6 pm results in an electron spectrum with significantly less energy spread,
with two, more monoenergetic peaks centred at 27.5 MeV and 36.5 MeV. This can be
seen in more detail in the inset of Figure 7.1(c). Given previous work investigating long
versus short focal length optics [225] (and here equating a smaller spot size to a shorter
focal length lens), we might not be surprised that a larger FWHM spot size may lend

itself to a more mono-energetic (albeit lower charge) energy spectrum.

Aside from the pronounced increase in accelerated charge observed for laser energies
above 45 mJ, the resulting spectra are broadly similar across the parameter space. As we
might expect for an unoptimised self-injection regime, the spectra have a wide distribution
of electron energies, all showing similar amounts of injected charge. These similarities
are indicative of the fact that the interaction is primarily ag driven, to which all three
of these laser parameters will contribute. To this end, if ag is altered by adjusting any
one of these parameters, we would expect equivalent effects on the acceleration process.
Using Equation (7.4) to calculate the simulated ag for each parameter set, we extract
the 90" percentile of the electron energy distribution to compare how changes in each

parameter influence the outcome. This is shown in Figure 7.2.
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Figure 7.2: The 90" percentile of accelerated electron energies plotted against the simulated
normalised vector potential ag. The initial plasma density is fixed at n, = 2.8 x 10'® em~3,
while individual parameters (laser energy, Fy,, pulse duration, 7pwum and focal spot, drwpnm)
are varied to alter ag. The Lu et al. [74] energy scaling is shown as a black dashed line, and the
Thomas [143] self-injection threshold as a solid black line.

Also included in the figure is the threshold for self-injection, using the model described
by Thomas [143], as well as the Lu et al. 2007 energy scaling [74] considered in detail
in Chapter 6. As perhaps we now might expect from the discussion of Chapter 6,
the Lu scaling continues to fare poorly within our parameter space. The self-injection
threshold, on the other hand, which aims to predict a lower bound on the ag required for
electron injection and acceleration, seems to overestimate the threshold. Also discussed
in Chapter 6, this is likely due to the evolution of the laser as it propagates through
the dispersive plasma, meaning that the plotted ag (taken from the simulation starting

parameters) is almost certainly an underestimate of the actual ay at injection.
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This set of numerical tests provides a useful set of constraints on the laser parameters
required in the lab. The next question is: if we find ourselves in a ‘worst-case scenario’ —
for example, with a combination of parameters giving ag < 1.4 — can we manipulate the
system to still achieve electron injection and energy gain? In 2012, Mangles et al. [144]
investigated this problem on an 800 nm short-pulse system, showing that the limitations
of low-energy laser beams could be offset by using a higher-density plasma. To explore
the implications for our case, shown in Figure 7.3, we repeat the parameter scan at

different plasma densities.
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Figure 7.3: The 90" percentile of accelerated electron energies plotted against the simulated
normalised vector potential ag. The initial plasma density is fixed at (a) ne = 1.8 x 10*® cm™
and (b) ne = 3.8 x 10*® em ™3, while individual parameters (laser energy, Er,, pulse duration,
Trwim and focal spot, dpwn) are varied to alter ag. The Lu et al. [74] energy scaling is shown
as a black dashed line, and the Thomas [143] self-injection threshold as a solid black line.

3

Although the scans do show that, by using a higher plasma density, we would have
perhaps a little more leeway for sub-optimal laser performance, they more importantly
imply that the laser parameters we proposed as interchangeable show considerably
more variation at both higher and lower densities. This is particularly evident in the
lower density scan (1.8 x 10'® cm™3, Figure 7.3a) where, for example, despite all three

parameters producing ag ~ 2.25, the resulting electron energies differ quite dramatically.
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Extending this scan into a 3-dimensional parameter space (a computationally expen-
sive exercise), Figure 7.4 shows how the 90" percentile electron energies are affected

through combined changes in laser energy and pulse duration, for three different plasma
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Figure 7.4: The 90" percentile electron energies extracted from a 3-dimensional parameter scan
across laser energies Fr, = 5 — 55 mJ and pulse durations mpwun = 20 — 70 fs for plasma
densities (a) ne = 1.8 x 1018 em ™3, (b) ne = 2.8 x 10'® cm ™3 and (c) n. = 3.8 x 108 cm=3.
Note the different intensity scale for (a) compared to (b) and (c).

