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Abstract

This thesis documents the experimental development of low-density hydrodynamic optical-
field-ionized (HOFI) plasma channels. Results from two experiments are presented; the first,
a proof of concept experiment, performed in Oxford, demonstrating for the first time that
the formation of low-density (~ 10'7 ¢cm™3) hydrodynamic plasma channels was possible
using optical-field-ionization. The second experiment, performed at Astra-Gemini TA2, aimed
to demonstrate the generation of low-density axicon-formed HOFI plasma waveguides and
subsequently to demonstrate high-intensity guiding in those waveguides at the highest available
repetition rate.

In the Oxford experiments, short (2-4mm) HOFI plasma channels were generated in
hydrogen with a spherical lens and probed with longitudinal interferometry. The channels had
on-axis densities between 1.6 x 107 cm™3 and 1 x 10" cm™3 and matched spot sizes of order
30pum to 60 pm. A computational investigation into the guiding properties of the measured
plasma channels indicated that they would be suitable as plasma waveguides.

In the experiments at Astra-Gemini TA2, HOFI plasma channels up to 16 mm in length
were generated in hydrogen using an axicon. These were probed with both longitudinal and
transverse interferometry and had on-axis densities as low as 2 x 1017 cm™3. These waveguides
were subsequently used to successfully guide high-intensity (> 1017 W cm™=2) pulses over the
full 16 mm or 14.5 Rayleigh ranges, with a maximum throughput of 60 % observed for the
higher intensities. The variation in guiding with pressure and with guided beam intensity
was investigated experimentally. It was found that the high-intensity guided pulse modified
the HOFI plasma channel, with the result of increasing the relative throughput of the guided

beam.



“I make the moves up as I go”

- T. Swift
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Chapter 1

Introduction

1.1 Motivation

Scientific research is fundamentally about solving problems and so to undertake a PhD and
write a thesis in science, there has to be a good problem on which to work. For this thesis, that
problem lies broadly in the field of advanced accelerator physics; here advanced does not mean
more difficult, but merely distinguishes the study of conventional particle accelerator technology
such as that used in the Large Hadron Collider, and novel new accelerator technology aimed
at solving the problem of particle acceleration in a fundamentally different way.

A particle accelerator, as the name suggests, is simply a machine which uses electric fields
to propel charged particles to high velocity or energy. While famous discovery machines, like
the aforementioned Large Hadron Collider, remain the public’s main reference point for such
machines they are certainly not the accelerators the public interact with or directly benefit
from the most. Of the roughly 40,000 particle accelerators worldwide, less than 1% are used
for high energy particle physics research!™? such as confirming the existence of the Higgs

[3,4]

boson In fact, most of them are not used for scientific research at all.

Approximately 97% of particle accelerators around the world are used in medicine (33%)
and industry (64%)!!l. In medicine, accelerators are used to treat cancer!”® and in advanced
medical imaging techniques!”). In industry, they are used for everything from the vulcanisation
of rubber®), and the production cling film!’! to imaging of jet-engine parts!'®) and production

of the consumer electronics! 12, In fact, a 2009 study by the US Department of Energy found
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that at the time, the annual market for medical and industrial accelerators exceeded $3.5
billion and was growing at a rate of more than 10% a year. Furthermore, it found that “all the
products that are processed, treated or inspected by particle beams have a collective annual
value of more than $500 billion”?].

In addition to the clear economic and social benefits of medical and industrial accelerators,
particle accelerators also play an increasingly large role in research over a diverse variety
of fields. Originally developed as tools for discovery in particle physics, they now act as
indispensable tools in material, biological and chemical science. Furthermore, they continue to
be utilized by research fields outside of the core scientific subjects with roles in archaeology
[13]

and even forensic analysis for criminal prosecution!!.

and art history

Ironic for a field which began with the discovery of the electron by British physicist J.
J. Thomson*, a man who famously toasted “The electron: may it never be of any use to
anybody!”["?l. In fact, when it comes to demonstrating the value of curiosity driven, or
blue-skies research, one need look no further than particle accelerators and the long list of
applications which they have either been responsible for, or become indispensable in.

Given their importance in science and society today it is not surprising that the development
of particle accelerators has become the subject of an intense global research effort. On the one
hand, new applications in research, industry and medicine are driving accelerator physicists to
develop new and more advanced accelerator technology. On the other, the increasingly large
role that these machines are playing globally warrants the innovation of current accelerators,
which are predominantly based on technology that was fundamentally developed nearly a
century ago. The field of advanced accelerator physics aims to develop these new technologies
and new acceleration techniques. It aims to both produce new radiation and particle sources,
and also to reduce the size and cost of particle accelerators through their innovation.

One such advanced accelerator is the Laser Plasma Accelerator (LPA). In contrast to con-
ventional particle accelerators, in which a radio-frequency cavity is used to excite electric fields
that act to propel a charged particle forward, LPAs combine a high-intensity (> 10" W cm—2)

ultrafast (~ fs) laser pulse with a plasma to generate the accelerating fields. The main advan-

*It should be noted that the term electron was actually coined by an Irishman from Co. Offaly, George
Stoney. Indeed, it was once thought that the electron’s name was probably the most famous thing to have
ever originated in Co. Offaly — although it was later discovered that Barack Obama had an eighth cousin in
Moneygall.
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Diamond Light Source
e

atelite Imagery

Figure 1.1: A comparison of the scale of two GeV particle accelerators. Left: A laser plasma
accelerator developed by the Oxford Group!'” used in conjunction with the Astra-
Gemini Laser System at the Central Laser Facility. Right: The Diamond Light
Source, a synchrotron at Harwell Science and Innovation Campus in Oxfordshire.

tage LPAs have over conventional machines is that they are compact and that they produce
ultrafast electron beams. A conventional machine can generate accelerating fields of order
50 MV m 1617 while LPAs can produce accelerating gradients three orders of magnitude

—18] " Figure 1.1 gives a sense of scale of two GeV level particle

higher exceeding 50 GV m
accelerators — the Diamond light source, a conventional synchrotron with a ring circumference
of 561.6 m and an LPA of length 30 mm, used in conjunction with the Astra-Gemini laser
system at the Central Laser Facility.

In this chapter the basic principles of LPAs will be briefly described. Scaling laws associated
with LPAs will be explored and together with a look at the potential future applications of

these machines a pertinent problem will be identified.

1.2 Laser Plasma Accelerators

A plasma is a quasi-neutral ionized gas consisting of positive ions and free electrons. Already
being electrically broken down from neutral particles, a plasma can support extremely large

electric fields without sustaining damage, making it an interesting candidate for a particle
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accelerator medium. This idea of a plasma accelerator was originally put forward by Veksler*’!

and further developed by Fainberg?!,

Then in 1979, the seminal paper by Tajima and Dawson[®? laid out the basic principles
behind the idea of a Laser Plasma Accelerator. At the fundamental level, the Laser Plasma
Accelerator relies on the ponderomotive force, Fj,, which acts to push charged particles away

from regions of high laser intensity:

2

— e
F=—" )\ VE? 1.1
P 1672mc? ’ (1.1)

where e is the elementary charge, A is the wavelength of the driving laser, m, is the mass of
the electron and E is the amplitude of the electric field of the laser?*/f. The ponderomotive
force arises from the time-averaged quiver energy associated with an electron in an oscillating
electromagnetic field, known as the ponderomotive energy, U,. The ponderomotive force is

—

then defined as the gradient of the ponderomotive energy, I, = —VU,,.

When a high-intensity laser pulse propagates through a plasma it ploughs electrons out of
the way by the ponderomotive force, the ions being much heavier remain essentially stationary
creating a separation of charge. Once the laser pulse has passed, the charge separation acts
to pull the electrons back into the ion-rich region, where their momentum causes them to
overshoot and oscillate about their initial position. As the laser pulse travels through the
plasma, so too this electron density structure propagates, creating a longitudinal electron
density wave which trails the driving laser pulse. This travelling electron density wave creates a
set of fields, known collectively as a plasma wakefield, which can be used to accelerate charged

particles to high energies.

The plasma electrons oscillate about the ion-rich core at their characteristic frequency, the
plasma frequency w,, which depends solely on their density. The plasma frequency can be
written as;

2
e o 56.4 x 103\/n, [em~3], (1.2)

Wy =
P €0Me

with n. the average electron density and ¢g the permittivity of free space. In addition, the

TNote that all equations presented in this thesis are given in SI units.
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plasma and can sustain extremely large electric fields with one estimate, the cold non-relativistic

(24]

wavebreaking limit!“*, giving the order of maximum electric field as;

2
Ewp = | 2" ~ 96, /n, [cm3)], (1.3)

€0

with ¢ the speed of light in vacuo. For a plasma with n, = 10'7 cm™3, this corresponds to a

maximum accelerating gradient of 30 GV m™1.

Since their conception, LPAs have been the subject of an intense global research effort.
Excellent reviews of the physics of LPAs and on their development over the last 40 years are

25,26] Throughout this time, LPAs have been, and continue to be, inseparably

readily available!
linked to developments in laser technology. From the beginning it had been known that
intense laser pulses of order 100 fs in duration would be required to effectively drive a plasma

[22]

wakefield*, but the technology simply did not exist!*?l. Instead longer pulses were modulated

to create a series of shorter pulses which could resonantly excite a plasma wakefield. This is

an idea which has been revisited in recent years?2.

In 1985 the advent of chirped pulse amplification (CPA)[”} led to the development of
high-power ultra-short laser pulses and the idea of driving strong plasma wakefields with a

30:31] " An important breakthrough came in 2004 with the

single short pulse was revisited!
production of the first quasi-monoenergetic electron beams in a laser wakefield accelerator,
achieved by three groups independently®>4. Shortly after this the acceleration of the first
GeV electron beam from a laser wakefield accelerator?>%% was observed, this was made possible
through the use of a 33 mm long plasma waveguide which extended the laser-plasma interaction

length, allowing the laser to accelerate particles for a longer distance than had been possible

previously.

Today the highest reported electron energies from a laser plasma accelerator have been
produced by guiding a highly intense laser pulse through a 90 mm long plasma waveguide and
stand at 4.2 GeV['®l. There have been reports at conferences showing electron energy spectra
extending to more than double this value, however at the time of writing this thesis, these

results remain unpublished!7].

tthe ideal pulse duration, T, occurs at wpT & m, that is when the pulse duration is half the plasma period.
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1.2.1 Challenges for Current LPAs — The Three D’s

While LPAs offer synchrotron level energies over millimeter distances, they fall short of the beam
quality, stability, efficiency and repetition rates obtained with conventional particle accelerators.
The problems with current LPAs stem from a number of different areas including: limits to
the current laser technology, electron injection mechanisms, laser guiding and controllability.

Additionally, there are three fundamental issues with the acceleration of electrons by a

laser driven plasma wakefield; diffraction, depletion and dephasing.

Diffraction

In order to achieve the high intensities required for driving LPAs, laser pulses of reasonable
energy (~ mJ — J) must be focused down to small spot sizes (order 5-100 pm). However,
once focused the laser pulses immediately start to diffract, limiting the distance over which
they remain intense — and thus the acceleration length — to order the Rayleigh length. The
Rayleigh length can be written as zg = 7w3 /), with wg the 1/e? intensity spot size, see section
2.1. The effects of diffraction can be mitigated by use of a plasma waveguide, as was used in
the first GeV electron beam experiment. The concept of a plasma waveguide will be discussed

in detail in section 1.3 and 2.2.

Depletion

As the laser pulse propagates it loses energy in driving the wakefield. At some point it will
no longer have the required energy to produce the high intensities necessary for driving a
plasma wakefield. This situation is termed depletion and occurs over a length which scales as
Lgeplete ~ )\2 /A2 o1/ ng/ 2, with )\, the plasma wavelength. Depletion can be addressed by the

staging of LPAs, of which there has already been a successful demonstration!*®.

Dephasing

Dephasing is the process whereby the accelerated electrons will gain enough energy to move
faster than the plasma wave and thus move from an accelerating phase of the plasma wave

to a decelerating phase. It is possible for this to occur, as the plasma wave travels at the
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group velocity of the laser pulse, which is lower than the velocity of light in vacuo. In the
linear regime (section 1.2.3) this dephasing length is given as Lgephase ~ /\;’,/ 202 x 1 /ng/ 2,
Operation at lower densities can prolong the onset of dephasing — for example electrons in
an LPA driven by an 800 nm drive pulse will dephase after 1.84 mm for a target density of
ne = 101 cm™3 compared with 1.84 m for a density of n. = 107 cm™3. In addition dephasing
can be mitigated by longitudinal plasma density tailoring!*”) — the basic idea here is that as
the laser propagates through the plasma the density is raised to match the phase velocity of
the plasma wakefield to the velocity of the accelerated electrons. Using this technique it is

possible to accelerate electrons beyond the dephasing length.

1.2.2 Driving Laser Systems

The lasers used to drive LPAs are typically joule-level titanium sapphire (commonly denoted
as Ti:sapphire) CPA systems. These are the lasers of choice due to their ability to produce
petawatt levels of peak power in pulses a few tens of femtoseconds long[m]. The main drawbacks
of this technology are its low wall-plug efficiency and low repetition rate. State of the art
high-power Ti:sapphire systems typically operate at repetition rates of order 0.1 - 10 Hz with
efficiencies much less than 0.1%[7). The restricted repetition rate and low efficiencies are
typically due to the poor thermo-optical properties of the pump lasers, commonly frequency
doubled Nd:YAG systems. It should also be noted that the current laser systems used to drive
LPAs have less than ideal beam quality and the improvement of this is expected to lead to
benefits in the quality of accelerated electron bunches and generated radiation!*!.

The problems with current laser technology have been identified within the LPA community
and today there is a concerted effort towards the development of new laser driver technology
looking to benchmark stable, high peak power, high average power and high wall-plug efficiency

systems [42],

1.2.3 Operating Regime

The response of the plasma to the driving laser is broadly a function of the laser intensity,
wavelength and focal spot size together with the plasma density!*?. It is helpful in the

discussion of operating regimes to define the normalized vector potential, ag = eAg/mec where
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Ay is the peak value of the vector potential of the pulse. A practical formula for the normalized

vector potential can often be quite useful:

ap ~ 8.5 x 1071\ [um] /I [Wem—2] (1.4)

with Iy the peak intensity of the pulse.

For an appropriate choice of parameters LPAs may be driven in what is known as the
quasilinear regime. In this regime a near sinusoidal accelerating structure is driven which allows
for nearly symmetric regions of acceleration and focusing for both electrons and positrons.
As the process is quasilinear in nature, it is not as susceptible to experimental parameter
fluctuations and is easier to control and tune than the nonlinear regime discussed below!*?.
One of the major challenges facing LPA operation in the quasilinear regime is that by its very

nature, electrons from the background plasma are not trapped by the plasma wave and so

additional electron injection mechanisms must be investigated. The linear regime occurs when;

'L > %0 (1.5)

where v = /1 + a3/2 is the cycle averaged Lorentz factor of electrons oscillating in the field

of the laser and ry, is the characteristic length scale of the transverse laser intensity profilel*?].

By using a laser pulse with a higher ag, LPAs may be driven in what is known as the
bubble regime. In this regime a highly nonlinear plasma wake structure is driven to produce a
spherical electron-free, ion cavity which propagates behind the driving laser pulse. Electrons
from the plasma fall back into the wake structure and are trapped before being accelerated to
high energy. The advantage of this technique is that, under ideal conditions, it can provide
beams with relatively narrow band energy spectral®>4 (order 1-10%) but as with any highly
nonlinear process, fluctuations in the experimental parameters can play a large role in the
resulting dynamics and thus this mechanism is hard to control. In addition, there can be
large shot-to-shot fluctuations in the accelerated beam properties. Furthermore, this regime is
favourable for electron acceleration, but not well-suited to the acceleration of positrons as the

electron-free cavity is defocusing for positrons and thus there is only a small volume in which
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[43] [44]

they can be injected To drive the bubble regime, it is necessary to have ag > 4** and for

Va
'L < V30, (1.6)
Ap T
It should also be noted that in this regime the laser pulse is self-guided (see section 1.3.3).
Given that many applications benefit from positron acceleration and that there is the
possibility for increased control and reproducibility, it is advantageous for LPAs to operate in

the quasilinear regime.

1.2.4 Electron Injection Mechanisms

The mechanism by which electrons are injected into the plasma wakefield structure has a
large impact on beam quality. LPAs operating in the bubble regime are easier to realize
experimentally as they self-inject electrons from the ambient plasma. However, injection can
happen throughout the acceleration process rather than at one localized point which can lead
to large energy spread and beam emittance issues. These effects can be mitigated by localizing

the injection process.

Techniques used to localize the injection process include density transition injection!**6),

47-49] 50,51]

ionization injection! and colliding pulse injection! . Localization of the point of injection
can lead to lower energy spreads in the accelerated beam and lower emittances. Ideally a
wakefield would be driven in the quasilinear regime where it can be carefully controlled and an
electron beam would be injected in a small space and in a short time into the accelerating and
focusing phase of the plasma wakefield. External injection from a conventional electron source
has also been investigated and in fact was the main method of electron injection employed
in early LPAs. However, as electron beams from conventional sources are typically very long
in comparison to the plasma wavelength (length scale of the wake structure), this method of

injection is difficult to control and can lead to electrons being injected into multiple accelerating

buckets”?.
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Parameter Diamond Low-E Diamond
Linac!"] LPA) Boosterl’"]

Energy (GeV) 0.1 0.35 3

RMS Energy Spread 0.25 % 0.74 % -
Normalized Emittance (mm mrad) 507 0.057 0.0457
Pulse Duration (ps) 1000 0.035 -

Bunch Charge (pC) 50-1500 12.8 -
Repetition Rate (Hz) 5 18 5

Table 1.1: Comparison of two conventional accelerators used at the Diamond Light Source
Facility with a state of the art low-energy LPA.

1.2.5 Comparison with Conventional Accelerators

Conventional accelerators, a mature technology when compared to the relative infancy of laser
plasma accelerators, offer excellent beam quality, reliability and reproducibility all at high
repetition rates well into the kHz and MHz regimes!®. While today’s LPAs fall short of that

pedigree, there has been steady progress in their development worldwide.