The result of this foray into 3D parameter space is a relatively consistent one. The
panels in Figure 7.4 show a predictable trend within the space: increasing the pulse
energy is more or less synonymous with decreasing pulse duration, and corresponds
to an increase in electron energies. Higher densities enable injection and acceleration
with less demanding laser parameters, although, as expected, this comes at the cost of
lower electron energies. At higher densities, more charge is injected into the wake, which
broadens the spectrum and shifts a substantial fraction of electrons to lower energies. As
a result, the 90*" percentile energy is reduced, both due to maximum energies being lower,
but also because the larger low-energy population pulls down the percentile threshold. A
lower starting density operates much closer to the density threshold for self-injection,

given by the Mangles et al. [144] model — there are fewer injected electrons and thus a
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narrower distribution. For the parameter space explored here, the self-injection threshold
spans 1.3 — 5.4 x 10'® cm™3. By contrast, at lower densities, injection is closer to the
self-injection threshold predicted by Mangles et al. [144].

For the Chimera laser, these results suggest that the parameter space required for
a first demonstration experiment is broadly flexible. If the eventual laser performance
lies toward the lower end of the explored range, however, operation would require much
higher plasma densities. Running a smaller scan for this eventuality, we see that even at
a density of ne = 5.8 x 10'® cm™2 — a density above the predicted self-injection threshold
for the worst-case laser parameters — pulse energy is considerably more important than
pulse duration, with a lower bound of around 15 mJ for electron acceleration. This
is approximately half the current maximum pre-compression energy at 3.7 pm already

demonstrated by Chimera.
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Figure 7.5: The results of a 3-dimensional parameter scan across conservative laser parameters of
FEr, =5 — 25 mJ and pulse durations mpwum = 50 — 70 fs for a plasma density of
ne = 5.8 x 10'® cm™3. This is just above the threshold for self-injection of n, = 5.4 x 10'® cm™3
for ‘worst-case’ laser parameters Ey, = 15 mJ, mpwam = 70 fs.

To explore whether increasing the laser ag via a smaller focal spot could partly
compensate for suboptimal laser parameters, Figure 7.6 shows that, within this high-
density regime, reducing the spot size cannot offset other limitations. This implies that
the lower bound for laser energy to drive LWFA on the Chimera system is approximately

15 mJ, with a maximum compressed pulse duration of ~ 50 fs.

For the long-term planning and operation of Chimera, it would therefore be advanta-
geous to ensure sufficient pulse energy (and focal spot quality), enabling operation at
longer pulse durations and lower plasma densities. If the goal is to optimise electron
energies, operating near n, = 2.8 x 10'® cm~3 provides a stable regime: one more tolerant
to laser parameter fluctuations, while still producing average electron energies around
40 MeV. Electron beams in this energy range are highly valuable for a broad range
of applications. They are energetic enough to penetrate matter and drive secondary
processes, while remaining more compact and practical than conventional RF-generated

sources. In particular, 10 - 100 MeV electrons are well-suited for probing structural
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Figure 7.6: The 90" percentile of accelerated electron energies plotted against the simulated
normalised vector potential ag. The initial plasma density is fixed at n, = 5.8 x 10'® cm™3,
laser energy, Ey, and pulse duration, Tpwyn are fixed to By, = 15 mJ and 7pwyuwm = 50 fs, while
the focal spot, dpwuwn is varied to alter ag.

dynamics on the femtosecond timescale [248-250], and for generating secondary radiation
such as bremsstrahlung [251, 252].

7.2 Plasma Considerations

Having previously explored the role of plasma density, concluding that ne = 2.8 x
10'® ¢cm™3 is likely the most stable region of accelerator operation for a first Chimera,
driven experiment, we now turn to the question of targetry. Although other injection
schemes should be considered in future campaigns, particularly if optimisation of electron
beam quality becomes a priority, in this section, we consider the simplest commissioning

experiment, and therefore focus on self-injection only.

Here, we are looking to determine the optimum accelerator length. This is an
important parameter when considering experimental design: if electron energies are
relatively insensitive to accelerator length, a supersonic gas jet of fixed size, which is
straightforward and reliable, would be sufficient. Gas jets also have the advantage of
lower average gas load and higher compatibility with higher repetition rates, while gas
cells impose much heavier vacuum demands, typically restricting operation to lower
repetition rates despite offering superior stability. If, however, energy gain is highly
sensitive to accelerator length, a gas cell would be more appropriate, as it allows in situ

tuning of the interaction length, albeit at the cost of greater experimental complexity.

Across the same laser parameter space presented in Section 7.1, we extract the

0" percentile) energies reached

acceleration distance corresponding to the maximum (9
by injected electrons. Using Equation (7.4) to combine the laser parameters into a
common ag, this is shown for plasma densities n, = 1.8 x 10 cm™3, 2.8 x 10'® cm ™3

and 3.8 x 10'® cm ™2 in Figure 7.7.

For this analysis, to compare this to the Lu scaling for electron dephasing length Lq
(Equation (3.48)) [74] — the length scale which should set an approximate upper bound

upon the accelerating distance — as in Chapter 6, we look not solely at the absolute
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Figure 7.7: Acceleration distance corresponding to the maximum (90*® percentile) energies
reached by injected electrons. (a), (b) and (¢) show the absolute position in the lab frame,
whereas (d), (e) and (f) show the relative position over which the electron has been accelerating.
All simulations within the 3D simulation space are included. The columns show simulations with
differing plasma densities of n. = 1.8 x 10'® cm ™3, n. = 2.8 x 10'® cm ™3 and
Ne = 3.8 x 10'® cm™3. The laser energy and pulse duration are combined into a common ag
using Equation (7.4).

position of the electron in the lab frame, x,909, (panels (a) - (¢) in Figure 7.7), but
the relative distance over which the electron has been accelerating in the wake, L, qq%,
(panels (d) - (f) in Figure 7.7). This subtracts the distance travelled by the laser before
electron injection — subtracting the driver’s motion isolates the effective acceleration

length. For panels (d) - (f) in Figure 7.7, we include this scaling, given by Equation (6.18).

We find that, in most cases, the maximum electron energy is reached at approximately
the same spatial position for each plasma density, suggesting that the dephasing length is
more sensitive to the plasma density than to the laser parameters. Excluding data which
sees electrons accelerated to less than 10 MeV, for the three density steps (increasing)
we see average accelerating distances of L g0y equal to 550(80) pm, 300(100) pm and
160(90) pm respectively, where the error represent the standard deviation of L,qqy across
all laser parameter combinations at that particular density. Given the predicted 1/ne

scaling of the dephasing length compared with the weaker /ag dependence, this is not
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unexpected, however, as with the electron energy scalings presented in Chapter 6, the

Lu model appears to underperform when tested against our simulations.

While the absolute optimum accelerator length is a useful benchmark, in a real
experiment, it is often more practical to understand the distance over which electrons
retain their maximum energies before dephasing begins. Of greater interest, therefore,
is the relative evolution of the electron spectra in time, and the characteristic length
scale this corresponds to. Figure 7.8 shows six representative electron spectra across the
parameter space. We consider three plasma densities, n, = 1.8, 2.8, 3.8 x 10'® cm™3

pulse energies and durations of 25 mJ / 30 fs and 45 mJ / 40 fs.

, at

These spectra are broadly representative of trends observed across the full parameter
space. Panel (a) shows a regime insufficient for self-injection and acceleration. Panel (b)
sees a small population of electrons accelerated to high peak energies with an energy
spread of ~ 20 MeV, while panel (c) shows greater injected charge but with a much
larger spread. Panels (d), (e), and (f) all exhibit the parabolic signature characteristic of
electrons gaining energy by acceleration, before curving over in the energy phase space as
they outrun the wake and dephase. Also evident in these plots are tracks which appear to
‘wiggle’ as they accelerate and decelerate. These are consistent oscillatory modulations
in the electron tracks consistent with beam loading and multiple injection effects, which
become more pronounced with both increasing plasma density and increasing laser

energy.

Returning to the matter of experimental design, what we see, consistent within
almost all spectra within the parameter space (other than those closer to the self-
injection threshold), is that once electrons reach their peak energies, there seems to be a
very marginal decrease in energy throughout the remainder of the simulation, indicating
that we are seemingly fairly insensitive to the length of the accelerator, and a supersonic

gas jet would be sufficient for our purposes.

The reason for this behaviour is not immediately obvious, but it is likely also the
result of beam loading. Once accelerated, electron bunches subsequently travel with
velocities very close to c. The laser driver has been depleted, and because of the large
amount of accelerated charge, the electrons begin to drive their own wake. As a result,
the electrons do not lose energy through dephasing; instead, they propagate almost freely
through the plasma. To illustrate this, Figure 7.9 shows an evolution in density space of
the ne = 2.8 x 10'® em ™3, By, = 25 mJ, mewum = 30 fs case, up to a simulation time of

6 ps.

Four timesteps are shown. Panel (a), at 1.7 ps, corresponds to the point at which
the electron energy peaks. The laser has not fully depleted, however, as evidenced by
the low-density region following the electron bunch, the electrons have started to drive
their own wake. Panel (b) is at 2.3 ps. At this stage, the electron bunch has caught up
to what remains of the laser — the electrons have fully dephased; however, this has not