Much work is currently focused on the improvement of the electron beam quality and
stability. For example the EuPRAXIA project in Europe is being designed to demonstrate
stable, high-quality electron beams and radiation sources capable of meeting the demands of

industrial, medical and high-energy physics applications®.

While it is important to realize that the beam quality of laser plasma accelerated electrons
must be improved, it is useful to note that state of the art LPAs are already comparable
to some conventional accelerators. Table 1.1 provides a comparison of the 100 MeV Linac
and 3 GeV Booster synchrotron used at the beginning of the Diamond Light Source facility
with beam parameters from a recently published article demonstrating ultra-low-emittance

55]

high-quality electrons beams from a laser wakefield accelerator!

While these parameters appear quite similar, there are some noteworthy differences, firstly
the charge accelerated by LPAs is significantly lower than that produced by the conventional
machine. However, in contrast, LPAs can provide much shorter bunch durations meaning that
the peak current is typically higher for LPAs. Nanocoulomb-class LPAs have been developed,
although currently the addition of extra charge tends to degrade the resulting beam quality®?).

Another important distinction is in the beams themselves, as discussed by Coupriel®,

While the normalized emittance of the Booster Synchrotron and the low energy LPA are

10
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comparable on paper, the beams are actually quite different and this can make the coupling of
LPA beams into secondary devices difficult. LPAs typically provide transverse beam profiles
on the micrometer scale together with wide divergences on the milliradian scale. In contrast,
conventional Linacs, typically provide millimeter scale transverse beam profiles together with
low microradian divergences. Magnetic focusing can of course allow one to convert between
the two extremes, but in the case of LPAs, the focusing device needs to be placed close to the
source to catch the exiting electron beam, which can prove difficult.

One of the most challenging differences to remedy is the energy spread of LPA electron
beams. The LPA described here is an exceptional example of a low-energy-spread beam, it is
far more typical for the energy spread to be 5-10 %. This is particularly problematic when it
comes to using an LPA electron beam as a driver for a Free Electron Laser (FEL), which is

601, 1t is possible

typically driven by an electron beam with an energy spread approaching 0.01%
to reduce the energy spread of electron beams post-acceleration using a plasma de-chirper!©',
although a reduction in energy-spread from the few percent level to levels suitable for FEL

operation has not yet been demonstrated.

1.3 Plasma Waveguides for High-Intensity Laser Pulses

Diffraction is one of the fundamental problems associated with laser driven particle accelerators.
A laser pulse focused down to achieve high intensity will not remain small indefinitely but
rather will diffract and thus lose intensity on a length scale given by the Rayleigh Range zp,
which scales as the inverse square of the laser intensity spot size, zr o< wy 2. The higher the
required intensity, the shorter the distance over which it can be maintained. This limits the
acceleration distance to the same scale, unless the effect of diffraction can be mitigated.
Extension of the acceleration length of LPAs is possible through the use of plasma waveg-
uides — either grazing-incidence waveguides with a plasma core or gradient refractive index
plasma waveguides. Grazing-incidence waveguides for LPAs are a special case of step-index
waveguides and take advantage of the grazing-incidence reflection at the interface of a solid di-
electric material and a plasma. Gradient-index plasma waveguides have a transverse refractive

index profile which is peaked on-axis, meaning that phase velocity along the optical axis is

11
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slower than the phase velocity in the wings of the pulse. The faster wings cause the wavefront
of the pulse to curve towards the axis replicating a focusing effect.

In a perfect waveguide the effects of diffraction are exactly cancelled out by the focusing
effect of the waveguide. In this way it is possible to capture a pulse at focus and cause it
to propagate for long distances while remaining tightly focused and thus retaining its high
intensity. A plasma waveguide, being composed of a material which is already electrically
broken down, will not sustain lasting damage from the passage of a high-intensity laser pulse
and can thus be reliably used to guide high-intensity laser pulses. For a detailed discussion of
the physics of plasma waveguides see section 2.2.

The idea of a plasma channel working as a “light pipe” originated in the 1970’s in the field
of thermonuclear fusion[®? where it was postulated that a creating a plasma with a density
minimum on-axis and higher densities off-axis would lead to a laser pulse being trapped within
this plasma channel structure allowing it to propagate for long distances. The creation of these

plasma density structures has been achieved in a number of ways in the intervening decades.

1.3.1 Hydrodynamic Expansion of Laser-Heated Plasma

One of the first successful methods of creating a gradient-index plasma channel structure was
through the hydrodynamic expansion of a laser-produced plasmal%-%]. A high-powered laser
fired into a gas can ionize it and heat the subsequent plasma to high temperatures. This hot
column of plasma will then expand radially outwards into the cold surrounding gas, driving a
shockwave as it does so. After an appropriate amount of time, the high density wall of the
shock together with the lower density centre, create a density structure suitable for guiding.

In the original workl%?l a 100 ps laser pulse fired into Ar, Ne or Xe ionized the neutral gas
and heated the plasma through inverse bremsstrahlung heating — this is a process whereby
free electrons are driven by the laser field and collide with ions transferring the coherent
motion of the oscillation into random, thermal motion. This inverse bremsstrahlung heated
plasma then expanded and generated plasma channels which allowed for the guiding of a
moderate intensity pulse (10'3 — 10" W cm™2) over 24 Rayleigh ranges. The two steps in

this process; ionization and heating, each have different laser requirements. Ionization favours

a relatively intense pulse, where as heating is better achieved by a long and not necessarily

12
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intense pulse. The use of a high-Z gas facilitates the ionization[*>%% process due to its outer
electrons being more weakly bound to the atom than that of a low-Z gas. This allows for a
moderate intensity pulse to both ionize and heat the plasma, which can then become further

ionized due to collisional ionization of the heated electrons with the ions.

The drawback of using high-7Z gases is that they do not easily become fully ionized, and so
guiding a high-intensity pulse can be problematic as there is a strong chance that such a pulse
will further ionize the plasma within the channel, potentially destroying the channel structure.
Additionally, ionization-induced phase modulations can distort intense pulses passing through
the channel. To mitigate these effects, low-Z gases would ideally be used to form plasma

channels as they are the easiest to fully ionize.

Attempts to employ low-Z gases were made by separating out the ionization and heating

(561 Here a short high-intensity ultrafast ignitor

mechanisms, such as the ignitor-heater method
pulse (< 100 fs) was used to form the initial plasma, while heating was achieved through the
addition of a low intensity heater pulse (160 ps). By this method, fully ionized plasma channels
were generated in a hydrogen target and were subsequently used to guide high-intensity pulses.
Indeed one of the original breakthrough papers of 2004 describing quasi-monoenergetic electron
[33]

production used this method of channel formation!”?). Variations on this technique were also

investigated by other groups!®7.

Other attempts to generate fully ionized plasma channels, by Gaul et al., included pre-
ionizing a small fraction of a He target gas with an electrical discharge, or simply by using
more energy in a longer pulse to allow avalanche ionization and inverse bremsstrahlung heating

to have enough time to build up from trace field-ionized electrons(®®.

The methods above all rely on inverse bremsstrahlung heating which requires high initial
target densities to be efficient — this means in practice that the waveguides are limited to
on-axis densities above 10'® cm™2 which is problematic for high-energy LPAs. In addition,
LPAs hoping to make use of these waveguides require auxiliary laser systems to produce the
picosecond heating pulses in addition to the ultrafast high-intensity pulses for driving a plasma

wakefield.

In 2005, in an attempt to push down the on-axis densities of these hydrodynamically

expanding plasma waveguides, Kumarappan et al. employed clustered gases®. In addition,

13
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femtosecond pulses were used to mitigate the need for an auxiliary laser system.

Clustered gases, having low average density but near solid local density, can be ionized
through optical-field-ionization and efficiently heated by inverse bremsstrahlung heating with
femtosecond pulses. This means a single ultrafast high-intensity pulse can be used to both ionize
and heat the plasma. After the femtosecond pulse has passed, the ionized clusters undergo a
Coulomb explosion and form a locally uniform plasma in under 100 psl®). Subsequently they
undergo a hydrodynamic expansion similar to the methods above. In addition, the refractive
properties of clusters leads to a self-focusing effect which prolongs the optical propagation of
the channel-forming pulse. With this method the on-axis density of hydrodynamic plasma
waveguides was reduced to ~ 10 cm ™3

In 2015, Lemos et al.l"" attempted to mitigate the need for an auxiliary laser system by
above threshold ionization heating of unclustered hydrogen and helium targets using 400 fs
pulses. A second paper from the same experiment investigated the effect of the polarization
of the driver pulse on the hydrodynamic expansion, showing that circularly polarized light

(7], These two papers were the first to show hydrodynamic

produced a faster expansion
expansion of a laser-produced plasma column which was not predominantly heated by inverse
bremsstrahlung heating. The focus of the paper was the use of ultrashort pulses to generate
plasma waveguides in place of the ~ 100 ps systems used previously, although the authors
did not seem to be aware of the work by Kumarappan et al.l% discussed above. In these
experiments the on-axis densities extended down as far as 1 — 2 x 10" ¢cm ™3 which the authors
acknowledge as useful for LPAs however, the authors did not seem to have considered the
application of these field-ionized plasma channels to act as low-density plasma waveguides.
This will be investigated in chapter 3. Within a year of finishing this thesis another work from
the same group was published demonstrating low-intensity guiding over 4 Rayleigh Ranges in

the same plasma channels, formed by a lens!™?.

1.3.2 Capillary Based Waveguides

Another set of methods used to generate plasma channels suitable for guiding high-intensity
laser pulses is through the use of capillaries. Initial experiments made use of hollow dielectric

capillaries where ionization of the inner capillary wall led to the formation of an overdense
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plasma which acted in concert with the grazing-incidence reflection from the vacuum-dielectric

el™™] Tonization from the wall was

interface to form a grazing-incidence plasma waveguid
not a necessary condition for guiding but acted to enhance it. The guiding in these first

experiments was multi-mode.

Soon after, mono-mode guiding in hollow dielectric capillaries was demonstrated and an
elongation in capillary lifetime was achieved by filling the capillary with gas["> 7. In addition,
the applicability of gas-filled capillaries to LPAs was discussed[™. Electron acceleration in
gas-filled dielectric capillaries has subsequently been demonstrated experimentally!™! and it
was found that electron acceleration was observed at lower incident intensities than would
be possible for a gas jet target. It was also demonstrated that the diameter of the capillary
structure had an influence on the electron acceleration. One advantage of these grazing-
incidence waveguides over the hydrodynamic expanding waveguides discussed above is the
ability to choose the operating plasma density independent of the guiding requirements. This
is possible as the guiding arises not from the plasma density profile, but due to reflection at
the plasma-dielectric interface.

Capillary waveguides relying on gradient-index guiding were first developed by Zigler et
al.’% and expanded on by others!®"#3. They involved the ionization of a hollow-capillary not
by a laser but instead by a slow (microsecond) electrical discharge of a few kilovolts. In these
discharge-ablated capillary waveguides, the plasma ionized from the wall filled the capillary
and was then heated by the continuing discharge. Thermal conduction at the capillary walls
led to the formation of a temperature profile which was peaked on-axis. As the pressure
throughout the capillary was uniform, this resulted in a plasma density with a minimum
on-axis. The main issues with these discharge-ablated capillary waveguides is firstly, their low
lifetime (typically 1000 shots) due to ablation of the wall and secondly, the fact that they form
partially ionized plasmas containing impurities from the walls.

Spence & Hooker expanded upon the work of Zigler and developed a hydrogen-filled capillary

(34.85] " Tn this device a slow discharge, 25 kV,

discharge waveguide made from alumina (Al2O3)
300 A, 200 ns was sparked in a capillary filled with hydrogen. The hydrogen was ionized and
heated by the discharge, forming a gradient-index guiding structure in a similar fashion to

the Zigler capillaries, namely by developing an axially peaked temperature profile through

15



CHAPTER 1. INTRODUCTION
1.3. PLASMA WAVEGUIDES FOR HIGH-INTENSITY LASER PULSES

thermal conduction to the capillary walls. Forming the plasma from hydrogen gas rather
than the capillary wall itself allowed for an increase in capillary lifetime of three orders of
magnitude to 10° shots. The contamination of the plasma with Al and O ion impurities from
the capillary walls were determined to be small at 0.3% and at this level, could in fact be
useful for techniques such as ionization injection. Another advantage of using hydrogen gas
was the ease with which is could be fully ionized, mitigating the effect of ionization induced

refraction which can occur in partially ionized plasmas.

Since being proposed these gas-filled capillary discharge waveguides have been shown to
work with a number of different target gasesl®, have been shown to work at low densities
with electron generation being observed for on-axis electron densities of 3.2 x 1017 cm 30801
Developments with water cooling the structure and improvements to the discharge technology,
spearheaded by the Berkeley group, have led to the demonstration of guiding of continuous

87]_

wave lasers with these waveguides at kHz repetition rates! There is however, no evidence of

guiding high-intensity pulses at high repetition rate¥.

Another method of generating gradient-index waveguides in capillary structures is through
the use of a Z-Pinch. This technique was pioneered by Hosokai et al. and while this work
uses an electrical discharge in a gas filled capillary, the process of channel formation is
fundamentally different to the device developed by Spence & Hooker due to the differing
discharge properties. Hosokai employed a 20 kV, 4.8 kA, 15 ns Z-Pinch discharge in a helium-
filled alumina capillary. The magnetic pinch effect associated with the z-pinch compressed
the plasma, forming a shockwave which travelled radially inwards. Prior to reaching the axis,
the converging shockwave led to the formation of an electron density profile with a minimum
on-axis. These capillaries suffered from low lifetimes (~ 10* shots), complex electrical circuitry

and unstable shot-to-shot guiding due to electrical jitter.

TCapillary Discharge Waveguides have demonstrated operation at 1 kHz for a duration of almost 3 hours
with negligible erosion of the capillary wall due to the discharge. However, in these tests a CW laser was guided,
not a highly-intense pulsed beam. The authors suggest in their conclusions that a sufficiently high-quality laser
mode and an auxiliary pulse to extract residual wake energy through photon acceleration could allow for LPA
operation at kilohertz repetition rates®). While extraction of wake energy has indeed been demonstrated[28]7
there is no experimental evidence yet, supporting the claim that this technique would be sufficient to allow
kilohertz operation of a gas-filled capillary-discharge waveguide with a high-intensity pulse.
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1.3.3 Self-Guiding

While many of the techniques discussed so far rely on the creation of a preformed plasma
channel for guiding, this is not necessarily needed. At high-enough intensities an intensity-
dependent refractive index increase is seen. This increase in the refractive index is highest
on-axis, where the pulse is most intense, and leads to a focusing effect. The intensity-dependent
refractive index arises from two effects i) a relativistic increase in the electron mass due to
their quiver motion and ii) a reduction in electron density due to the ponderomotive expulsion

of electrons(®%:891

This self-focusing effect will counteract diffraction when the laser pulse exceeds a critical
power, P.,.[GW]| = 17.4"7‘9;[901. However, the condition for self-focusing is not enough to ensure
self-guiding. The guiding effect arises from the high-intensity modification of the plasma
refractive index and so the leading edge of the laser pulse, which has a lower intensity, is not
guided in the same manner as the rest of the pulse. This causes the leading edge of the pulse
to not be guided but to diffract, albeit at a rate slower than vacuum diffraction!”!]. Indeed
this etching of the front of the pulse can cause the laser to develop a sharp rising edge which
can lead to pulse breakupl’?. This is particularly problematic for short pulses and was one
of the reasons it was originally thought that it would not be possible to self-guide ultrashort
pulses cr < A\,. However, it has since been demonstrated that self-guiding is indeed possible
for short pulses provided that the leading edge of the pump pulse depletes quicker than it
diffracts. This leads to a stricter definition of the power necessary for self-guiding of short
pulses P} [GW] = 2.18 (%)8/5[44]. For channel guided laser pulses, where diffraction of the
leading edge is mitigated, this condition relaxes to P}. 2 P, and the self-guiding and channel
guiding effects can work in tandem to keep the pulse guided.

While this guiding method offers the advantage of simplicity and robustness, it requires
that the electron motion in the incident laser field to be relativistic, meaning that operation of
LPAs based on self-guiding is inevitably restricted to the nonlinear-wakefield regime where
there is much less control over the properties of the accelerated electron bunch. Further,
operation at low-densities requires extremely high-power lasers; for example an LPA working

with an 800 nm drive laser at an electron density of 107 cm™3 requires a power 0.3 PW to

self-guide or 100 PW to self-guide if it is ultrashort and the scaling by Lu et al. is followed!*4.
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1.4 Looking to the Future

It is an exciting time for LPAs. Energy spread aside, LPAs are fast approaching the beam
quality necessary for use as injectors to synchrotron light sources and seeds for FELs. Operation
in the quasilinear regime together with the successful mastering of controlled injection will
likely lead to the reduction in energy spread necessary for precise scientific applications. In
addition, LPAs have already been successfully used to generate antimatter®>%4 applied to
medical imaging!”! and have shown promise as being suitable for a host of other applications

in industry and defencel??).

One of the outstanding issues, preventing LPAs from becoming competitive alternatives
for accelerator applications in industry, medicine and science, is the repetition rate and the
shot-to-shot stability of the accelerated beams. It should be noted that these two issues are
not independent; increased repetition rates will allow for the development of more stable
and robust accelerators through the use of automatic feedback systems as has been recently

demonstrated[9].

As discussed earlier, the laser technology necessary for kilohertz operation of LPAs has been
identified as a pressing issue but it is not just the laser technology which is preventing high
repetition rate operation. Robust plasma sources also need development to operate for extended
periods at this level. Several groups have recently demonstrated kilohertz operation of MeV-

scale LPAs, taking advantage of several developments in plasma source technology including

[97] [100]

near-critical density gas jets””, micro-scale gas jets®®??) and flowing-liquid targets!!?%,

It would be advantageous to develop plasma sources and associated technologies capable of
multi-kilohertz operation for days without the need for source replacement. In this thesis the
issue of plasma waveguide development for future high-repetition rate LPAs is investigated.
Assuming a method of confining the target gas in a suitably robust way is developed, the

question remains; how is a high-repetition rate plasma waveguide constructed within that gas?
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1.5 The Problem: Waveguides for the Next Generation of
LPAs

Current proposals for the next generation of high energy LPAs, such as the BELLA 10 GeV
project and the EuPRAXIA 5 GeV project require guiding of the driving laser pulses over
distances on the order of hundreds of millimeters in plasma channels with low on-axis densities
of order 107 W ¢m—2[101,102],

With this in mind, it is possible to start thinking about what an ideal plasma waveguide
for this next generation of laser plasma accelerators looks like. Such a waveguide should: i) be
able to operate for extended periods at high repetition rate without damage to the waveguide
structure allowing for long uninterrupted periods of operation. ii) It should be capable of
operation at low density of order 10’7 cm™3. iii) It should be capable of guiding high-intensity
laser pulses (~ 1017 Wem™2) over hundreds of millimeters. iv) It should be compatible with
wakefield acceleration in the quasilinear regime.