come at a significant detriment to their energy. The bubble has elongated longitudinally
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Figure 7.8: Representative electron spectra across the explored parameter space. The rows show
simulations with differing plasma densities of n, = 1.8 x 10'® cm™3, n, = 2.8 x 10'® cm™3 and
Ne = 3.8 x 10'® ecm ™3, while the columns show varying laser energies and pulse durations of
25 mJ, 30 fs and 45 mJ, 40 fs. The x- and y-axes are identical for all cases, as is the logarithmic
intensity scale.
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Figure 7.9: Evolution of in density space of a simulation at n. = 2.8 x 10'® em™3, Ey, = 25 mJ,
Trwam = 30 fs, with snapshots taken at (a) 1.7 ps, (b) 2.3 ps, (c) 3.8 ps and (d) 6.0 ps. The
y-axes are shared. (a) and (b) share a linear intensity scale, (¢) and (d) share a logarithmic one.
(a) At 1.7 ps, near the point of peak electron energy, the trailing low-density region indicates
that the accelerated bunch has begun to drive its own wake. (b) At 2.3 ps, the bunch overlaps
with the depleted laser field and has fully dephased. The wake cavity shows signs of longitudinal
elongation and transverse contraction, consistent with the onset of a beam-driven regime.

(c - d) At later times (3.8 ps and 6.0 ps), the bunch is further depleted, though residual density
modulations remain in its wake.

and contracted transversely, as expected when there is a large amount of injected charge.
Panel (c) at 3.8 ps and panel (d) at 6.0 ps show the much depleted electron beam,

although the density modulation can still be seen in its trail.

This case provides a realistic example of what a LWFA experiment driven by the
Chimera laser could look like within the explored parameter space. In almost all cases,
even those with substantially different laser parameters, we see strong evidence of electron

bunches beginning to drive their own wakes. At higher plasma densities and larger laser
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ap, this frequently coincides with a secondary injection into the particle-driven wake,
opening the possibility of a full transition from beam-loaded LWFA to plasma wakefield
acceleration (PWFA). Seen experimentally within 800 nm driver systems [242, 243, 245],
this hybrid LWFA /PWFA scheme is discussed in more detail in Chapter 6. From the
perspective of experimental commissioning, the implication is reassuring: beam-driven
effects suggest that the system is likely to be relatively insensitive to accelerator length,

even under conditions of variable or imperfect laser performance.

7.3 Discussion

The results from this study are encouraging. Contrary to what might have been expected
from its contribution to the normalised vector potential, the relative insensitivity to
the pulse duration appears to offer considerable flexibility for a LWFA commissioning
experiment on the Chimera laser. From the perspective of laser development, this is a
very positive outcome: as discussed in Chapter 5, achieving and measuring clean, short,
temporal compression is particularly challenging in the mid-infrared spectral range. The
ability to drive a self-injecting wakefield accelerator instead shows a stronger dependence
on pulse energy — a parameter that is comparatively easier to measure with confidence
and optimise experimentally. There also appears to be considerable scope to compensate
for poor laser performance: increasing the plasma density relaxes laser requirements,
while tighter focusing — although detrimental to optimising electron spectra — raises
ag at focus and can, in regimes of stable operation, partially offset limitations in pulse
energy or duration. The challenge for the Chimera laser will therefore be to maximise the
amplified mid-infrared energy through the OPA chain, ensure highly efficient subsequent
compression, and maintain a spot quality that confines a large fraction of the available
energy within the FWHM focal spot.

The laser parameters aside, what is particularly interesting amongst these results is
the seeming insensitivity to acceleration length. This will provide a significant advantage
for a commissioning experiment as it allows the removal of a degree of freedom: if
electrons are injected at any point in the accelerator, it is unlikely that they will lose
energy as a result of pump depletion or dephasing before we are able to detect them.
Such robustness is particularly valuable in the mid-infrared regime, where experimental

diagnostics are challenging, and the parameter space is relatively unexplored.

In this analysis, we have consistently excluded tracking of electrons with energies
below 10 - 15 MeV. This was done to minimise noise from background plasma electrons,
but it likely means that a mid-infrared LWFA experiment could, in fact, tolerate laser
parameters less optimised than the 15 mJ, 50 fs suggested here as a lower bound. Indeed,
the only MIR LWFA experiment that has, to the best of our knowledge, been undertaken,
was driven with considerably less favourable parameters: Fp, = 23 mJ, a minimum
TrwnMm = 105 fs, and dpwiv = 30 um, corresponding to an ag = 0.47, scanning densities
from ne = 1.8 x 10'® - 8.0 x 10!? cm~3 [185]. The highest electron energy they report is

12 MeV, indicating that their experiment probed well below the energy range we have
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considered here. The main conclusion from this work is that a MIR driver is capable of
accelerating significantly more charge than its 800 nm counterparts. For many potential
applications of laser-plasma acceleration, the importance of having a high charge (and
therefore high current) electron beam cannot be understated. Applications such as
driving an irradiation source for radiobiological research [253, 254], the generation of
betatron x-rays for phase-contrast imaging and tomography [255, 256] and the efficient
production of nuclear isomers [257] have much less stringent requirements on electron
energy, with the key performance metric instead being towards high beam currents.
Since near-infrared LWFA systems are often limited by achievable charge and peak
current, mid-infrared systems such as Chimera are particularly well suited to driving
wakefield accelerators for this class of applications. Although our MIR simulations focus
on electron energies above those seen by Woodbury et al. [185], we too observe an excess
of accelerated charge, something which may be of great significance for many of these
applications. Figure 7.10 shows the total charge seen within the parameter space explored
in this chapter, extracted at the point where the average energy (as opposed to the 90"

percentile energy) was maximal.
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Figure 7.10: The total charge at maximum average energy extracted over a 3-dimensional
parameter scan across laser energies Fy, = 5 — 55 mJ and pulse durations mpway = 20 — 70 fs for
plasma densities (a) n, = 1.8 x 10'® cm™3, (b) ne = 2.8 x 10'® cm ™3 and
(c) ne = 3.8 x 108 cm 3.

For applications requiring only modest electron energies, this quantification of accel-

erated charge should be considered a conservative underestimate, as the peak charge does
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not coincide in time with the maximum average energy. Even so, the values presented
here already demonstrate extremely high laser-to-beam conversion efficiencies, particu-
larly at higher densities, where electron beam energies of ~ 20 mJ correspond to ~ 40%
laser-to-energy conversion. If realised experimentally, this would imply roughly 22 nC
per joule of laser energy and, using the longitudinal bunch length (~10 pm) to estimate
duration (~33 fs), peak beam currents in the 10s of kiloamperes — well-suited to a wide
range of applications. This likely underestimated metric would match (and potentially
exceed) a recent result from LOA, who report a maximum 20.5 nC/J at Ey, = 0.12 J,
A = 800 nm, with a conversion efficiency of 6% [258].

Taken together, these results suggest that a Chimera-driven LWFA experiment should
be experimentally achievable with a broad tolerance to pulse duration, a manageable
lower bound on pulse energy (of order a factor of two lower than already demonstrated),
and a reduced sensitivity to accelerator length. Although optimising compression and
spot quality will remain central technical challenges, the simulations indicate that even
modestly performing mid-infrared pulses are capable of producing high-charge electron
bunches at efficiencies far exceeding those typically seen at 800 nm (when in a sub-
terawatt regime of laser power) [259, 260]. This combination of experimental robustness
and access to high-current beams makes the Chimera system not only a viable driver for
first-of-its-kind MIR, LWFA commissioning but also a uniquely promising platform for

exploring applications where charge and beam current are of primary importance.

7.4 Summary

In this chapter, we have explored a parameter space representative of the Chimera laser
system’s expected performance, with the aim of informing the design of a laser wakefield
accelerator driven by its mid-infrared beam. Above a minimum requirement of ~ 15 mJ
of laser energy, the space was found to be broadly flexible. Pulse duration requirements
are less stringent, although if the energy is limited to 15 mJ, a maximum of ~ 50 fs is
needed to sustain self-injection. Under these ‘worst-case’ parameters, operating at a

higher plasma density of ne = 5.8 x 10'® cm™3

would nevertheless enable a commissioning
experiment, while optimisation of electron energies points instead to n, = 2.8 x 101 cm™3

as a more stable operating regime.

The optimum accelerating distance was also found to be relatively forgiving. A
supersonic gas jet of length 450 - 1000 pm should be sufficient for commissioning,
although this will ultimately depend on the accessible laser parameters. Interestingly,
this insensitivity to acceleration length appears to result from strong beam loading:
the electron bunches carry enough charge to drive their own wake, enabling continued

propagation beyond the expected dephasing and pump depletion lengths.

In addition to electron energy, these simulations highlight the striking capacity of mid-
infrared drivers to generate high charge beams. Consistent with experimental observations

by Woodbury et al. [185], our results show that, even under relatively modest laser



Chapter 7. Design Considerations for a Laser Wakefield Acceleration experiment driven
by the Chimera laser system 182

parameters, MIR-driven accelerators can support an order of magnitude more accelerated
charge than their 800 nm counterparts. This comes with high laser-to-beam conversion
efficiencies, in some cases approaching 40%, and corresponds to kiloampere-level beam
currents. For many applications of laser-plasma acceleration — from radiobiological
irradiation to betatron x-ray generation and nuclear isomer production — high current,
and therefore charge, is of greater importance than high electron energy. As such, this
property of MIR-driven wakefields provides a compelling case for their experimental

development on Chimera, even before optimisation of beam quality or energy is achieved.



8 Conclusions and Future Outlook

This thesis has explored the capabilities of the Chimera short-pulse, high-power mid-
infrared laser system at Imperial College London, with the goal of enabling routine
experimental operation and assessing its suitability for driving a laser wakefield accelera-
tion (LWFA) experiment. Supported by detailed numerical simulations, the work has
combined technical development, experimental commissioning, and theoretical investiga-

tion.