Currently no waveguide can meet all four of these requirements. It is possible instead,
to group the current waveguiding technologies into two categories. a) Waveguides which
can operate at low density but are susceptible to laser damage, such as the capillary based
waveguides and b) waveguides which are effectively indestructible but cannot operate at low
density, such as the hydrodynamically expanding plasma waveguides. Self guiding would
also fall into category b with the additional constraint of not being able to operate in the
quasilinear regime.

In this thesis, a new plasma waveguide capable of meeting these challenging requirements is
investigated. The Hydrodynamic Optical-Field-Ionized (HOFI) plasma waveguide is an adap-
tation of the hydrodynamically expanding plasma waveguide discussed in section 1.3.1. Rather
than collisional ionization and heating of the initial plasma with picosecond pulses, optical-
field-ionization and heating with femtosecond pulses is employed. Optical-field-ionization
being an atomic process, heats the ionized electrons independent of the target density. This
allows for the formation of low-density initial plasma columns which can subsequently expand
into low-density plasma channels. In addition, optical-field-ionization is ideally suited to
femtosecond pulses and so there is no need for an auxiliary laser system to produce the plasma

channel.
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1.6 Thesis Outline

The contents of the remaining chapters are outlined below:

Chapter 2: Theory and Methods

A review of theory relevant to the subsequent chapters is presented here along with
experimental methods pertaining to the key diagnostics. The theory relates to plasma
waveguides, optical-field ionization, Sedov-Taylor blast wave theory and axicon focusing. The
methods include details of the focal spot analysis techniques for both parabolas and axicons
together with a detailed discussion of transverse and longitudinal interferometry.

Chapter 3: Demonstration of Low-Density Lens-Formed HOFI Plasma Channels
Results are presented here from the first proof-of-principle demonstration that
optical-field-ionized plasmas can form low-density hydrodynamic plasma channels. The
experiments here were performed using the Oxford group’s TW laser system.

Chapter 4: Guiding In Axicon-Formed HOFI Plasma Channels: Experimental
Design and Setup

The results of chapter 3 helped to bolster an application for beam time at the Astra-Gemini
facility to demonstrate guiding in low-density axicon-formed HOFI plasma channels. Here
design considerations for that experiment are discussed and the experimental layout that was
employed is presented.

Chapter 5: Guiding In Axicon-Formed HOFI Plasma Channels: Implementation
and Results

The implementation of the experiment at the Astra-Gemini facility and the key experimental
parameters are discussed. The experimental results are presented, demonstrating for the first
time, axicon-formation of HOFI plasma channels together with the guiding of a high-intensity
pulse in those channels.

Chapter 6: Conclusions

A summary of the work described in the thesis is presented along with conclusions. Finally,

the scope for future work on HOFI plasma channels is discussed.
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Chapter 2

Theory and Methods

In this chapter the theory and methods relevant to subsequent chapters of the thesis are
discussed. This includes a detailed look at focusing, plasma waveguides, optical-field-ionization,
Sedov-Taylor blast wave theory, beam simulation, experimental beam characterization and

interferometry.

2.1 Focusing of Electromagnetic Radiation

The focusing of electromagnetic radiation for the generation of high intensities is typically
achieved using spherical or parabolic optics. When these optics are used in combination with
Gaussian beams there are some useful relationships which act as a shorthand for determining
the properties of the focused beam. While the spatial profile of beams produced by high-power
Ti:sapphire laser systems are typically closer to a top-hat or super Gaussian profile, it is found
that these relationships are still a good approximation.

The f-number of a focusing system is defined as fy = f/D, where f is the focal length of
the optic and D is the diameter of the beam incident upon that optic. Knowing the fu of the
focusing system allows for quick estimates of parameters such as the spot size wg, which for a

Gaussian beam is the radius at which the intensity falls to 1/e? of its peak value;

Y

wo = 7)\.]6# ~ O.9)\f# . (2.1)
s

High intensities can be achieved when a beam is focused to a small spot size, although
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once focused, the beam will quickly start to expand again, causing the peak intensity to drop.

The spot size of a lowest-order Gaussian beam evolves as,

w(z) = wor |1+ (Z)Q, (2.2)

ZR
with zr the distance, measured from the focus, over which the peak intensity of beam drops

by a factor of two. This is defined as the Rayleigh range or Rayleigh length!'0]

)

2R = T”A”g ~ 2.5Mf% (2.3)

For example, for an 800nm beam focused to a spot size of wg = 20 pm, the Rayleigh range

is 1.57 mm, leading to a total distance over which the peak intensity exceeds at least half the
focal value of 2zp = 3.14 mm. Diffraction can therefore pose practical problems since not only
is the intensity continuously varying over any finite interaction region, but assuming that
the experiment requires high intensity, as is the case in many LPA experiments, the effective

interaction is limited to order the Rayleigh range.

To increase the interaction length, there are several options. The easiest solution is to use
a higher fy focusing setup, although at the cost of a reduced peak intensity which varies as
Iy x 1/ fi for a fixed laser energy. A different kind of focusing optic, such as an axicon could
be used (section 2.5), although this also reduces the peak intensity achievable for a given laser
energy. However, one of the most common solutions is to prevent diffraction by guiding the

beam.

2.2 Plasma Waveguides

In section 1.3 the need to guide highly-intense laser pulses over distances exceeding the Rayleigh
length was established in the context of laser plasma accelerators. Two plasma waveguides
were introduced; the grazing-incidence waveguide and the gradient refractive index plasma

waveguide. In this section the theory of plasma waveguides is discussed.
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2.2.1 Grazing-Incidence Waveguides

As mentioned in section 1.3, grazing-incidence waveguides are a special case of step-index
waveguides and take advantage of the grazing-incidence reflection at the interface of a solid

dielectric material and a plasma.

A step-index optical waveguide consists of a core of refractive index 7coe and an outer
cladding with a refractive index 7.1.q. The step-index refers to the abrupt change in refractive
index at the core-cladding interface. Solving the Fresnel equations at this interface shows that
for the case of Neore > Nclad, a ray which hits the interface at grazing-incidence will undergo
total internal reflection. Indeed a full electromagnetic treatment shows that for the case of a
cylindrical step-index waveguide, there exists a set of bound or lossless modes. The impact of

step-index optical fibres in the telecommunications industry is well known.

In guiding high-intensity lasers it is necessary to employ a plasma or vacuum core to avoid
lasting damage to the waveguide structure. Plasma has a refractive index, nplasma < 1, and so
for a dielectric cladding a step-index waveguide with a plasma core will have ncore < 7claq- This
means that total-internal reflection is not possible and thus there are no truly bound modes,
only quasi-bound modes. However, at grazing incidence, reflection from the plasma-dielectric
interface is high and so a laser pulse can be guided a considerable distance, albeit whilst

experiencing a small propagation loss.

Achieving monomode guiding in these waveguides requires matching the radius of the
core region to the input spot size. It has been shown that by selecting a core radius of
Teore = 1.55 wy, it is possible to couple 98 % of a Gaussian beam into the lowest order mode

of the waveguidel'%.

The transmitted energy in a grazing-incidence waveguide with a vacuum core decays

exponentially with increasing waveguide length,

T = Tyexp /el (2.4)

where L is the length of the waveguide and «; /. is loss per unit length which, for the lowest
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order mode, can be written as:

2.88 1+ €claa

A1/e = 1
/ k2r§ore Eclad - ]-

here, k is the free space wavenumber in vacuum, 7core is the radius of the core region and €jaq

(2.5)

is the relative permittivity of the cladding region!!’"). For 800 nm light in a glass capillary
(€clad = 2.25) of core radius 30 pm, it is found that the 1/e attenuation length L, /. = 200 mm.
The addition of gas to the hollow capillaries and the use of high-intensity lasers, as required
for experiments in plasma acceleration, increases coupling and propagation losses. The drop
in transmission, shown to be of order 40 % for the addition of 20 mbar of helium, is linked

with ionization of the neutral gas!™!.

2.2.2 Gradient Refractive Index Plasma Waveguides

As stated in the introduction, gradient refractive index plasma waveguides have a transverse
refractive index profile which is peaked on axis, meaning that the phase velocity along the
optical axis is slower than the phase velocity in the wings of the pulse. The faster wings cause

the wavefront of the pulse to curve towards the axis replicating a focusing effect.

The required variation of refractive index can be produced by a varying electron density

profile in a plasma. The refractive index of a plasma can be written as,

2

Ne€
=4 /1- — 2.6
7 e (2.6)

where n. is the local electron density, e is the elementary charge, m. is the mass of the electron,
€0 is the permittivity of free space and w is the laser frequency. It is useful in this case to
define the critical density, the density at which electromagnetic radiation of frequency w will

not propagate within the plasma but be reflected from it (section 2.5.2);

meeow2

Ner =

5 (2.7)

In the limit of ne/n. < 1 a Taylor expansion of the square root is possible and the

24



CHAPTER 2. THEORY AND METHODS
2.2. PLASMA WAVEGUIDES

refractive index may be written as,

Ne

n~1-— (2.8)

2Mer

This condition holds for optical wavelengths and plasma densities in the range useful for

LPAs (10'7 to 10! em™3). In this case the plasma is said to be highly underdensel'%%).

Infinite Parabolic Plasma Waveguide

As can be seen from equation 2.8, an increase in electron density will provide a reduction
in refractive index and so an electron density profile with a minimum on axis can act as a
gradient-index plasma waveguide. One example is the infinite parabolic plasma waveguide

which has a parabolic electron density profile given by,

1
r?, (2.9)

ne(r) =n,
e(7) O+wj‘;l7r7“e

where r is radial distance from the optical axis, r. is the classical electron radius and wy, is
the 1/e? intensity spot size of the lowest order mode of the channel, known as the matched
spot size.

The modes of such a plasma waveguide can be represented by a set of Laguerre-Gauss

modes[106-109]

9 m
_r2 [(9p2)\ 2 22\ . .
E(r,¢,2) = Ae_ w3 (g) Ly (2) eimoeib (2.10)
wm wm
where A is a scaling factor and L}'() is the generalized Laguerre polynomial. The modes in

equation 2.10 are determined by the radial and azimuthal indices p and m, with the m # 0

modes having an intensity node on axis. The first few modes are plotted in figure 2.1.

While the matched spot size of the lowest order mode has been defined for an infinite
parabolic plasma waveguide, the result is applicable for plasma channels with a wide range of

transverse profiles!!0%,
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Figure 2.1: Electric field (left) and intensity profiles (right) of the first nine Laguerre-Gauss
modes covering the index space m =0,1,2; p=0,1, 2.

Truncated Parabolic Plasma Waveguides

The generation of an infinite parabolic plasma waveguide is, of course, impossible. Real plasma
waveguides are better represented by a truncated parabolic plasma waveguide as depicted in
figure 2.2. The mode structure of such a waveguide has been shown to be well approximated by
the mode structure of the infinite parabolic plasma waveguide, albeit with a reduced number
of modes. The modal cut-off is determined by the electron density difference between the axis

and the wall, together with the radius of the walll'?%l. Allowed modes satisfy the equation;

(2p +m + 1)

Ane = ne(ry) — ne(0) > )

(2.11)

with n.(0) the on-axis electron density, r,, the radius at which the wall of the channel peaks
and n.(ry) the electron density at the wall. Here, as above, p and m are the radial and

azimuthal mode indices.

A detailed investigation into the attenuation of the modes in real graded-index plasma
waveguides has been performed by Clark et al.'%) who investigated the modal structure both

analytically and numerically. Solving the wave equation for the modal structure of a plasma

26



CHAPTER 2. THEORY AND METHODS
2.2. PLASMA WAVEGUIDES

waveguide amounts to solving the Helmholtz equation;

Viu(rl) + (1, w)u(rl) =0, (2.12)

with Vi the transverse Laplacian, k the transverse wavenumber and w(r]) the ampli-
tude of the axially propagating electric field solutions to the wave equation, E(r],z) =
u(r] ) exp? exp~®1/¢*, Here f3 is the real part of the propagation wavenumber in the plasma
channel while /. describes the attenuation along the waveguide due to tunneling losses of

the field energy.

The transverse wavenumber can then be represented by;

. ne(rj_) . <B2 +a%/e)

2(.~ 2
kK (ri,w)=k |1 2.13

( L ) Ner 2 ( )
Infinite parabolic Truncated parabolic Hydrodynamic expanding
plasma waveguide plasma waveguide plasma waveguide

(a) (b) (c)
Radius > Radius » Radius >
[ 1 Electron Density 1 Region with x* <0

Figure 2.2: Graphic illustrating the electron density profiles of three gradient refractive index
plasma waveguides. Also shown is the region, for each waveguide, in which the
transverse wavenumber 2 < 0.

Clark groups solutions to equation 2.12 into three categories according to the behaviour

of k2.

Propagation of an electric field within the plasma structure requires that x2 > 0
somewhere. Radiation modes are described by % > 0 for all r| ; that is to say that there
is no confinement. Bound modes are described by a central region of the plasma structure

with k2 > 0 but with x? < 0 for all radial position beyond some value, © > r,. These

modes are completely confined to the region r < ry. Figure 2.2 denotes the situation for
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the quasi-bound modes of real graded-index plasma waveguides formed by hydrodynamic
expansion — in this case k2 > 0 for the central region of the plasma, then within the shock
region the transverse wavenumber becomes imaginary, s < 0, while outside the waveguide
where the electron density has dropped to zero the the transverse wavenumber becomes real
again, k2 > 0.

The main difference between the modes of an infinite parabolic plasma waveguide and a
truncated plasma waveguide are that the modes of the former are all bound modes while the
truncated plasma waveguide has no bound modes — only quasi-bound or leaky modes and
radiation modes. Radiation modes are not confined within the channel, while quasi-bound
modes are partially confined with a non-negligible field amplitude outside 7, (due to tunneling
of the field), where the radiation diverges at a shallow angle with respect to the optical axis!07],

For general electron density profiles, equation 2.12 must be solved numerically. A code
has been developed by the Maryland group to perform these calculations and is described by
Clark!'?]. Indeed this code is employed in chapter 3 to calculate the guiding properties of

experimentally generated plasma channels.

Spot Oscillations

As in the case of grazing-incidence waveguides, it is desirable to match the spot size of the
beam to be guided to the matched spot size of the plasma channel to ensure maximum coupling
efficiency into the lowest order mode and ideal propagation within the channel. Input beams
110]

with spot sizes wo # wy, can still be guided, although will undergo spot-size oscillations!

with the spot size of the beam at a position z along the waveguide given by;

4 4 4
1+w’jf+<1—wﬁ;>cos< : ) . (2.14)
wy wy k wp,

This spot size oscillation is illustrated in figure 2.3 where the propagation of a mismatched-

wg

wi(z) = 2

spot in an infinite parabolic plasma waveguide has been simulated using a beam propagation
code written by the author and discussed in detail in section 2.4. Plotted in panel (a) is an
intensity map showing the propagation of the spot through the channel while panel (b) shows

the measured 1/e? spot size from the simulations together with the spot size calculated using
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Figure 2.3: Propagation of a mismatched spot. Panel (a) shows a beam propagation simulation
of the intensity variation of a beam as it undergoes mismatched propagation in
an infinite parabolic plasma waveguide. Panel (b) shows the measured spot size
from the same simulation together with a theory curve described by equation 2.14.
Panel (c) shows how the spot size measured at the exit of the channel is affected
by variations in the matched spot for a fixed input spot of wg = 25 pm.

the formula in equation 2.14.

In these simulations an 800 nm beam with a spot size of wy = 25nm was propagated
15 zr = 37mm in an infinite parabolic plasma channel. The channel had an on-axis density of
1 x 10® cm ™3 and a matched spot size w,, = 30 pm.

Panel (c) shows how the spot size measured at the end of the channel, w, would vary as a

function of matched spot size, w,, for a given input spot size, wg = 25 pm.

2.3 HOFI Plasma Waveguides

Introduced in chapter 1, hydrodynamic optical-field-ionized (HOFI) plasma waveguides offer a
alternative mechanism for generating plasma waveguides with properties that are advantageous

for LPAs. HOFI waveguides are a type of graded-index plasma waveguide which can be formed

29



CHAPTER 2. THEORY AND METHODS
2.3. HOFI PLASMA WAVEGUIDES

in free space without need for an external structure. Further, these waveguides rely on a
heating mechanism which operates independent of density. This leads to a plasma waveguide
which has the potential to be operated at low density for extended periods without lasting
damage to the plasma structure. If formed by an axicon lens, these waveguides could extend

to lengths on the scale of the hundreds of millimeters necessary for future high-energy LPAs.

The formation of HOFI plasma waveguides can be subdivided into two key steps — the
first is the ionization and heating of the plasma, the second is the expansion of the hot plasma

into the cold surrounding gas. In this section both stages are explored theoretically.

2.3.1 Optical-Field-Ionization

The photoionization of all gaseous elements (at s.t.p) by visible to NIR wavelengths requires
high-intensity sources. This is because the ionization energy Fi,, of these elements lies in the
range 10-25 eVl whereas the photon energy, E) = he/ A, at visible to NIR wavelengths (390
- 2500 nm) is between 0.5 €V and 3.2 €V. A single photon alone cannot impart enough energy
to ionize an electron, but rather many photons must be "stacked" to provide the required
energy. As one can imagine, the cross section for this "stacking" process is small and thus
high-intensities are required.

Optical-Field-Ionization (OFI) refers to the ionization of atoms or molecules by a high-
intensity optical field. Mathematically, optical-field-ionization requires solving the time-
dependent Schrodinger equation (TDSE) for a Hamiltonian containing terms pertaining to
the atom or molecule of interest, the radiation field and the interaction between the two.
The methods used to solve this complex equation determines the way in which the ionization
process is viewed[*12.

Optical-field-ionization is generally divided into two subcategories; i) Multi-Photon Ioniza-
tion (MPI) which is historically characterized by the use of pertubative methods to solve the
TDSE and ii) Tunneling Ionization (TT), historically this involved reducing the problem to that
of a quantum-tunneling problem. To determine which subcategory of ionizaiton mechanism
is relevant to a particular set of conditions the Keldysh parameter 7, is calculated. This

is the square root of a scaled ratio between the ionization energy and the ponderomotive
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energyl112:113] U,

Eion
= 2.15
Tk 2Up ; ( )
where the ponderomotive energy can be written as,
e\ |E?
Up=—5—=. 2.16
P 16m2mec? ( )
The ponderomotive energy can also helpfully be written in terms of intensity,
UpleV] = 9.3 x 1071 T[W em™2] A2 [m] . (2.17)

As discussed in chapter 1, the ponderomotive energy is the cycle-averaged quiver energy of
an electron in an electromagnetic field!!*4-116],

It should be noted that the value of intensity used in the calculation of the Keldysh
parameter should be the intensity at which the ionization actually occurs, rather than the
peak intensity of the laser pulse used!!'7].

MPT dominates for the case of v, > 1 or the case of short-wavelength, low intensity (as
vk scales with 1/ (A\ﬁ )) while TI dominates for v, < 1 or long-wavelength, high intensity.
For the experiments described in this thesis and for many other works involving the use of
NIR laser systems, low-Z elements and moderate peak intensities there exists a grey area of
v ~ 1. Specifically, for ionization energies between 10 and 25 eV, peak intensities of order
10 — 10> Wem™! and a center wavelength of 800nm the Keldysh parameter lies in the
range 0.28 < i < 1.45. In this regime of v ~ 1 it is found that, depending upon the specific
situation, the experimentally observed ionization process may be better described by MPI or
TI independent of whether ; < 1 or ~; > 11117 119],

In this thesis a slightly stricter delineation of the theory of photoionization is followed.
Freeman states that for highly intense laser pulses, U, > FEj,, > hw, pertubative methods
break down and the ionization process is best described by tunneling ionization!*'%.
Tunneling ionization may be investigated theoretically using the Ammosov Delone Krainov

or ADK model"?). Indeed, this is a standard method of calculating the kinetic energies of

such tunnel-ionized-electrons. Further, the ADK model can also be used to determine the
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threshold ionization intensity of a particular ion state — this is a well defined threshold of

intensity, above which ionization to this state occurs rapidly.

For very short pulses with electric fields comparable in magnitude to the atomic field of the
bound electron, a third theory of photoionizaiton emerges — barrier suppression ionization
(BSI). In BSI, the atomic potential is strongly distorted such that the electron is permitted
to escape classically from the atom, rather than quantum mechanically tunneling out. Short
pulses are necessary to ensure the validity of this theory as the electric field must ramp up in
magnitude quickly to prevent excessive tunneling of electrons out of the atom on the leading
edge of the pulse. In this case, “short” refers to pulses with Gaussian temporal profiles of

duration less than 300 fs for the noble gases and less than 100 fs for atomic ions!'?!).

Ionization rates and energy spectra in the BSI regime can be calculated as an extension of
the ADK model used in the TT regimel'??. This involves the addition of a classically derived
term to the ionization rate at the critical field given by;

E2 e

E — ion
¢ e3Z

(2.18)
Indeed, the particle-in-cell code EPOCH!2% implements ionization in this Way[u’ﬂ.

The critical field, F. required for BSI, is the laser field strength which matches the
electrostatic field binding the electron to the ion. This also provides a good approximation to

ionization threshold intensity!*'";

ce 2
It = 20 ‘Eg )
B 2 (2.19)
_ ion
IT = (1 + ap)726622 y

where here an additional parameter o), has been included to account for the polarization of the
driver. Linearly polarized light is denoted by «y, = 0, while circular polarization by ay, = 1.
For the ionization of atomic hydrogen (FEi,, = 13.6€V) by circularly polarized light,
calculations in EPOCH provide a threshold intensity of 4.0 x 10" W cm™2. Using equation
2.19, the same parameter is calculated to be 2.8 x 10! W cm™2 — the estimation differing by

only 30 % from the EPOCH value.

Across all three mechanisms of ionization, it is shown that linearly and circularly polarized

32



CHAPTER 2. THEORY AND METHODS
2.3. HOFI PLASMA WAVEGUIDES

drivers produce quite different electron kinetic energy spectrall14125,126]

Typically the use
of circular polarization acts to produce electrons with a higher kinetic energy. This arises
physically, in the case of TI and BSI, from the drift velocity gained from motion of the free
electron in the laser field.

To understand this, consider an electron ionized in the field of a laser pulse. The subsequent
motion of the electron will have two components — a driven oscillatory component as the
electron oscillates in the electromagnetic field of the pulse and a drift component which is
obtained at the point of ionization dependent on the field in which the electron is born!*!%.
Once the laser pulse has passed, the driven oscillatory motion will disappear and the remaining
motion will be due entirely to the drift component. In the case of linear polarization the
initial velocity of this drift motion depends upon the phase in the optical cycle at the point
of ionization. For circular polarization, the amplitude of the electric field remains constant

throughout the ionization process and so electrons are always born with the maximum drift

velocity.

2.3.2 Sedov-Taylor Blast Wave Theory

Once ionization and heating have occurred, the plasma will expand radially outwards into the
cold surrounding gas, driving a radial blast wave as it does so.

The dynamics of a blast wave expansion are highly nonlinear, and thus difficult to solve.
However, a standard way of modeling the expansion dynamics of a blast wave was developed
independently by Sedovl'?”l and Taylor!'28* in the 1940’s. The solution relies fundamentally
on the concept of similarity — the idea that the physics involved is somewhat invariant to a
change in the scale of the problem. The assumption of similarity allows for a reduction in the
number of free variables and thus a reduction in the complexity of the solution.

If a cylindrical shock is assumed, as will be the case for plasma waveguides, then according

[130]

to the Sedov-Taylor solution!**"!, the shock front position, r; evolves in time ¢ as;

1)% Et?
iy = QA B (2.20)
T Pm

*Interestingly, Taylor estimated the strength of the first Atomic Bomb explosion from declassified pictures of
the Trinity Test released in LIFE magazine. Using dimensional analysis, Taylor estimated the strength of the
explosion to be equivalent to 17kt of TNT — incredibly close to the official value of 21 kt!'?] which was still
highly-classified at the time.
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where v4 is the adiabatic index of the medium, Ej is the energy per unit length contained
within the blast wave at ¢ = 0 and p,, is the mass density of the unshocked region.

The conditions required for the formation of a blast wave can be produced by laser-matter
interactions. In particular, for the case of waveguide formation this is achieved through
the creation of a thin, hot column of plasma. The Sedov-Taylor solution has been applied
successfully to the expansion of high-density hydrodynamic plasma channels heated by inverse-
bremmstrahlung!**!l and optical-field-ionization!™). Thus it has become the standard method
of characterizing the temporal evolution of hydrodynamic plasma waveguides. The applicability
of the Sedov-Taylor solution to low-density HOFI plasma channels will be discussed in chapter
3.

One feature of a blast wave expansion of particular importance in the formation of plasma
waveguides is the generation of a shock-front. As the hot plasma expands radially outwards
into the cold surrounding gas, at a speed higher than the speed of sound in the gas, plasma
builds up at the plasma-gas interface. This results in a density profile in which the number
density rises rapidly as the shock front is approached from the axis and falls off sharply to
zero at the plasma-gas interface. This leads to the creation of structure, very like that shown

in figure 2.2, which is an excellent example of a graded-index plasma waveguide.

2.4 Beam Propagation Method

In many situations it is useful to simulate the propagation of a beam within a plasma
structure. This can be done using scalar diffraction theory and one method of performing
these calculations is using the Beam Propagation Method (BPM). Indeed, in this thesis, the
Fast-Fourier Transform Beam Propagation Method (FFT-BPM) is used to simulate the probing
of HOFI plasma channels to determine whether or not a probe beam will suffer detrimental
refraction from the waveguide structure in longitudinal interferometry measurements (sections

3.4.6 and 5.5.2).

Put plainly, this amounts to solving the Helmholtz equation in a split step calculation;

V2E(z,y,2) + k*n*(2,y,2)E(z,y,2) =0, (2.21)
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where F(z,y, z) the electric field amplitude and as before, k is the free-space wave vector and
7 is the refractive index of the medium through which the beam propagates. The solution is

assumed to vary slowly along the propagation axis,

E(z,y,2) = u(x,y,2) exp” ™, (2.22)
and the parabolic approximation is applied,

9%u

022

)
<P@£w (2.23)

Substituting the solution into equation 2.21 and rearranging, one ends up at the parabolic
wave equation;
ou (- ik

This can be written as sum of operators A and E, representing diffraction or free space

propagation and refraction respectively.

A=-1v2, (2.25)
2%

~ ik

B=-"(n-1
5 (1—1)

The solution to equation 2.25 can be written as a split step operation where free space
propagation and refraction are calculated independently. In particular, for the methods
employed here, the procedure is to propagate the field forwards with the diffraction operator
half a step dz/2, calculate the effect of refraction for the whole step 6z and finally, propagate

the field with the diffraction operator for a second half step;

u(z,y,z 4+ 0z) = exp (522121\) exp (5Z§) exp (622121\) u(z,y, z). (2.26)

The FFT-BPM code has already been compared to the mismatched propagation of a

Gaussian beam in an infinite parabolic plasma channel (figure 2.3). Figure 2.4 demonstrates
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Figure 2.4: Demonstration of the FFT-BPM code. Panel (a) shows the simulated free space
diffraction of a Gaussian beam focused to 30 pm. Panel (b) shows the peak-intensity
of that Gaussian beam as a function of axial propagation distance z, together with
an analytic expression for the diffraction of a Gaussian pulse. The remaining two
panels show simulations of the propagation of a Laguerre-Gauss beam with m =
2 and p = 1. Panel (c) represents its propagation in free space while panel (d)
shows its invariant propagation in a suitably matched infinite parabolic plasma
waveguide. The colour scale for all three intensity maps is the same.

calculations from three other situations. Panel (a) shows the free space diffraction of a Gaussian
beam focused to 30 pm over a range of 3zr. In panel (b) the axial intensity over the propagation

distance is compared with simple Gaussian pulse theory showing excellent agreement.

Also shown is the propagation of an (p,m) = (1,2), Laguerre-Gauss mode (equation 2.10).
In panel (c) the diffraction of such a mode into free space is shown while in panel (d) the

matched propagation within a suitably matched infinite parabolic plasma channel is shown.
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Figure 2.5: (a) Schematic of an axicon of base angle ¥ and refractive index 7, focusing rays
from an annulus of collimated light at an approach angle of a towards the optical
axis and (b) a simulated focal image for an 800 nm beam focused by a ¥ = 5°,
BK7 (n = 1.5108) axicon demonstrating the characteristic Bessel profile. The
black lines indicate vertical and horizontal lineouts of the simulated focus.

2.5 Axicons for HOFI Plasma Channel Formation

As discussed in section 1.3, focusing from traditional spherical or parabolic optics limits the
effective interaction length due to diffraction. This makes creating a plasma waveguide for
applications with such optics both difficult and inefficient. The inefficiency in waveguide
formation is a natural consequence of parabolic focusing optics as such optics are designed
to focus as much optical energy as possible to a point, the focus. In contrast, for plasma
waveguide formation, it is necessary to spread that optical energy into a line with a length
corresponding to the desired waveguide length. In other words, rather than focusing light to a
point focus, the creation of a line focus is preferred. One optic capable of forming such a line
focus is an axicon lens!'*?. This is a transmissive optic which has a conical surface, rather

than a parabolic or a spherical one.

2.5.1 Focal Intensity Profile of an Axicon

Axicons are quite simple to understand qualitatively, a beam of monochromatic rays incident
upon an axicon of refractive index 7, and base angle ¥ will enter through the back face of the
optic undeviated, as shown in figure 2.5. The rays then hit the front surface where they are all
refracted towards the optical axis at the same angle a(\) = arcsin (74(A) sind) — 9.

Since all of the rays leaving the axicon approach the optical axis at the same angle, there

is a direct mapping of radial beam position, r, to longitudinal position, z, where a ray crosses
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the optical axis, z(r) = r cot @. This means that the length of the focal region can be tuned
easily by either changing the size of the incoming beam or the axicon base angle. Figure 2.5
shows an axicon focusing an annular beam of thickness Ar, leading to the formation of a focal
region of length L., = Ar cot a.

To understand the pseudo non-diffracting nature of the axicon, consider the radial wave
vector of the beam in the focal region. At any focal position z, the radial wave vector of
the beam is k. = ksina. This means that at any z position in the focal region the same
interference pattern is observed. For a beam with zero angular momentum that pattern is a
zero order Bessel function of the first kind, Jo(k,p), where p is the radial position in the focal
region.

The phase shift introduced by an axicon can be written as;

AP, = —krsina, (2.27)

where r is the radial distance from the center of the axicon. Gessner uses scalar diffraction
theory to show that a scalar plane wave u(r, ¢, z) = ug(r, ¢)e’** transmitted through an axicon,

picking up a phase shift described by A®,y, produces a focal intensity profile described by;

I(p, z) = 2nkzIga J3 (kap) | (2.28)

where p is the radial position in the focal region, Iy the intensity of the beam incident upon
the axicon and where the the small angle approximation has been made for alt33],
A second treatment of axicon focusing by Cizmér provides an expression for the intensity

profile of an axicon focus created by a Gaussian beam;

APk si -3
e JZ (kpsina)e #max | (2.29)

I(p,z) = R
max

with P, and wg the power and beam waist of the incident Gaussian beam respectively and
[134]

Zmax = Wo cot « .

For a Gaussian beam of the form;

N
M)

r

IGauss(r) = Ipe 0, (2.30)
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it can be shown by integration that the total power in the beam is related to the peak intensity
by P, = Iprwi/2.
Substituting this into equation 2.29, making the small angle approximation for o and

rearranging, it is found that;

_ 2(za)2

I(p,z) = 2rkzIpe  “0 o2J2 (kap) . (2.31)

Looking to the exponential term, it can be seen that za is the radius r, at which rays
leaving the axicon arrived at the axial position z. Further Iyexp (—2(za)?/wd) is simply the

input beam profile, a Gaussian. This leads us to the more general expression,

I(p, z) = 2nkzI(za)a? JE (kap) , (2.32)

where I(za) represents an arbitrary azimuthally symmetric input intensity profile with za = 7.

While this is not a rigorous derivation of the axicon intensity profile in the focal region, the
same result can be reached by considering the optical energy arriving along a small segment of
the optical axis between z and z + dz. Rays reaching this point will have originated from the
axicon in an annulus of inner radius r = z«a and thickness dr. In the limit of small dr, the
intensity at this radial position may be considered constant and equal to Iy. Making the same

argument across all possible annuli, it can be seen that Iy — I(r), with r = za.

The right panel in figure 2.6 shows the axial intensity profile for three different input
profiles, shown in the left panel, each comprising the same total energy; a top hat of radius R
(black), a gaussian beam (red) and an order-8 super-Gaussian beam (blue) with wo = v2R. Tt
is clear, that by tailoring the input beam profile, it is possible to customize the axial intensity

profile.

The calculations performed here assume a monochromatic beam, however for ultrashort
pulses there is a wavelength dependence of the approach angle of rays to the optical axis «,
arising from the refractive nature of the optic. Thus it would be expected that chromatic
aberrations would reduce the intensity achieved in the focal plane when using ultrashort pulses.

However, this could be avoided by using a reflective axicon.
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Figure 2.6: Relationship between the near field of a beam and its axial intensity profile when
focused by an axicon. The left panel denotes three different near field profiles
containing the same total energy; Gaussian (solid red), order-8 super-Gaussian
(dashed blue) and top hat (dot-dashed black). The right panel shows the axial
intensity profile that would be achieved when each of these beams is focused by
the same axicon.

2.5.2 Axicon Plasma Formation

The dispersion relation for electromagnetic waves propagating in an unmagnetised plasma is a
simple modification from the dispersion relation in vacuum!**", namely;

w? = wf) + k2. (2.33)

For a constant laser frequency, as the plasma density and so plasma frequency rises, the
wave vector decreases. The critical density, briefly introduced in section 2.2.2, for a given laser
frequency is defined as the density for which the wave vector is zero. For densities above this
critical density, the wave vector is purely imaginary and thus the wave does not propagate in
the plasma. In this case the plasma is said to be overdense, otherwise the plasma is said to be

underdense;

(2.34)

Much of the experimental work in the field of LPAs is performed using Ti:sapphire
CPA laser systems which typically operate at 800 nm, corresponding to a critical density of
1.75 x 10%! cm™3. Given that a substantial portion of this thesis aims to develop waveguides

for LPAs operating at densities below 10'® ¢cm™3 it may not seem prudent to focus too much
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on the critical density. However, it has been shown'%137) that when an axicon is used to
focus light, the incoming rays are reflected at an effective critical density which is much lower
than the nominal critical density,

eff

nt = nesin?a, (2.35)

where « is the angle of incidence. This reflection of the incoming beam impedes the further
absorption of laser radiation. To get an intuitive feel for why this might be, consider a plane
wave of wave vector k, incident obliquely at an angle of a to a sheet of plasma of density 7.
At the interface between plasma and vacuum one may decompose the wave vector of the plane
wave to find the wave vector normal to the plasma-vacuum interface, k| = ksin . Here the
effective wave vector seen by the plasma at oblique incidence is modified from the wave vector
at normal incidence by a factor of sin « and so the effective critical density at oblique incidence
will be modified from the critical density by a factor of sin® a as ner o< k2.

Consider a ray of 800 nm light focused by a shallow axicon approaching the optical axis
at an angle of o = 2.5 °; here the effective critical density would be reduced by three orders
of magnitude from the case above, giving nl = 3.23 x 10'® cm™3. This large reduction in
the effective critical density plays an important role in the design of axicon based systems for

plasma channel formation, as will be seen in chapter 4.

2.6 Focal Spot Characterization

For the experiments described in this thesis, particularly for the results presented in chapter 5
the focal spot quality must be analyzed in detail. The techniques used to analyze the focii
produced by an off-axis paraboloid and an axicon are treated separately since they require two

differing approaches.