The technical report in Chapter 5 highlighted both the novelty of Chimera within
the landscape of high-power MIR systems and the day-to-day practicalities of operating
a complex university-scale system. With nine cascaded nonlinear stages, the system
demands careful diagnosis and optimisation at every stage to ensure reliable performance.
Particular progress has been made in improving the front end, including the Ti:Sa
oscillator and Nd:YLF ring booster, as well as in developing a suite of simple, low-cost
diagnostics to better characterise the MIR output. The system’s first commissioning
experiment — a MIR~driven (3700 nm, ~ 1000 nm bandwidth) solid-target high harmonic
generation study using crystalline ZnSe — produced a signal consistent with harmonics
up to the 8" order, an encouraging benchmark for future MIR-based experiments. As
the output of Chimera’s first MIR OPA already exceeds reported pulse energies in the
literature for many systems, this motivates a further exploration of materials, sample

geometries, and post-compression performance.

Chapter 6 presented a plasma density-scan simulation campaign using parameters
consistent with Chimera’s (optimistically) predicted MIR output. Surprisingly, the
resulting LWFA electron energies significantly outperformed the widely used scaling laws
of Lu et al. [74]. This potential overperformance suggests that MIR drivers may access a
previously underexplored regime of parameter space. Although alternative explanations
such as enhanced ag scaling and direct laser acceleration were considered, the most
plausible mechanism appears to be the early onset of a hybrid beam-driven phase due
to the unusually high ne/n. ratio accessible at MIR wavelengths. This highlights the
limitations of applying standard NIR-based models to MIR-~driven systems and points
to the need for new scaling frameworks tailored to this regime, informed by experiment

where possible.
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In Chapter 7, the operational requirements for an LWFA experiment driven by
Chimera were evaluated, with the results indicating that the constraints on laser perfor-
mance are less restrictive than initially anticipated. Self-injection can be achieved with a
minimum of ~ 15 mJ of laser energy (half that already demonstrated experimentally)
and a pulse duration below ~ 50 fs at a plasma density of ne = 5.8 x 10'® cm™3. Higher
laser energies allow for effective accelerator operation for longer pulse durations (up to
~ 70 fs) while still reaching electron energies of ~ 30 MeV. Unexpectedly, the optimum
acceleration conditions were found to be relatively forgiving — a significant advantage,
particularly for a commissioning experiment, as it effectively removes one degree of
freedom in the initial experimental setup and tuning. This tolerance also suggests that a
supersonic gas jet will likely be sufficient, avoiding the added complexity of gas-cell targets.
The most likely explanation for this relative insensitivity to acceleration length is the
onset of beam loading effects, which enable propagation well beyond the usual dephasing
and depletion limits of a more standard 800 nm driven system. A further consequence of
beam loading is the acceleration of a substantial charge across the parameter space, with
high laser-plasma energy efficiency of ~ 40% and correspondingly high beam currents in
the 10s of kiloamperes. These results imply that MIR drivers such as Chimera could
serve as robust sources of high-charge electron beams driven by a tabletop-scale system,
a feature of particular importance for industrial and medical applications. More broadly,
these results provide a practical framework for planning future LWFA experiments with
Chimera, identifying clear performance thresholds that the laser needs to reach, while

highlighting opportunities to exploit the unique advantages of MIR-driven acceleration.

Although these results have been discussed in isolation, it is important to recognise
that they are intrinsically linked — not only do these results help us guide and understand
the direction of future MIR-driven LWFA experiments, they also inform the ongoing
design and optimisation of the Chimera laser system itself. Motivated by the hypothesis
that longer-wavelength drivers may offer significant advantages (supported by wavelength
scaling arguments), the detailed numerical simulation results presented in this thesis
suggest that this is indeed a promising avenue for experimental pursuit. From an applica-
tions perspective, charge and beam current are of paramount importance — particularly
if both the charge and the higher-than-expected electron energies observed in simulation

are confirmed experimentally.

In terms of the current laser system status, although the output bandwidth from the
DFG stage is sufficient to support a 30 fs pulse, the present design indicates that a more
realistic minimum pulse duration, after subsequent OPA stages and compression, will be
closer to 70 fs. While the compressed pulse duration has yet to be measured, this sets a
clear design goal: although the simulation results predictably motivate a reduction of
pulse duration, if the pulse energy is sufficiently high (> 25 mJ), a 70 fs pulse remains
entirely adequate for driving the planned experiment. This stronger dependence on
energy rather than pulse duration plays to Chimera’s strengths: its scalability through
the Offner stretcher, coupled to a cascaded series of 1053 nm pumped OPA stages,



185 Chapter 8. Conclusions and Future Outlook

provides greater operational flexibility compared to alternative systems, many of which

are more tightly constrained by both pulse energy and duration limits.