2.6.1 Paraboloid & Lens Focal Spot Analysis

While the characterization of a paraboloid focus is a standard requirement of any laser plasma
experiment, it is often not performed in a standardized way, with measurement techniques

not only differing between groups, but between group-members. For the case of Gaussian-like
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beams, the differing methods usually provide comparable results, but for distorted beams or
out-of-focus beams they can often provide results differing by a large factor.

Three of the main methods used to characterize the intensity spot size of a beam are:
direct measurement, the half-maximum contour method and the D4 method. Below these
three measurement techniques will be directly compared for two different focal spots. The

measurements are summarized in table 2.1.
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Figure 2.7: Demonstration of the direct method of measuring the 1/e? intensity spot size of a
beam. The two left panels show an out-of-focus spot (top) and an in-focus spot
(bottom). The right panels show vertical (blue) and horizontal (red) lineouts of
these spots together with a 1/e? line (black). The intersection of the lineouts with
the black line gives the spot size.

Direct Measurement Method

The direct measurement method is usually used to extract a focal spot size on the fly, although

is the least accurate in terms of retrieving a realistic gauge of the spot size of a beam. This
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method simply involves taking a vertical and horizontal lineout of the focal spot and finding the
positive and negative radii at which the intensity of the spot drops to 1/e? of the peak value.

The values are averaged to provide a spot size in the vertical and the horizontal direction.

Figure 2.7 illustrates the direct measurement method. The two left panels show two spot
measurements of a beam; one out-of-focus (top) and one in-focus (bottom). To the right of
these spots, normalized vertical (blue) and horizontal (red) lineouts are shown together with
a black dashed line representing 1/e%. The intersection of these lineouts with the 1/e? line

provides the spot size measurements.

This technique provides a good estimate of the spot size of a perfect Gaussian but can give

incorrect results for non-Gaussian beams.

Half-Maximum Contour Method

Another method of measuring the spot size is the half-maximum contour method. Here, a
contour is fitted to a value equal to half of the maximum intensity. An ellipse is then fitted to
that contour; the major and minor axes of the fitted ellipse corresponding to the half-maximum

spot size wiy. To retrieve the 1/e? spot size the half-maximum spot size is scaled by;

w= M (2.36)

V2In(2)

The half maximum contour method is illustrated in figure 2.8.

D4o Method

The spot size of a beam may also be calculated using the D4o method. The D4 represents
4 times the standard deviation of the major and minor beam distributions. The D4c beam

diameter in the X-direction can be expressed as;

o — 4 $ [ 25 T y) (@ — 2)? dady .

250 [P0 Iz, y)dxdy ’
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Figure 2.8: Demonstration of the half-maximum contour and D4o methods for measuring the
1/€? intensity spot size of a beam, for two different example spots.

with Z the centroid position of the distribution,

T =

ffooo ffooo I(x,y)xdxdy
2 [ Iz, y)dady (2.38)

The D40 measurement is a beam diameter and so to get the radius one simply divides
the D4o value by 2. For the case of Gaussian beams, it is found that half the D4o value is
equivalent to the 1/e? intensity radius.

In contrast to the other methods, the D40 measurement is meaningful for multi-modal
distributions, making it an ideal choice for the characterization of focal spots from high-intensity
ultrashort lasers which can often acquire severe aberrations during amplification. Indeed, the
D4c method is the ISO standard method for measuring beam diameters'?3). For these reasons,
the D40 method is used throughout this thesis.

It should be noted that when calculating the beam diameter using the D4c method, a
careful subtraction of the background is essential since in evaluating the D4¢ the transverse
intensity profile is weighted by a factor of z2.

The D4o method is shown in figure 2.8. The differing spot size measurements are summa-
rized in table 2.1. For the in-focal spot, which is of good quality, the measurements are all in
reasonable agreement, however for the out-of-focus spot, which has more energy distributed

in the wings, there are large discrepancies in the measured spot size. Given the multi-modal
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Measurement Spot 1: wmaj Spot 1: wyin  Spot 2: wyaj;  Spot 2: wyin
Method

Direct- 50.5 pm 37.9 pm 18.4 pnm 17.9 pm
Measurement

Half-Maximum 43.91m 31.6 pm 19.7 pm 16.8 pm
Contour

D4o Method 36.8 nm 33.1um 21.51m 18.8 pm

Table 2.1: Comparison of spot size measurement techniques for an out-of-focus spot (Spot 1)
and an in-focus spot (Spot 2).

nature of the out-of-focus beam, the direct-measurement method and the half-maximum

contour method cannot be trusted, rather the ISO standard D4c method should be used.

2.6.2 Axicon Focal Spot Analysis

Analysis of an axicon focus amounts to determining the approach angle of rays to the optical
axis as this will determine the location of the first Bessel zero and thus the size of the central
spot. There are three ways in which this value can be extracted: by direct measurement, a
fitting method and a Fourier-based method. Given the highly structured nature of a Bessel
focus, determining the approach angle and so the central spot size is more straight forward

than for the case of the parabola focus.

Direct Measurement

As the Bessel function contains a well defined set of roots #¥, such that Jo(z0) = 0, the

simplest method of determining the spatial profile of the focal spot is to directly measure the

radius pg of the first root oy = 2.4048 occurs. The approach angle can then be extracted as;
~2.4048

a= . 2.39
oo (2.39)

This method relies on a single measure of distance within the focal profile and so is highly
susceptible to measurement errors. Further, in real measurements the focal profile is unlikely
to drop to zero at the locations #¥, but rather will reach a minimum in the vicinity of 2.

This can compound the measurement error.
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Fitting Method

A second method to measure « is to fit the function AJ3(kap), with A a scaling constant,
to vertical and horizontal lineouts of the measured profile. This method, taking account of
the entire lineout, rather than a single distance measurement, provides a much more accurate
measurement of a. Indeed, it has been found by the author, that for low-noise focal profiles

free from excessive aberrations, an accurate value of o can usually be retrieved by this method.

Fourier Method

For noisy axicon foci measurements or axicon foci with large aberrations to the central region
of the focus, it is found that a Fourier method provides the best measurement of .

This method relies on the fact that the spacing between consecutive Bessel roots, 29 — a9
for n > 1, are constant to the 1% level’. A Fourier Transform of a Bessel profile will thus

provide a peak at a frequency corresponding to the separation of Bessel roots;

F o (kap)] (32) = rect (’;Z) \/k%ii_% , (2.40)

where s is the spatial frequency corresponding to the spatial variable p and rect is the rectangle
function. In this way, it is possible to extract the value of a, as the fourier transform peaks at
a value of s, = ka.

In this thesis, the fitting and Fourier based methods are both employed due to their

increased accuracy over the direct measurement.

2.6.3 Intensity Approximation by Pixel Summation

Scientific CCD (charge-coupled-device) and CMOS (complimentary-metal-oxide-semiconductor)
sensors show a linear variation in output signal with optical flux up to a saturation limit. When
calibrated, such sensors can provide an excellent measurement of the energy of a beam, as will
be seen in chapter 5, and a reasonable estimate of the intensity profile of the beam. Making

direct intensity measurements is impossible with these devices as the typical gate-time and

fIn fact, it is found that the spacing of roots for a zero order Bessel function of the first kind is given by;

x9 — 20 =
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repetition rates of the sensors are on the scale of microseconds and milliseconds respectively.
However, coupled with a pulse duration measurement, it is possible to make a reasonable

estimate of the intensity profile of an incident beam.

Estimate of the Focal Intensity Produced by an Off-Axis Paraboloid

Estimating the intensity of both a paraboloid focus and an axicon focus rely on pixel summation
and so a good background subtraction is essential. The easiest way to do this is to take a
reference image with (no beam) under the same conditions as the data image (with beam)
and subtract the reference from the data. If a background still persists due to shot-to-shot
fluctuations then it can usually be removed by masking out the focal spot and fitting a
second-order polynomial to the background, then subtracting this polynomial from the original
image.

As the flux scales linearly with signal count, the summation of all pixel values in the
background-subtracted image may be set equal to the total energy of the beam — this of
course assumes that the sensor is large enough to capture the whole beam. Dividing the laser
energy by the pixel summation gives a value of energy-per-pixel-count. If the pulse duration is
known then dividing the energy-per-pixel-count by the pulse duration and by the area of one
pixel (accounting for any magnification factor) provides an estimate of intensity-per-pixel-count.

The final step is to scale the data image by the intensity-per-pixel-count value.

Estimate of the Focal Intensity Produced by an Axicon

An intensity estimate of an axicon focus is less straightforward, but can be made with some
reasonable assumptions. To begin, consider the Bessel structure of an axicon focus. The
intensity estimation relies on determining the energy in one ring of the focus and the idea that
the energy per ring is conserved through focus — the ring itself simply shrinks and expands.

Consider an annular beam of thickness Ar incident upon an axicon which refracts rays
towards the optical axis at an angle . The number of Bessel rings, N, present in the beam

immediately after the axicon is given by;

B kaAr

™

N (2.41)
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Thus the energy per ring may given as E,,/N; where Ey is the energy of the annular beam

and the annulus is considered thin, such that the energy per ring can be assumed constant.

In the focal plane, the effective number of rings visible on the camera sensor, Neg, can be
calculated using the fitted value of a and the dimensions of the camera sensor. This is the
total number of full rings and partial rings visible on the sensor. The total energy incident on

the region of interest is then given by Feg = EgpNeg/N.

Once Eeg has been calculated, the same pixel summation technique used for the parabola

focus may be applied to calculate the intensity distribution in the focal plane.

2.7 Interferometry

The phase velocity of light in a medium is described by the refractive index, n = ¢/v,. If
a beam of light is passed through a medium with a refractive index greater than 1, it will
experience a reduced phase velocity which leads to a phase delay with respect to a beam which
traveled the same geometric distance in vacuum. Provided that this phase delay, or phase shift,

can be measured, it is then possible to determine the refractive index of an unknown medium.

The implications of this idea for plasma experiments are clear. As there is a direct
relationship between electron density and refractive index in a plasma, as described in equation
2.8, measurements of the refractive index can provide details of the electron density structure

of a plasma.

One technique for measuring the phase shift incurred by light passing through a medium
is interferometry. Here a beam is split into two copies which travel along separate beamlines
before being recombined with a shallow angle between their phase fronts. The introduction
of a shallow angle creates a set of interference fringes in which phase information about the
phase can be encoded. Introducing an object of interest into one arm of the interferometer
will cause the beam in that arm to incur a phase delay. Upon interfering the beam in this arm

with the beam in the reference arm the fringe pattern will be modified.

The question then arises, (1) how is phase information about a plasma encoded into the

fringe pattern, and (2) how is it extracted?
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2.7.1 Encoding the Phase

Consider a plane wave travelling in the z direction,

Eprobe(z? t) = Eoei(kz—wt) . (242)
In passing through, or probing a plasma the plane wave will acquire a phase shift Ag,

2T

A¢<$7y) = 7 [77(1'73/7 Z) - 1]dz

(2.43)
= —re)\/ne(:c,y,z)dz,

where equations 2.8 and 2.7 have been used along with the substitution of the classical electron

radius, given by

_ 1 e?
ATey MeC? (2.44)
=2.82x 10" m.

Te

The resulting plane wave after probing the plasma is then
Eprobe (13, Y, z, t) = Eoei(kz—wt+A¢(x,y)) . (245)

Now consider a second plane wave, a reference wave which did not propagate through

plasma, travelling in the x-z plane at an angle ¢ with respect to the z-axis,
Eref<x7 Z,t) _ Eoei(kxsin p+kz cos p—wt—x) ’ (246)
where x is an arbitrary phase offset.

The fringe pattern arising from the interference of these plane waves can be described by

ceQ

I(w,y,z,t) = ‘Eprobe(x7y’zvt)+Eref($azat)|2

2 , (2.47)
I(IL‘, v, z, t) _ ? ‘Eoei(szthrAd)(x,y)) + Eoei(kx sin o+kz cos <pfwtfx)’ )

If the intensity distribution is observed in the z-y plane, say at z = 0, one finds;
I(z,y) = ceoE2 [1 + cos (kxsin g — Ad(z,y) — x)] - (2.48)
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In the absence of a plasma, the interference pattern will consist of a set of fringes, evenly
spaced by Ay = A/ sin ¢; the addition of a plasma will distort these fringes from their original

positions.

2.7.2 Decoding the Phase

Takeda et al.'*9] developed a Fourier-based method of extracting the phase shift Ao(z,y)
from a set of interference fringes which is followed here. Consider an image containing a set of
interference fringes in which phase information about a plasma A¢(x,y) is encoded. Rewriting

equation 2.48 more generally, it is seen that;

I(z,y) = a(x,y) + b(z,y) cos (kxsinp — Ap(x,y) — x)

L, - (2.49)
= a(e,y) + 5 (el y) + eI (1,)) |
where the following substitution has been made;
c(z,y) = b(x, y)eii(A‘ﬁ(‘T’yHX) . (2.50)
Taking a Fourier transform of equation 2.49, it is found that;
1
F(z,y)] = Ak, ky) + 3 (C(ky — ksing, ky) + C*(ky + ksing, ky)) , (2.51)

where capital letters denote the Fourier spectra and &, and k, are the horizontal and vertical
frequency axes of the Fourier spectra respectively.

Adding interference fringes to an image allows for the separation, in frequency space, of
information pertaining to the plasma phase shift, A¢(x,y), from general background intensity
fluctuations which will be present in any experimental data. This is possible as the background
intensity fluctuations occur slowly when compared with the fringe frequency. The information
relating to the background is centered around (k;, ky) = (0,0), while information relating the
plasma phase shift is present in a pair of sidebands located at (ks, ky) = (£ksinp,0).

The next step is to mask the image in frequency space to remove the information about

background intensity fluctuations. This done by defining a box of dimensions K, x K, centered
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around ksin ¢ and setting all values outside this region to 0%.
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Figure 2.9: Sequence of images demonstrating the interferometric analysis technique employed
in this thesis. The information plotted in the panels (a) - (h) is described in the
main text.

Mathematically this can be expressed as;

1
Clky — ksing, ky). (2.52)

]:[I(x?y)]masked = 5

The sideband is then shifted to the center of the Fourier transform, F [I(z, y)]i}ll:;tfgd —

In masking the image, K. should be made large enough to encompass the entire sideband for increased

spatial resolution, however, it should not be made so large as to engulf the central peak of the Fourier transform.

Usually K, = ksin ¢ suffices. For vertical fringes K, can be made as large as desired.
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C(ks, ky), and the image is subsequently inverse-Fourier transformed to retrieve,

FF Uyt = Jeey)

masked

(2.53)

= %b(aj, y)eii(Aqs(x:y)‘FX) .

The final step in the process is to extract the phase shift from the complex image described

masked

by F~1 [.7-" [I(z, y)]shifted } As b(z,y) is real, this can be done by taking the argument of the

image,

arg (F~' | F [I(,y)imsea) ) = —A0(,y) = x- (2.54)

In Takeda’s original paper the isolated sideband was shifted back to the center as described
above. If one refrained from shifting the sideband back to the center of the image, it would
not invalidate the technique but merely add a linear phase gradient to the resulting image

given by;

arg (F~1 [F 1@, 1)) maskea] ) = ko sing — Ad(z,y) — x. (2.55)

In the case of the data analyzed in this thesis, the sideband is not shifted back to the center
of the Fourier transform and instead reference interferograms are employed. The reference
interferogram, also not shifted back to the center of the Fourier transform, will have the same
slope as the data interferogram. Subtracting the reference from the data will cause the slope

terms to cancel leaving;

Agf)(l‘, y) = —arg (‘F_l ["r [IData(SU’ y)]masked]) + arg (‘7:_1 ["r [IROf(xvy)]masked]) . (2'56)

2.7.3 Interferometry Analysis Method

The theoretical framework for interferometry analysis has been discussed in the previous

section; here the method used in this thesis is described and is summarized in figure 2.9.

e Panel (a) shows a raw data interferogram recorded on a camera. The phase shift incurred
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is small so no fringe shift is visible by eye.

e The first step is to multiply the raw interferogram by a 2-D Hann window® to smooth out
the hard edges of the interferogram and prevent ringing in frequency space. As this is
simply a low-frequency amplitude modulation, the underlying phase profile is preserved.
The result of applying the 2-D Hann window to the interferometric data is shown in

panel (b)

e Next the image is Fourier transformed. A central peak and two sidebands are observed
in panel (c) as expected. Here the area enclosed by the dotted lines represents the

sideband to be isolated. Everything outside of the dotted black lines is to be set to zero.
e Panel (d) Shows the isolated sideband. The sideband is not shifted back to k, = 0.

e The isolated sideband is inverse-Fourier transformed and the argument of the resulting

complex image is taken. This is shown in panel (e)

e The function arg(x) can only return values in the range (—, 7] leading to phase discon-
tinuities as the phase wraps from 7 to —7 or vice-versa. Thus the image in panel (e)
must be phase unwrapped to remove the sharp jumps in phase (section 2.7.4). The result

of this process is seen in panel (f).

e As expected from equation 2.55, there is a large phase slope in panel (f). To remove
this, a reference interferogram — taken with no plasma present — is analysed in parallel
with the data interferogram. Then by subtracting the reference phase map from the

data map, the image in panel (g) is obtained.

e Finally, for interferograms with very small phase shifts, like the one presented in panel
(a), a slowly varying background phase-shift which changes every shot is sometimes
observed. This background phase shift is not due to the plasma but to variations in
the phase front of the beam itself. This background phase is typically in the form of a
second order polynomial and can be removed relatively easily with a background fitting
procedure as described in section 2.7.5. After applying the background subtraction

technique the phase map in panel (h) is obtained.

$The 2-D Hann window is given by w(z,y) = 1/4(1 — cos(2mz/W)(1 — cos(2ry/H), where W and H are
the width and height of the image respectively.
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2.7.4 Phase Unwrapping

20 T T T T T T T T T

15 L Wrapped Phase -
= = = = Unwrapped Phase . .

A¢ (rad)

X (arb.)

Figure 2.10: A simulated wrapped phase profile and its unwrapped counterpart.

As mentioned above, the values returned by arg(z) are constrained to lie within the range
(—m,m]. A real phase profile A¢(z) often exceeds this range and so through the process of
retrieving the phase profile from an interferogram it will become wrapped. That is, it will

become confined to the range (—, 7] through modular division;

Gmeas(T) = ((Aprear(z) + ) mod 27) — 7. (2.57)

Unwrapping the phase profile in one dimension over the range Ty < = < ZTpax 1S
straightforward; track the phase from one side of the profile, say starting zmi,, to the other,
Tmax, and if the value at a point xy jumps discontinuously from 7 to —7 then add 27 to
¢(x > xp). Alternatively if the phase at z¢ jumps discontinuously from — to 7 then subtract
27 from ¢(x > ). This process is depicted in figure 2.10.

While useful to gain an understanding of the concept, the simplicity of one dimensional
phase unwrapping is misleading as the problem becomes significantly more difficult in two
dimensions. In the one dimensional case the starting point is irrelevant, one could just as
easily have started at x,x and moved towards znj, or at a mid point and worked outwards.
Aside from an unimportant offset the phase profile would not change.

However, in two dimensions the starting point and the unwrapping path followed can
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Figure 2.11: Demonstration of good and bad 2D phase unwrapping of a simulated phase map.
Panel (a) shows a simulated wrapped phase map. In panel (b) this map has
been correctly unwrapped using an appropriate 2D phase unwrapping routine.
In panel (c) the image has been unwrapped row-by-row starting in the top left
corner. As can be seen this does not remove all of the discontinuities in the image.

affect the resulting unwrapped phase map if care is not taken. This is illustrated in figure 2.11
which shows a 2D wrapped phase map in panel (a) that has been unwrapped correctly using
an appropriate 2D phase unwrapping algorithm in panel (b), and incorrectly unwrapped by
applying a 1D phase unwrapping algorithm row-by-row in panel (c).

Not only does the unwrapping path matter, but so too the treatment of any residues in the
image. Residues typically arise in areas with a large local phase gradient, which cause fringes
in the interferogram to bifurcate. Numerous algorithms have been developed to perform 2D
phase unwrapping and to correctly treat phase residues and discontinuities. In this thesis two
algorithms are employed; Goldstein unwrapping!'*”l implemented in Matlab!'*!! and Herréez

unwrapping!'*? implemented in Python!'*3,

2.7.5 Background Subtraction

As mentioned in section 2.7.3, for low-phase shift interferograms, shot-to-shot variations in the
wavefront of the probe beam can add a significant background to a phase map. By viewing
successive plasma-free phase maps it can be shown that the background phase typically has a
second order polynomial profile. This can be removed by a polynomial subtraction.

To perform the background subtraction, it is necessary to mask out the plasma region of
the image as shown in panel (a) of figure 2.12. Here the area between the dashed black lines

represents the masked region. A second order polynomial is then fit to the image column by
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Figure 2.12: Three phase maps demonstrating the procedure by which the polynomial back-
ground subtraction operates.

column, ignoring the masked region. Each of the fitted polynomials are then placed side by
side to form the columns of an image devoid of plasma as shown in panel (b) and subtracted

from the original interferogram to isolate the phase shift due to the plasma, as seen in panel

(c).

2.7.6 Extracting Density From Phase

As seen in equation 2.43, the measured phase profile comprises the line integrated electron
density. Retrieving the electron density profile from a phase measurement requires assuming
something about the variation of electron density with z. In this thesis, electron density profiles
are assumed cylindrically symmetric and are probed in two ways; (i) longitundinally, such
that the electron density profile is invarient in z, that is that the cylindrical axis of symmetry
is coaxial with z and (ii) transversely where the variation in z is mirrored in the y axis, that is
that cylindrical axis of symmetry is coaxial with x. These two scenarios are depicted in figure

2.13.

Plasma channel

X Probe beam / X\‘ Probe beam
i;’ |
y z

—p I —p -
y zZ
Longitudinal Interferometry Transverse Interferometry

Figure 2.13: Orientation of axes for longitudinal and transverse interferometry.
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Longitudinal Interferometry

If ne(x,y, z) can be reduced to ne(z,y) then the integral in equation 2.43 may replaced by a
product and the equation may be easily inverted. In this case, the problem of retrieving the

electron density is reduced to scaling the measured phase shift as;

A
ne(z,y) = —f(/g\;’Ly) : (2.58)

where L is the length of the plasma structure, which is assumed to be invariant along the

z-axis.

Transverse Interferometry

It becomes more complex to retrieve the electron density when ne(z,y, z) is reduced to n.(y, z).
In this case, the measured phase shift corresponds to a transverse projection of the electron
density distribution.

Consider a cylindrically symmetric function in two dimensions characterized by f(p), with
p the radial displacement from the symmetry axis. The one dimensional projection of this two

dimensional distribution is its Abel Transform!'*4;

faly) = 2/;o %d/}- (2.59)

The inverse Abel transform provides a method of retrieving f(p) given f4(y). It can be

written as;

_loedfaly) 1
10 =~ |50 Tt (2:60)

Specifically applied to the problem of electron density retrieval, this can be rewritten as;

dy . (2.61)

ne(p) = 1 /poo dAd(y) 1

T'e)\ﬂ' dy y2 — p2
Solving for the radial electron density profile at first seems relatively straight forward.

However, a difficulty with directly implementing the Abel inversion from equation 2.61 arises

for two reasons; firstly computation of the derivative of the phase profile can amplify any noise
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present and secondly, the denominator in equation 2.61 becomes large for the lower limits of
the integrand.

Numerous techniques have been developed to robustly deal with these difficulties. In the
work contributing to this thesis, Abel transforms were performed using a Python implementation %]
of the Hansen-Law method["*%l. This method relies on a recursive approach to solving the
Abel Inversion problem and is applicable to noisy data which is often what is retrieved from
low-signal interferograms.

It should be clear that this method relies heavily on the assumption of cylindrical symmetry.

Without symmetry the standard Abel inversion density retrieval fails.

Expected Density

In many cases, it can be useful to compare measurements of the electron density with the
expected density for full ionization of a particular species at a given pressure.

Consider a gas of uniform pressure P at a temperature T and with N electrons per gaseous
molecule — for example diatomic hydrogen, Hs, would have N = 2 while argon would have

N = 18. In this case the electron density of the fully ionized gas may be written as

-3 = N P[mbar]
104 T

nSPt [em (2.62)

where k is Boltzmann’s constant.
As an example, if a plasma is formed in gaseous hydrogen (N=2) at 50 mbar and at

room temperature (293 K) then the expected electron density for full ionization would be

n&Pt =247 x 10" em 3.

2.7.7 Interferometry with Femtosecond Probe Pulses

One additional difficulty not yet addressed is the use of femtosecond probe pulses to perform
interferometric measurements of a plasma. In the context of experiments in the field of LPAs,
femtosecond probes are standard for two reasons. Firstly, the evolution of plasma structures
can occur on the femtosecond timescale and secondly use of a femtosecond probe removes the

need for an auxillary probing laser system. A leakage taken from behind a mirror in the early

o8



CHAPTER 2. THEORY AND METHODS
2.7. INTERFEROMETRY

stages of amplification can often suffice as a reliable and synchronized probe.

The analysis in the above sections assumed a harmonic plane wave. If instead the
interference of two pulses of light of duration 7 is considered the interference pattern generated
described in equation 2.48 is modified!**";

I(z,y) = cegBA [1 + V() cos (kx sin p — Ag(x,y))] , (2.63)

with V(z) a function that describes the visibility of the fringes, given as,

Vig) = e " (ais)” (2.64)

with d the path difference between the pulses.
This describes mathematically what is quite intuitive from an experimental point of view.
As d becomes large, V(x) — 0, that is, if the path difference between the pulses is very large,
then the pulses will not interfere. Even if the pulses are perfectly overlapped, d = 0, the
interference term in equation 2.63 will still vanish for large values of . Indeed the amplitude

of the interference term will drop by a factor of 1/e at a position;

1 cT

Ting = & (2.65)

In(2) sing
For ultrashort pulses the interference region (—zint, Tint) can become too small to observe

features of interest. In this case, placing a bandpass filter into the interferometer can help to

stretch the pulses and widen the interference region.

2.7.8 The Folded Wavefront Interferometer

In practice there are many different implementations of the interferometer, although a subclass
of these schemes particularly conducive to interferometry with femtosecond probe pulses
and scenarios where access to the interaction region is restricted, is the folded-wavefront
interferometer. The folded-wavefront interferometer differs from other implementations in that
the beam is split and recombined after passage through the object of interest — this removes

the need for long reference and probe arms in which it can be difficult to match the optical
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Interference Region

50:50 Beamsplitter
Plasma channel

x?obe beam

Figure 2.14: Schematic of a folded wavefront interferometer in a Michelson configuration
performing longitudinal interferometry on a plasma structure. The inset shows
an example of the kind of image expected on the CCD.

Michelson

Keplerian telescope

path length to the required micron length scale consistent with femtosecond pulse durations.
The price that must be paid for this convenience is that the probe beam must be much larger
than the plasma object of interest such that a large unperturbed part of the beam which has
not interacted with the plasma may be used as the reference for the region of the beam which
has passed through the plasma.

The basic layout of one implementation of the folded-wavefront interferometer is shown
in figure 2.14. A collimated probe beam is passed through a region of plasma such that the
plasma only sits on one side of the beam. The downstream end of the plasma structure is then
imaged onto a camera. However, before allowing the beam to hit the camera, it is split in a
Michelson interferometer and one of the arms is adjusted to cause the second image of the
probe beam to become offset from the first.

As shown in the figure, this is done in such a way as to cause a region of no plasma from
one of the beams to overlap with a region of plasma from the copy of the beam. In doing so, a
small angle is introduced between the wavefronts of the two arms which leads to the formation

of interference fringes.
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Chapter 3

Demonstration of Low-Density
Lens-Formed HOFI Plasma

Channels

3.1 Introduction

In this chapter results are presented from the first proof of concept experiment to demonstrate
the formation of hydrodynamic optical-field-ionized (HOFI) plasma channels with on-axis

0¥ cm~3. The experiment was performed in early 2017 using

electron densities below 1 x 1
the Laser Plasma Accelerator Group’s TW laser system. This system was restored to full

operation by the author over the course of six months after a long period of downtime.

3.1.1 Motivation

As discussed in section 1.5, a plasma waveguide for the next generation of laser plasma
accelerators would have several desirable properties: a) it would be capable of operation with
low on-axis densities of order 10'7 cm™3; b) it would have a length of order hundreds of
millimeters; ¢) it would be capable of multi-kHz operation; and d) it would be capable of
operation at those high repetition rates for extended periods.

Plasma waveguides for high-intensity lasers currently fall into two categories, as described
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in section 1.5: i) waveguides which can operate at low axial density but which are not suited
to operation at high repetition rate, and ii) waveguides which can operate at high repetition
rates for indefinite periods, but are restricted to high-axial density. Here the aim is to bridge
that gap by demonstrating, for the first time, the generation of a plasma channel which can
operate as a low-axial density waveguide and has the potential to operate for an extended

period of time at high repetition rates in the multi-kHz regime.

At the start of this experimental campaign, simulations of the formation of HOFI plasma
channels were proving difficult to implement due to the many different timescales at play:
ionization and heating on femtosecond timescales, isotropization on picosecond timescales
and thermalization and shock propagation/channel expansion on nanosecond timescales!™ 45,
Several particle-in-cell and fluid codes were tested by other group members and finding

consistency in the results was non-trivial due to a suite of bugs discovered in the codes.

The idea behind this first proof of concept experiment was to create a short HOFI plasma
channel in hydrogen with low-axial density as a proof of concept and to compare its expansion
dynamics with both analytic theory and simulations to determine whether they could be relied

upon to predict sensible results.

3.1.2 Objectives

The objectives of the experiment were as follows:

Provide the first experimental demonstration of the formation of HOFI plasma channels

at low-density.

Characterize the expansion dynamics and compare with analytic theory and simulations.

Investigate the effect of the laser polarization on the expansion dynamics.

Assess the suitability of these plasma channels to act as waveguides for future experimental

work.
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3.1.3 Overview of Chapter

Section 3.2 outlines the laser system used in these experiments while the experimental layout
specific to this experiment is described in section 3.3. Section 3.4 gives details on the
experimental results and analysis techniques employed and finally in section 3.5, conclusions

are drawn.

3.2 Oxford TW Laser System

The Oxford laser system is a TW class Ti:sapphire chirped pulse amplification (CPA) laser
system consisting of an oscillator (shared with a second laser system), a pulse stretcher, a
regenerative amplifier, a multi-pass amplifier and a pulse compressor. In addition there is a
probe beam which is split off from the main beam after the multi-pass amplifier and compressed
separately.

The system produces three output beams divided across the two target areas. The beam
delivered to the laser machining target area is a sub 100fs, 0.5 mJ, 15 mm diameter, 800 nm
centre-wavelength pulse operating at a repetition rate of between 990 Hz and 1kHz. In the
primary target area the main beam delivers a 50fs, 30 mJ, 40 mm diameter, 800 nm centre-
wavelength pulse operating at up to 10 Hz*. The probe beam consists of a sub 100fs, ~ 1mJ,
3mm diameter, 400 nm centre-wavelength pulse, synchronized to the main drive beam. All
beams are horizontally polarized, that is the E-field oscillates parallel to the optical table

surface and is p-polarised for most optical components in the system.

3.2.1 Detailed System Description

The system starts with an oscillator (Spectra Physics Mai Tai SP) producing compressed
800 nm centre-wavelength pulses with a bandwidth of 55 nm. The oscillator outputs a train of
35 fs pulses at a repetition rate of 84 MHz, with a mean power of 600 mW. The 3 mm diameter
beam is evenly split between the Oxford TW laser system and another laser system (used for

experiments in high-harmonic generation) which will not be discussed here.

*The output of the laser system at the time of writing this thesis is greatly improved, see section 3.2.2.
However the parameters discussed here are relevant to the experiments described in this chapter.
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Figure 3.1: Simple schematic of the Oxford TW laser system layout.

The oscillator beam, once split, is directed to a regenerative amplifier (Spectra Physics
Spitfire). Before amplification the pulse is stretched in a single grating pulse stretcher to
approximately 115 ps, it is then injected into the regenerative cavity at a repetition rate of
1kHz, controlled via a Pockels cell. In the cavity, the pulse passes several times through
a Ti:sapphire crystal pumped at 1kHz by a diode-pumped Nd:YLF laser (Spectra Physics
Evolution-X) producing 11 W of 527 nm radiation in 112ns FWHM pulses. The seed pulse is
then switched out of the cavity by a second Pockels cell and passed out of the amplifier. At
this point in the laser chain, the repetition rate of the seed beam has been down-converted
from 84 MHz to 1kHz and typically has an energy of 1.4mJ per pulse.

The seed beam then enters a multi-pass amplifier (Positive Light). This amplifier is pumped
by a flash-lamp-pumped Nd:YAG laser (Spectra Physics Quanta Ray Pro) producing frequency
doubled 532nm, 9.2ns FWHM pulses at 10 Hz with an average pulse energy of 848 mJ per
pulse. As the Nd:YAG laser runs at 10 Hz, the repetition rate of the seed beam must be again
down converted. To achieve this a pulse slicer is used; a combination of two polarizing beam
splitters and a Pockels cell. In addition to down converting the repetition rate, this pulse slicer
also acts to reduce the amplitude of any pre-pulses produced by the regenerative amplifier.

The repetition rate of the seed beam can be down-converted to 10 Hz, 5 Hz or single shot
using the pulse slicer. The repetition rate is adjusted by a control system, developed by the
author, consisting of a LabView script which controls a pulse generator (Berkeley Nucleonics
Corporation Model 555) connected to a MOSFET gate. By opening and closing the MOSFET

gate the signals to open the pulse slicer are allowed through or blocked allowing for seed pulses
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to be let through to the amplifier or blocked. The choice of repetition rate is decided by mode
of operation required: 10 Hz is the maximum repetition rate the system can operate at; the
5 Hz operation allows for the production of an early trigger, more than 100 ms before a shot
is fired, to allow for arming of diagnostics and pulsing of gas into the target cell. The single
shot capability is particularly useful for data taking runs and was used extensively in the
experiments described in this chapter.

The pulses which pass through the pulse slicer propagate through the four passes of the
multi-pass amplifier, each time passing through the Ti:sapphire crystal pumped evenly on
both sides by the Nd:YAG laser. The energy of the laser pulse leaving the multi-pass amplifier
is typically in the range of 170-200 mJ and the diameter of the beam is approximately 6 mm.

After the multi-pass amplifier, the pulse is split at a ratio of 99:1. The more energetic beam
is enlarged in a Galilean telescope to a diameter of 40 mm and passed to the pump compressor
while the remaining beam is directed to a separate probe compressor. The pump compressor
consists of two parallel, gold coated, 1500 lines per millimeter, sinusoidal gratings operating
at an angle of incidence (measured with respect to the grating normal) of 55° and separated
by 368 mm (measured normal to gratings). The pump compressor operates at atmosphere.
The probe compressor, designed and built by the author, consists of a pair of parallel, gold
coated, 1200 lines per millimeter diffraction gratings arranged to add almost identical amounts
of second and third order dispersion to the probe pulse as that added to the main Ti:sapphire
laser pulse by the main compressor. To achieve this the gratings were set up with an input
angle of 30.9° and separated by 521.5 mm.

Finally the probe beam passes through a type I second harmonic generating crystal, a
500 pm thick piece of Lithium Triborate, LiB3Os, to frequency double it. The resulting probe

beam operates at a wavelength of 400 nm.

3.2.2 Condition and Stability

The system described here is more than fifteen years old and as such does not perform as
reliably as one would expect a modern system to perform. The main issues include poor
stability and degraded optical components.

In terms of stability, the main beam has energy fluctuations of around 15 % rms and
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peak to peak energy fluctuations exceeding 55 %. These fluctuations largely originate in the
multi-pass amplifier and are thought to be due to the poor stability and reduced peak energy
of the Nd:YAG pump laser. For Ti:sapphire systems — designed to operate their amplifiers
in saturation — a degradation in peak pump energy causes a decrease in output energy and
makes the overall stability of the system much more susceptible to variations in the peak

[149,150] " The Nd:YAG laser, whose peak energy is currently 15 % reduced from

pump energy
its design energy of 1J, regularly performs with 4 % rms and 22 % peak to peak fluctuations.
Efforts have been made to improve the stability of the Nd:YAG laser, including cleaning and
realignment of the optical cavities, replacing of the flashlamps and replacement of damaged
optics within the laser itself as well as along the beam path to the Ti:sapphire crystal. While
these measures helped to raise the peak energy of the Nd:YAG laser to its current value of
848 mJ, the stability remained unchanged.