Looking beyond an initial LWFA commissioning experiment, Chimera’s multi-beam
capabilities open further opportunities for more complex experimental geometries. Multi-
wavelength pump—probe experiments are a natural extension, but the potential becomes
even more compelling in the context of wakefield acceleration. A long-wavelength driver
produces a comparatively large plasma bubble, offering the possibility for a probe beam
to resolve much finer structural detail of the acceleration process. For instance, an
800 nm probe alongside a long-wavelength driver would deliver nearly three times the
resolution of a 500 nm probe in a conventional 800/1000 nm-driven experiment, providing

unprecedented insight into bubble and electron injection dynamics.

Even more ambitious is the prospect of using the MIR beam to generate a large,
quasi-linear bubble while employing the 800 nm beam to drive the actual acceleration
process — an experimental regime that, to the best of our knowledge, has never been
realised. If the mid-infrared pulse were used primarily to shape and drive the large
bubble, while the 800 nm pulse was injected at the correct phase within that bubble, the
two could in principle act together: the MIR setting the stage and the NIR delivering
additional drive or controlling injection. This hybrid scheme closely follows the concept
of two-colour injection proposed by Yu et al. [261], in which a long-wavelength driver
creates a suitable wakefield structure and a secondary pulse is used for controlled electron
injection. In our case, both pulses would originate from the same laser system, which

could offer very robust intrinsic synchronisation compared to two independent sources.

The practical challenges would, however, remain substantial. The pulses must be
synchronised to within a fraction of the plasma period, demanding timing stability at the
few-femtosecond or sub-femtosecond level. The plasma density must be chosen carefully
so that the MIR pulse can drive a strong wake while the 800 nm pulse propagates as
intended. Ionisation dynamics add further complexity, as the MIR front edge may pre-
ionise the medium and alter the interaction of the subsequent 800 nm pulse. Overlapping
two high-intensity pulses also raises the possibility of cross-instabilities and nonlinear

coupling that could degrade the wake.

Nonetheless, the potential advantages make this an intriguing idea. A large bubble
driven by the MIR pulse could provide a structure into which the 800 nm pulse can inject
or further accelerate electrons, combining the scalability of long-wavelength drivers with
the precision and higher-energy benefits of shorter wavelengths. Detailed particle-in-cell
simulations scanning density, pulse delay, and relative intensities would be the logical

next step before considering an experimental demonstration.



A Appendix A

A.1 Fundamental Constants

Table A.1 defines all fundamental constants used within this thesis.

H Symbol ‘ Name ‘ Value Unit H
Speed of light 2.998 x 108 m s~}
Elementary charge 1.602 x 10719 C
Me Electron rest mass 9.109 x 10731 kg
MeC? Electron rest energy 0.5110 MeV
€0 Vacuum permittivity 8.854 x 10712 Fm™!
1o Vacuum permeability 1.257 x 107 | Hm™ ' or N A2
h Planck’s constant 6.626 x 10734 m? kg s*
h Reduced Planck’s constant (hbar) | 1.055 x 10734 m? kg !

Table A.1: To 4 significant figures, the fundamental constants used within this thesis.

A.2 The definition of the full-width-at-half-maximum

Across laser and plasma research, we often refer to the full-width-at-half-maximum
(FWHM) of various quantities. While this at first glance is straightforward, we must
be precisely clear as to what we mean here, particularly as discrepancies in definition
often exist between experimentalists and theoreticians. The difference, often undefined,
is whether we refer to the FWHM of the field or of the intensity. An experimentalist will
typically use the FWHM of the intensity, as this quantity is directly measurable — for
example, the FWHM of a spatial profile of a laser beam, as measured on some detector.
Theoreticians, in their confounding wisdom, prefer to use the FWHM of the field. It
should also be noted that one might additionally refer to the 1/e width or radius of
either the field of the intensity. This has, naturally, a separate definition. Here, then, we
will extract the relationship between the field and intensity FWHM.

Using a Gaussian distribution, let us define a spatio-temporal intensity profile of a

propagating laser pulse as:
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2 _(t=z/0)?
2 ei(szwotJr‘I’(Z)) (Al)

—_r _
E(r,2,t) = By—e w@7¢
w(z

In this description Ejy is the peak intensity, r = /22 4+ 32 is the radial distance in
the transverse plane, wy is the beam waist (the minimum 1/e radius of the electric field),
w(z) is the transverse 1/e beam radius (of the electric field) at distance z, and 7y is the
pulse duration defined at 1/e of the electric field amplitude. The first exponential term
describes the radial envelope of the pulse, the second represents the temporal envelope,
and the third contains the carrier wave information of the electric field. The final term

U(z) is the Gouy phase shift, an additional phase of:

U(z) = arctan <Z> (A.2)

ZR

Which arises when a Gaussian beam is focused. Here, zg represents the Rayleigh
length. Unlike a plane wave, a Gaussian beam accumulates an extra 7 radians of phase as
it propagates through its focus (from —m/2 to 4+m/2). This effect is a direct consequence

of diffraction.