Due to the age of the system, several of the components required replacement, the most
important of these being the compressor gratings, which not only had severe burn marks and
holes, but had also become milky with age; the milkiness most likely being due to contact
with aerosols or dust in the air rather than oxidization of the gold itself, as gold is a very

. =
unreactive metall!?!],

The gratings, along with other aged components such as a slightly
damaged Ti:sapphire crystal in the multi-pass amplifier, produce an elliptical and structured
near field spatial profile which ultimately affected the ability to focus to a diffraction limited
spot.

In addition to the near-field exhibiting unwanted structure, the energy of the system
was below specification. The degraded gratings in particular led to a poor total compressor
efficiency of 25 % or an average individual grating efficiency of 71 %. Since performing the

experiments described in this chapter, the gratings have been replaced and the total compressor

efficiency is now 78 %, that is 94 % on average diffracted into the first order of each grating.

3.3 Experimental Setup and Parameters

Figure 3.2 shows the experimental layout used in the creation and diagnosis of the first

low-density HOFI plasma channels. An 800 nm pump beam delivered an average energy of
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Figure 3.2: Experimental Layout: HWP (half-wave-plate), QWP (quarter-wave-plate), HM
(holey mirror), L1 (lens with 500 mm focal length), L2 (lens with 270 mm focal
length), L3 (lens with 1000 mm focal length), DM (400 nm reflecting, 800 nm
transmitting dichroic mirror), BS (50:50 non-polarizing beam splitting cube), CCD
(charge coupled device).

(26.7 +2.9) mJ on target in a (56.7 &+ 3.4) fs FWHM pulse. The energy of the pump beam was
controlled by a combination of a half-wave-plate and polariser chicane, while the ellipticity
of the polarisation was controlled by a quarter-wave-plate. The pump beam was passed into
the vacuum chamber through a 3 mm thick magnesium fluoride, MgF9, window (c-cut to
minimize birefringence) and focused using an uncoated, plano-convex, 500 mm focal length
transmissive lens, L1, via a high-reflecting holey mirror to the centre of a gas cell. Folding the
focus using this holey mirror allowed for the collinear injection of a 400 nm probe beam. The

delay between the pump and probe was controlled via a four-pass delay stage.

3.3.1 Imaging the Interaction Point

Rays from the interaction point (IP) were magnified and imaged onto an 8-bit CCD (Point
Grey FL2G-1352M-C') outside the vacuum chamber using a Keplerian telescope consisting of
two 50.8 mm diameter uncoated lenses, L2 and L3, of focal lengths 270 mm and 1000 mm
respectively. Lens L2 was a bi-convex, while 1.3 was plano-convex. An 800 nm transmitting
400 nm reflecting dichroic mirror, DM, placed after the first lens in the telescope allowed for
most of the pump light to be dumped post IP. The beams then exited the chamber, passed

through L3, through a short-pass filter and into a folded-wave interferometer in a Michelson
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Figure 3.3: (a) Focal scan data showing the longitudinal variation in beam radius as measured
with the D4o method. The scatter data represents individual measurements while
the black line, a fit of equation 2.2 to the data. (b) An image of the focal spot with
an approximate intensity distribution calculated using a pixel summation method.

configuration, consisting of a 50.8 mm uncoated non-polarising beam splitting cube. The CCD
sensor was covered with two more removable short-pass filters to prevent unwanted pump light
from interfering with the diagnostic.

By removing or inserting the short-pass filters it was possible to use the CCD to image
the pump or probe beam respectively, although, due to chromatic aberrations associated with
singlet plano-convex and bi-convex lenses, the image plane for the 800 nm and 400 nm beams
were 12 mm from each other. The lens L2 was mounted on a motorised translation stage to
allow for small changes to the image plane to account for this. Respective calibrations of the
CCD at both 400 nm and 800 nm showed no measurable change in the calibrated pixel size
with imaging position over the motion of the stage. Calibrations of the CCD were performed
by back-lighting a standard 1951 USAF resolution target placed at focus with collimated 400
nm and 800 nm radiation. The calibration was found to be (0.83 4+ 0.01) pm per pixel at both
400 nm and at 800 nm. The USAF target was also used to measure the resolution of the

imaging system; this was found to be (7.0 £ 0.8) pm at 400 nm and (9.8 £+ 1.1) pm at 800 nm.

3.3.2 Pump Beam Focus

By removing the short-pass filters it was possible to image the focal spot and make a measure-
ment of the focal profile of the pump beam. Figure 3.3 shows a focal scan of the pump beam
and an image of the focal spot; the measured spot size is (16.5 £+ 0.2) x (20.5 £ 0.2) pm while
the Rayleigh range, obtained from a fit of equation 2.2 to the focal scan data, comes to 1.06

mm. Analysis of the measured focal spot profiles was performed using the ISO-standard D4o
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method!"*¥] (section 2.6.1). The focal spot has an M? ~ 2 and shows some evidence of coma
as well as some structure in the wings, all of which is not unexpected as the near field spatial
profile is structured, as described in section 3.2.2, and a central elliptical portion of the beam
has been removed from reflection off the holey mirror prior to IP.

The focal spot data was recorded outside the vacuum chamber. The reliability of focal spot
data taken using the camera outside the chamber was confirmed by taking consecutive scans
with an in-chamber focal camera and the out-of-chamber camera at atmosphere and then
pumping down the vacuum chamber and ensuring that no distortion in the pulse arose during
the pump down as viewed on the out-of-chamber camera. The focal spot data shown here was
taken while the chamber was up to air using a low-power setting of the laser. Pumping down
the chamber did not affect the focal spot, nor did the spot change substantially at high-power
due to nonlinear effects in the transmissive lens or vacuum window.

Using a pixel summation method, it was possible to estimate the intensity of the pulse
at high-power (section 2.6.3); this gives a peak intensity of 1.1 x 107 W ecm~2. This method
does not account for spatio-temporal couplings!!"? or chromatic aberrations but provides a
reasonable estimate of the intensity, which can be quite useful during the experimental setup.
This estimate is in good agreement with a back of the envelope calculation of the expected
peak intensity of a Gaussian pulse using the measured energy, spot size and pulse duration,
(0.88 x 107 4 0.18 x 10'7) W cm™2. The same pixel counting method was used to determine
the peak intensity at a distance of 1 mm and 2mm from focus and found it to be in agreement
with Gaussian theory. By these estimates, it would be expected that the peak intensity at a
distance of 2mm either side of focus would be 2.2 x 10'® W cm~2, approximately 160 times
the ionization threshold for atomic hydrogen, assuming a simple barrier suppression model for
the ionization and linear polarization as described in section 2.3.1. Thus it is expected that

full ionization out to a large radius is achieved over the full length of the gas cell.

3.3.3 Pump Pulse Duration

The duration of the pump pulse was measured outside the vacuum chamber, after the polariser
chicane shown in figure 3.2, on a single-shot autocorrelator (SSA). The SSA was custom built

by previous group members, based upon a design that in theory allowed for the detection of
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pulse-front tilt (PFT)!153,

After the SSA, the pulse passed through three transmissive optics; the zero order quarter-
wave-plate of negligible thickness, a 3 mm thick Mgk, window and the transmissive lens
approximately 4 mm thick, made of fused silica. Together, the material after the SSA added
approximately 240 fs?> of GDD which would cause a 50 fs transform limited pulse outside the

chamber to stretch to at most 52 fs on target.

Figure 3.4 shows an example autocorrelation taken using the SSA. The panel on the right
shows the image visible on the CCD, while the panel on the left shows a lineout taken along
the black line indicated in the right panel. The SSA shown here, optimized for maximum
pulse compression by adjusting the compressor gratings, has a full width half maximum of
87.2 fs. To find the FWHM temporal duration of the pulse this number must be deconvoluted
by assuming a temporal pulse shape. In this case a sech? pulse shape was assumed, giving a
FWHM deconvolution factor of 0.65 and thus a FWHM pulse duration of 56.7 fs. The error in
the pulse duration, 3.4 fs was extracted from the error in the fit of the data together with the

error due to the finite pixel size (2.63 fs per pixel).

600

400

[\]
(e}
[en}

o
Convolved Time (fs)

Figure 3.4: Raw data taken from the SSA (right pane) and a lineout (left pane) which is taken
along the black line shown in the raw data. The red dashed line shows a Gaussian
function fitted to the lineout.
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It can be seen from the lineout and from the SSA image that there are significant wings on
the autocorrelation. These are believed to arise, in part at least, from amplified spontaneous

154 in the multi-pass amplifier which has high-gain, showing an amplification in pulse

emission!
energy by a factor of ~ 200. Other contributing factors could include the deteriorated pulse
compression gratings, misalignment or pre/post pulses not removed by the pulse slicer in the
multi-pass. Although attempts were made to remove these wings from the autocorrelation, it
was not possible in the time frame of the experiment to address the issue fully. Wings in a
pulse will reduce the peak intensity in the focus of the beam, though this was not thought to
be problematic since the laser pulse was only required to field-ionize hydrogen, and the peak
intensity was substantially above the threshold for this.

The tilt in the SSA in figure 3.4 suggests that there is some degree of PFT present. While
the SSA should have been capable of quantitatively analyzing the PFT, crucial information
relating to the crystal used and other design specifications could not be located (as the SSA
is more than eight years old) and so a figure for the PFT could not reliably be extracted. It
is however known that the SSA was designed to measure ultrashort pulses below 50 fs and
given that the SSA calibration was performed by the author there is no concern with the
measured value of pulse duration. In addition, the PFT if present, did not appear to be a
significant issue as the threshold laser energy required for ionization of hydrogen was found to

be approximately equal to the expected value.

3.3.4 Measuring the Polarization of the Pump Pulse

The polarization of the pump pulse was measured both outside the vacuum chamber and at
the IP, in both cases using a setup similar to that shown in figure 3.5 (a). A polarizing beam
splitter (ThorLabs CM1-PBS252) was placed at the location at which the polarization was to
be measured and photodiodes (ThorLabs DET10A) were placed at each of the outputs. By
monitoring the photodiode signal as a function of quarter-wave-plate position it was possible
to determine the angle necessary to produce the required ellipticity. Figure 3.5 (b) shows that
the measured signal varies with waveplate angle as expected. The data shows that circular
polarization occurs for a quarter-wave-plate angle of 41.1° while linear polarization occurs for

an angle of 356.1°. The blue data represents the photodiode signal at the vertical polarization
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output of the polarizing beamsplitter while the red data represents the horizontal polarization

output.
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Figure 3.5: (a) Setup used to determine the angle of waveplate required to induce circular
polarization; PD (photodiode), PBS (polarizing beam splitter) , QWP (quarter-
wave-plate). (b) Scaled photodiode signal (circles) fitted to a squared sinusoid
(black lines). The blue data represents the photodiode signal at the vertical
polarization output of the PBS, while the red data represents the horizontal
polarization output.

(a)

3.3.5 Measuring Energy of Pump Pulse

The energy of the pulse on target was measured in situ (just after the holey mirror) at high
power in air using a pyroelectric energy meter (Gentec QE255P-S-MB-D0). To ensure that
the energy meter did not burn it was placed ~ 300 mm upstream of the focus and subjected
to 500 consecutive shots to provide an accurate measurement of both the average pulse energy

as well as the associated rms and peak to peak errors.

3.3.6 Interferometry Diagnostic

The phase gained by the probe beam passing through the laser formed plasma was measured
using a longitudinal folded-wave interferometer (section 2.7.8) consisting of a Michelson
interferometer and a CCD. Upon splitting the probe pulse in two, interference fringes were
introduced to the output of the Michelson by spatially off-setting the two beams to introduce
an angle between the wavefronts of the two pulses. The spacing of the fringes could be adjusted

by changing this spatial offset subject to two caveats; i) the area of the probe beam containing
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Figure 3.6: Schematic of the folded wavefront interferometer used to perform the longitudinal
interferometry measurements in this chapter. The inset shows an example of the
kind of image expected on the CCD.

light which had passed through plasma must be spatially overlapped with a part of the probe
beam which didn’t see any plasma and ii) the area of interference, dictated by the angle
between the phase fronts and the transform limited pulse duration, must cover the entire area

of interest.

As the wavefront of the probe beam was not perfectly flat and free from deformations,
reference interferograms were taken with the pump and probe beams firing but without any
gas in the cell. During the data analysis these reference shots were grouped by shot conditions,
analysed and their extracted phase profiles averaged before being subtracted from the phase
profiles retrieved from shots containing gas in the cell. In this way, systematic errors resulting
from non-ideal probe beam quality could be mitigated. Reference shots were re-taken after

any adjustment to the probe beam optical system.

Figure 3.7 (a) and (b) gives examples of the raw CCD image showing the interferogram of
a reference and data shot respectively. Clearly visible is the outline of the downstream pinhole
of the gas cell (section 3.3.9). The image of the pinhole was duplicated in the Michelson
interferometer and partially overlapped with itself to produce the reference wavefront from a
region of the probe beam with no plasma. The fringe spacing was then adjusted to be smaller

than the smallest feature that was to be observed.
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Figure 3.7: Sample raw CCD images of a reference (a) and data (b) interferogram obtained
from the folded wavefront interferometer.

3.3.7 Optimizing the Image Plane of the Interferometry Diagnostic

Using standard alignment techniques it was possible to set the image plane of the interferometry
diagnostic accurate to within a millimeter. To ensure good quality imaging of the plasma
structures generated, it was necessary to further optimize the image plane by scanning it
longitudinally using the imaging stage (the motorized translation stage upon which L2 was
placed). Optimization of the image plane was achieved by monitoring the plasma structure
as seen by the interferometry camera. The timing stage was driven to the end of its motion
(corresponding to a large pump probe separation with the probe arriving after the pump) and
the cell filled with between 30 and 60 mbar of hydrogen. The standard alignment procedure was
good enough that the imprint of the plasma upon the probe could be seen on the interferometry
diagnostic immediately using an online interferogram analysis code developed by the author
based upon the analysis techniques discussed in section 2.7.3. As the imaging stage position
was varied, the peak density read out by the online diagnostic increased and decreased, and
in addition, features of the plasma structure sharpened and blurred out. The optimal image
plane was taken to be the plane at which the features of the plasma channel were sharpest
and the peak density extracted was highest.

The validity of this method for finding the optimal image plane was confirmed by beam
propagation simulations using a FFT-BPM code developed by the author (section 2.4). The
results of the simulation are shown in figure 3.8; panel (e) shows a 2 mm long sample plasma

channel, while panel (d) shows the phase profile of a 400 nm probe beam as it is passed over
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Figure 3.8: Simulation results confirming the experimental method used to determine the
object plane of the imaging system. The simulated phase shift seen by the probe
beam (black line) compared to the expected total phase shift (red dashed), for
a 2mm long plasma channel, with the object plane located: (a) 1 mm upstream
of the end of the channel; (b) at the end of the plasma channel; and (¢) 1 mm
downstream of the end of the channel. A heat map of the accumulated phase
shift throughout the propagation is given in (d) while (e) shows a heat map of the
electron density profile of the plasma channel used in the simulations.

the plasma channel. Lineouts of this phase profile taken at the middle of, end of, and after the
plasma channel are shown in panels (a) through (c). As the probe beam passes through the
channel the phase imprinted upon the beam by the plasma increases linearly until the end of

the channel is reached. At this point, the features imprinted upon the probe start to diffract
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causing a very slight blurring of the channel features. This shows that the correct location
of the object plane could be found reliably by adjusting the cell/optics position to yield the
deepest and sharpest retrieved electron density profile.

The experiment as compared to the simulations, showed a slightly stronger blurring of
the features as the imaging stage was moved downstream of the plasma channel. This was
attributed to minor misalignment between the channel axis and the probe axis. However, the
misalignment was deemed to be small and did not cause concern in the subsequent plasma

channel measurements.

3.3.8 Pump Probe Timing

The relative timing between the pump and probe pulse was controlled by moving the 4-pass
delay stage on the probe line. The overlap of the two pulses was found using a plasma blowout
technique in which the gas cell was filled with hydrogen to around 200 mbar and the relative
timing between the pump and probe scanned while the spatial profile of the probe beam was
monitored for changes resulting from high levels of refraction around a plasma structure. If the
probe pulse arrived at IP before the pump it saw unionized gas and passed through effectively
unchanged. However, when the probe arrived behind the pump it saw a large amplitude
localized phase shift from the plasma which caused a small portion of the beam to refract
leaving a clear hole in the observed spatial profile of the probe pulse. The technique can
identify the relative timing between the two pulses to within a pulse duration, or the accuracy

of the timing stage.

3.3.9 Gas Cell

Both the gas cell and gas delivery system used in the experiments described here were designed
and developed by previous members of the Laser Plasma Accelerators group!!">'%0  Cell
lengths of 1.95mm and 4.20 mm were employed and in both cases 750 pm diameter pinholes
were used. Hydrogen gas was fed to the cell from a central reservoir located approximately
2m from IP, outside the chamber. The gas was pulsed in to the gas cell approximately 150 ms
before a laser shot was fired to allow sufficient time for the cell to fill. The fill time was

determined empirically.
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The gas cell was mounted on a 6-axis Hexapod (Physik Instrumente M-824) to allow for

the accurate alignment of the cell to the optical axis, and focal position of the beam.

pinholes
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@

Figure 3.9: Gas cell used in Oxford plasma channel experiments (a) full view (b) section.

3.3.10 Determination of Gas Cell Length

For longitudinal interferometry it is important to determine the length of the gas cell accurately
since the phase shift seen by the probe beam is proportional to the length of the cell. The
cell length was measured in two ways: i) it was measured using a vernier calipers; and ii) the
length was deduced from a pressure scan of the gas cell.