Isolating the component describing the temporal envelope only, let us simplify at
z = 0 and solve for t. We also assign the variables tpwinm and 7 in to the respective

field (£) and intensity (I) variables using tg/, and t;/5, and 75 and 7;.

E(t) = Eoe_:?: (A.3)
t = 1\/In (Eo/E(t)) (A.4)

If we define the FWHM pulse duration of the field as g/, we can identify that
t =tpg)p will occur at E(tg/)/Eo = 0.5 and can thus extract the relationship between
the FWHM pulse duration and the 1/e pulse duration:

tE/Z = TE\/]H2 (A5)

To now extract the relationship between the field and intensity quantities, we can

find an equivalent expression for intensity simply by using I o |E|?.
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E(t)? = E2e b (A.6)
22

I(t) = e & (A7

(A.8)

We may now extract the relationship between the two expressions. Thus, for both
1/e and FWHM variables, the field and intensity definitions can be related by:

te = V2t (A.9)

The respective FWHM and 1/e variables taken from the intensity distribution will
thus be smaller than those calculated from the field. This is shown graphically in Figure
Al
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Figure A.1: The temporal intensity and (normalised) field Gaussian representations of the
3.7 pm central wavelength Chimera laser pulse. Here we see plainly that these two
representations will produce different FWHM values of the pulse duration. The grey dashed line
shows the half maximum positions, and the blue and red dot-dashed lines show the half-width
positions for both the field and intensity envelopes. The intensity distribution returns a FWHM
of 30 fs, while the field distribution returns a FWHM of 42 fs. This is in keeping with the
derivation above.
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B.1 Relativistic Single Particle Motion

Following Gibbon [121], we derive the coordinates and equations of motion for an electron
in a relativistic field (with ag > 1).

Expressing the electric and magnetic fields in terms of the vector potential A, and
assuming a vanishing scalar potential ¢ = 0, we have E = —%A and B =V x A. Using
the normalised quantities a = eA/me;c, B = v/c and p = p/me ic, we choose the vector
potential a = a,X = agsin 0%, with § = kz — wt. This corresponds to a linearly polarised
plane wave (in the z-direction) propagating along z. This allows the Lorentz force to be

expressed as:

a:—a+[,3 X (V ><a)] (B.l)
aaw N aam A aa{[ A
- _ B, o B.2
m*(ﬂaxﬁaﬂ) (B-2)
Separating into transverse and longitudinal components gives:
dp;z . aagj aax
a = o o (B3)
dp. Oa,
= fBp— B.4
dt P 0z (B-4)
Using the convective derivative identity d/dt = 0/0t + v - V we can write:
dpy day
Y _ B.
dt dt (B.5)

Integrating with respect to time, we find that the transverse momentum is equal

simply to the sum of the potential and the initial momentum:
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Pz = Gz + Pz 0 (B6)

To determine the longitudinal momentum, we consider the rate of change of energy
v, derived from the work done by the fields, 8 - F:

dy day

= Pg (B.7)

Comparing this with the z-component of Equation (B.2), we find:

dp, dv da, day
_——_— T — pu— B-
dt dt h (dz + dt) 0 (B.8)

Integrating this with respect to time gives:

T-p.=a (B.9)

Where « is a constant of integration. Using the definition v = /1 + |p|?, we can

rearrage this to show:

_1+p%fa2

2 (B.10)

z

As we are assuming the electron starts from rest, we take p, 0 = 0 and o = 1, to

reveal the equations of motion as:

Pz = agsin @ (B.11)
ag . o
p; = - sin 0 (B.12)

At this stage, it becomes convenient to shift from working in terms of time t or
position z, to using the phase variable § = kz — wt. In normalised units £k =w =1, so

this becomes 0 = z — ¢.

Using the identity p, = 2, and recalling v — p, = o = 1, we start by computing the

total derivative of 0:
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do dz
- _ B.13
de de ( )
= (6. 1) (B.14)
« 1
=——=—— B.15
i v ( )
‘We now rewrite the transverse momentum as
dé dx dx
N B.1
Pe=Tq a9 ~ a0 (B.16)

Integrating with respect to 6 (and choosing the integration constant C' = 0), the

coordinates are then given by:

x = apcosf (B.17)

4
(gL
2= (9 5 sin 26) (B.18)
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