The pressure scan technique for deducing the gas cell length relies on the assumption that
the pressure in the cell is uniform. In this case, the phase shift acquired by the probe passing
through the cell may be reduced to

Ae?
ATcimeeg

L
6= / ne(2)dz ~ An,L . (3.1)
0

It is assumed, based on previous work with the gas celll'??1[156] that the pressure in the cell
is close to that recorded by a pressure transducer placed near to the gas cell. This pressure
allows for a calculation of the density of plasma expected from the full ionization of hydrogen
gas, see section 2.7.6. By plotting the measured phase shift versus expected plasma density for
a range of different fill pressures of the cell it is possible to extract the slope, I', of the data

which can be related to the cell length by
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It would be expected that any density ramps would be the same length for both the short
and the long cell and thus to have a larger impact in the operation of the short cell, however,
it was found that there was no substantial difference in the results obtained with the short and
long cells. In addition, the cell length extracted from the pressure scan was very similar to the
measured length and thus it was determined that the density ramps did not play a large role

in the operation of the gas cell or the measurement of the plasma density.

3.4 Results & Discussion

3.4.1 Plasma Channel Formation

Figure 3.10 shows the extracted electron density profiles measured from single shots of a
circularly polarised channel-forming pulse of energy (26.7 £ 2.9) mJ and an initial cell pressure
of 50mbar. The initial plasma formed comprises an approximately cylindrical region of

3 corresponding to full

diameter 721m and peak electron density n(0) ~ 2.4 x 10 cm™
ionization of the hydrogen gas. After the initial ionization, hydrodynamic expansion of the
plasma is observed. During the course of this expansion a clear high density shock-front
emerges at the plasma-gas interface leaving behind it a core of lower density plasma.

The initial plasma formation, while approximately cylindrical, is slightly asymmetric and
contains some fine structure. However, during the expansion the fine structure disappears
and a more symmetric plasma distribution evolves. It was observed during the course of the
experiments that while the energy of the laser fluctuated with an rms spread of 2.9mJ, the
shape and density of the plasma profiles obtained did not vary significantly. Small changes in
the size of the phase feature were observed and could be attributed to the varying size of the
initial plasma column ionized by a laser of fluctuating intensity.

To mitigate the effects of this shot-to-shot jitter in the pulse energy, the electron density
profiles were averaged over between 5-10 shots and this subsequent electron density profile
was rotationally averaged about its centre to produce a 1-D lineout of the average electron
density for a range of different times.

Figure 3.11 (a) shows averaged lineouts of the temporal evolution of a plasma channel

formed in an initial cell pressure of 50 mbar of hydrogen. For this pressure, at ¢ = 3.9 ns the
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Electron Density (10'8cm™3)

Figure 3.10: Single-shot data showing measured transverse electron density profiles at times ¢
after the arrival of a channel-forming pulse focused into 50 mbar of hydrogen gas.
Each profile is obtained from analysis of a single interferogram and is shown in a
square of side 280 pm. The delay ¢ is indicated for each plot.

plasma column has driven a cylindrical shock wave, with an electron density peak at r ~ 92 um;
the electron density increases from n.(0) ~ 5 x 10! cm™3 to approximately 7.9 x 1017 cm ™3
at the peak of the shock front. Figure 3.11 (b) shows the evolution of the plasma channel at
t = 3.91ns for a range of differing initial cell pressures, demonstrating plasma channels with

on-axis densities below n.(0) = 2 x 10'7 ecm ™3 for an initial cell fill pressure of 25 mbar. The

lowest on-axis electron density recorded in these experiments (during a scan of fill pressures)
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Figure 3.11: Measured transverse electron density profiles for hydrogen plasma after OFI by
a circularly polarized pulse. The solid lines show the mean rotationally averaged
profile for 5-10 shots while the associated coloured band shows the rms error in
the measurement. (a) shows the temporal evolution of a plasma channel from an
initial fill pressure of 50 mbar while (b) shows the electron density profile 3.9 ns
after ionization for a range of different cell fill pressures.

was n¢(0) ~ 1.6 x 10'” cm™3, as can be seen in figure 3.13.

3.4.2 Expected Guiding Properties

The rotationally-averaged electron density profiles at ¢ = 3.9ns can be used to calculate the
lowest-order modes of the measured HOFI plasma channels by solving the Helmholtz equation,

equation 2.12. A “leaky mode” code, developed by the Maryland group!'®]

, was used to
perform the calculation by assuming an electric field of the form E(r], z) = u(r] )e!?e~1/e*

where z is the position along the waveguide axis and ] is the position vector perpendicular
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to the laser propagation direction. The 1/e attenuation length for the power of the guided

mode is then given by L/, = 1/(2ac).

T T T T / T T T T T
1 -~ Density Profile .
= == Parabolic Fit

o 0.8 Fundamental Mode
"S. : = == Gaussian from Fit 7]
=
o 0.6 ]
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Figure 3.12: The lowest order mode (black) of a measured plasma channel (gray) calculated
by providing the plasma channel’s electron density lineout as an input to a leaky
mode solver. A parabolic fit to the central region of the channel is shown by the
dashed blue line, and the dashed red line shows the calculated lowest order mode
for this parabolic channel.

For P = 25mbar (n.(0) ~ 1.9 x 10!"ecm™ at t = 3.9ns) the measured channel has
a calculated lowest-order mode with a 1/e? intensity spot size of w,, = 50.1 pm, and an
attenuation length of L; /. = 178 mm. Figure 3.12 shows the density profile for this case, along
with the intensity profile of the lowest order mode. For batch analysis of the data, it was
more convenient to calculate the matched spot size of the channels by fitting a second order
polynomial to the central region of the density profile — in other words approximating the
central portion of the plasma channel to an infinite parabolic plasma waveguide. From this

parabolic fit, it is possible to extract an approximate matched spot size from equation 2.9.

Figure 3.12 shows the parabolic fit to the central region of the density profile and in addition
it shows a Gaussian (the lowest order mode of the infinite parabolic plasma waveguide) with a
spot size of w,, = 56.6 nm calculated from the parabolic fit. The leaky mode solver provides a
fundamental mode with a non-Gaussian profile that is in relatively good agreement with the
simple parabolic estimate and thus it is concluded that it was acceptable to use the parabolic
estimate to perform a batch analysis of the pressure scan data to get a sense of the variation

of matched spot size with on-axis density. This data is shown in figure 3.13.
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The top panel shows the on-axis density, ne(0) versus the fill pressure. Here on-axis

3

densities ranging from ~ 1.6 x 107 cm™3 to ~ 1.0 x 10'® cm ™3 are observed, demonstrating

on-axis densities almost an order of magnitude lower than has previously been demonstrated

for hydrodynamic plasma channels!7%137).

The lower panel shows the matched spot size as a
function of on-axis density demonstrating a clear trend to larger matched spot sizes at lower
densities. At lower densities the mean free path, Apg o< 1/ ne[157], of the plasma electrons is
larger and so the shock front — the width of which scales with the mean free path[1?%:159) —
becomes thicker. With a thicker shock front the parabolic profile at the channel centre becomes
shallower, leading to a larger matched spot size. This is advantageous, as the ideal matched
spot size for quasilinear wakefield generation also increases as the density is dropped®?]. This
can be shown clearly by taking equation 1.5 from the discussion in section 1.2.3 and replacing

the characteristic length scale of the transverse laser intensity profile with the matched spot

size:

3.4.3 Comparison with Sedov-Taylor Blast Wave Theory and Simulations

The hydrodynamic expansion was compared with Sedov-Taylor blast wave theory discussed in

section 2.3.2. According to the Sedov-Taylor solution"?!, the position of the shock front as a

function of time r4(7) in cylindrical coordinates is:

r(t) = (a+ 1) Fit? : (3.4)

™ Pm

where 4 is the adiabatic index of the medium, Ej is the energy per unit length contained
within the plasma and p,, is the mass density in the unshocked region which, in this case,
is simply given as the product of the number density of particles in the neutral gas times
the mass of the hydrogen molecule p,, = nyMp,, approximately equal to (in the case of
full ionization) the product of the initial plasma density and the mass of the hydrogen ion

nomy. For a cylindrical column of plasma, the energy per unit length may be approximated
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Figure 3.13: (Top) Measured variation with cell pressure of the on-axis density of the plasma
channels extracted from a parabolic fit to the central region of each channel’s
electron density profile as measured at t = 3.9 ns. (Bottom) Variation with
on-axis density of the matched spot size of the lowest order mode, as deduced
from parabolic fits to the measured plasma channels.

by E; = (noEy)nrd, where ng is the initial electron density in the plasma column, Ej, is the

average energy of the ionized electrons and rg is the radius of the initial column.

The Sedov-Taylor solution assumes that the energy is deposited at time t = 0 in an
infinitesimally small region of space. This is clearly unrealistic. To reflect this, one can view
the initial plasma column — formed at laboratory time ¢ = 0 — as a plasma column which

started expanding at ¢t = 0 from an idealized column of r; = 0.

1

’ 1 Ek 4 / 1

rs(t) = (va+1)2 | — | (ro(t' +t0))* . (3.5)
mp

This time difference between the idealized time ¢ and laboratory time ¢’ is given as tg = t—t'.

By requiring that the plasma column radius at ¢ = 0 is 7, the time difference tg can be
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Figure 3.14: Comparison of measured, calculated and simulated temporal evolution of the
shock front. Blue circles show the average of the major and minor axes of an
ellipse fitted to a half-max contour of the measured electron density profiles; the
same data binned by time interval is shown as red circles. The gray dashed line
shows a fit of the data to the Sedov-Taylor solution assuming an electron energy
of 13.7 eV while the black dashed line shows a fit to the data allowing the electron
energy to vary. The dashed purple line shows the results of a HELIOS simulation.

expressed in terms of the initial radius of the plasma column as:

m 1
PR L S — 3.6
CTNVE (a1 (3.6)

Experimentally the shock radius is defined to be the half-width at half maximum (HWHM)
of the measured electron density profile. The expansion of the shock front observed in the
laboratory, for the case of circularly polarized pump light, is plotted in figure 3.14. The
Sedov-Taylor solution was fitted to the experimental data in two ways; first using ro as a
free parameter and assuming an initial electron energy (Ej) = 13.7 €V as calculated from
EPOCH!'?%! simulations of the ionization of hydrogen with circular polarization; and secondly
by treating both rg and FEj, as free parameters. In both cases 74 = 5/3 was used, corresponding
to a fully ionized plasma. The EPOCH simulations calculated the energy of the ionized electrons
using the ADK model"?"! with the Posthumus strong-field correction!'?? corresponding to

Barrier Suppression Ionization!'2%,

TEPOCH simulations courtesy of Mr. Chris Arran('®],
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Figure 3.15: Variation of shock front position with pressure at ¢ = 3.9 ns.

Fixing the electron energy at 13.7 €V, an initial plasma column radius equivalent to
ro =(46.5 £ 0.7) pm was found to best fit the experimental data. However, allowing both rg
and Ej, to vary, it was found that an initial radius of (49.9 4+ 1.0) pm and an electron energy
of (9.5 4 0.8) ¢V provided the best fit. The error in these parameters being given as the 95 %
confidence interval provided by MatLab’s curve fitting tool. Figure 3.14 shows the energy-fized
fit in gray and the energy-variable fit in black; while the electron energy between the two cases
differ by ~ 30 % of the simulated value, it is clear that both lines constitute a good fit of the
data. This insensitivity to the initial electron energy arises from the Eé term in equation 3.5
and demonstrates that while the Sedov-Taylor solution is a useful tool in modeling the shock
expansion, it is difficult to extract accurate values for the electron energy from the rate of

shock expansion.

HELIOS fluid code simulations, performed by Mr. Chris Arran!'%’l, were also run to model
the expansion dynamics. They assumed an initial electron temperature kT, = (2/3) (Ex) =
9.1 eV and an initial transverse electron density profile described by a 10th order super-Gaussian

chosen to match the measured profile of the initial plasma column.

It can be seen in figure 3.14 that both the HELIOS simulations and the Sedov-Taylor
solution are in good agreement with the experimental data, demonstrating that the essential
physics of HOFI channel formation is captured by the models of OFI-heating of the initial

plasma column and its subsequent expansion as a Sedov-Taylor blast wave.

Another prediction of the Sedov-Taylor solution, as demonstrated in equation 3.5, is that

the expansion dynamics of the plasma column should remain independent of density. An
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expansion is observed which, as can be seen in figure 3.15, appears to be relatively insensitive
to density over the timescales and pressure ranges used in this experiment, although the shock

radius does start to exhibit a minor downward trend in shock position with increasing pressure.

3.4.4 Plasma Dynamics: Charge Separation and Cold Ions

It is clear that while the Sedov-Taylor solution provides a reasonable set of analytic equations
describing the experimentally observed expansion of the OFI-heated plasma column, it has a
few shortfalls. Namely, that it neglects to explicitly consider the cold plasma ions or charge
separation. The Sedov-Taylor solution ignores these and considers the expansion of a fluid
containing a certain amount of energy per unit length into a surrounding fluid (the neutral
gas). These are potential issues as it is known that optical-field-ionized electrons and ions are
not born in thermal equilibrium. To investigate one can consider some general timescales.
The electrons generated from barrier suppression ionization are initially born at t = 0 with

a non-isotropic, non-Maxwellian energy distribution of average energy (Fj). They isotropize

and attain a Maxwellian energy distribution on the electron self-collision timescalel'*%;
2.7 x 10°
= 32 3.7
Tee ne ln (A) e bl ( )

with A the plasma parameter, A = (4/3)7n.\}, = (4/3)7771@\/W3 and Ap the
Debye length. For an initial electron density of n. = 10*® cm™3 with (E;) = 10 €V, it is found
that 7ee ~ 2.7 ps. The ions remain at room temperature on this timescale. Thus within several
picoseconds (much shorter than the expansion timescale), the electron and ion populations
have attained Maxwellian energy distributions separated in mean energy by approximately

the energy of the electrons. These two species will thermalize over the equipartition timel148],

 5.87 x 105 mem; (mpTe . mpTi>3/2 | (3.8)

Toy =
‘T mZneZ?In(A) Me m;

with m; the ionic mass, m, the mass of a proton, Z; the ionic charge and 7; the ionic
temperature. In the case described above, 7, ~ 2.5 ns.

The plasma expansion into the cold surrounding gas and the thermalization of the electrons

and ions occur on similar timescales complicating the dynamics at play. It is difficult to
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assess theoretically the effect that this thermalization process has on the expansion dynamics,
however it could be further investigated experimentally by choosing a different species as
the plasma source. For example a singly ionized nitrogen plasma would have an electron
population with an initial energy very similar to that of hydrogen but the thermalization time
for such a plasma would be an order of magnitude higher than that of hydrogen.

The dynamics could be further complicated through collisional ionization of neutral atoms
in the surrounding gas by hot electrons streaming radially outwards. The timescale for this
collisional ionization, derived by Lotz!'!) is calculated for the conditions here to be 0.2ns.
This effect was included in the HELIOS simulations discussed earlier.

Ignoring charge separation in the dynamics, as fluid based codes and theories do, is
somewhat counter-intuitive. At first glance it seems perfectly reasonable; both the electron
and ion Debye lengths are much smaller than 1 pm compared to the typical dimensions of the
plasma, ~ 50 pm. However, insight may be gained by considering the physical mechanism by
which the plasma expands. At early times, the plasma column consists of cold ions and hot
electrons. The electrons thermal velocity will be ~ 42.8./T, /T; times the ions thermal velocity,
rendering the ions essential stationary at early times and still much slower than the electrons
after thermalization. Therefore, it is expected that the electrons will stream radially outwards
much faster than the ions, creating a charge separation which generates strong electric fields
that acts to reign the electrons back in. In this way, the electrons will drag the ions radially
outwards at a speed determined by the electron temperature and the ion mass. In other words,
charge separation is responsible for the expansion of the ions in the plasma column. The
process is similar to ambipolar diffusion, which is defined as the simultaneous diffusion of

[162] " However, the presence

electrons and ions in the presence of their own space charge fields
of a shock front and indeed the results shown in figure 3.14 suggest that the dynamics can be
accurately modeled by employing a fluid model in which the dynamics are driven by a pressure

differential rather than by charge separation.

3.4.5 Effect of the Ellipticity of the Laser Pulse on Expansion Dynamics

In theory, an advantage in the use of optical-field-ionization to generate plasma channels is that

the energy of the initial electron population may be tuned by adjusting the polarization of the
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ionizing pulse. To investigate the effect this had on the channel formation, timing scans were
performed for both circular and linear polarization, keeping all other experimental parameters
fixed. The expansion in circular polarization, shown in figure 3.14 has already been discussed.
Its counterpart, the expansion of a plasma channel generated using a pump pulse with linear
polarization is shown in figure 3.16. Similar analysis was performed to that used in the case
of circular polarization. The energy-fized fit (with a mean electron energy fixed to 1.6 €V,
corresponding to that calculated from EPOCH simulations performed by Mr. Chris Arran[wo})
leads to a much slower expansion than that which is observed. The energy-variable fit closely

follows the experimental data with an initial radius of (47.7 £ 1.0) pm and an electron energy

of (7.8 +£0.6)eV.

While the experimental results described in this chapter provide different estimates of the
energy in the initial plasma, as would be expected for plasmas ionized by pulses of differing
ellipticity (section 2.3.1) there is clear disagreement between the energy in the plasma estimated
for the case of linear polarization as compared to the EPOCH simulations. One possible reason
for this discrepancy are the approximations made in EPOCH’s calculation of the average

electron energy.

As discussed in section 2.3.1 EPOCH calculates the electron energy spectrum based on
the ADK model of tunnel ionization with a correction for the case of strong-fields!'20:122,124]
The simulations performed assumed an atomic hydrogen target which in the ADK model,
produces hot electrons and cold ions as there is no direct mechanism to transfer energy from
the radiation field to the atomic corel’®3). However, this experiment makes use of diatomic
hydrogen molecules. Optical-field-ionization for single atoms is an extremely complex process,
the addition of molecular dynamics further increases the complexity and like the optical
field-ionization of atoms, it has become a rich field in its own right — an excellent review on
the topic can be found herel'!. Investigating, in detail, the ionization dynamics at play is
beyond the scope of this thesis, however it should be noted that the basic assumption that the

ions are born cold no longer holds in the case of field-ionization of diatomic molecules.

In particular, for the case of the ionization of Hs by highly-intense femtosecond pulses,
it is possible for the molecule to be completely stripped of electrons before it has had time

to dissociate. This leads to a Coulomb explosion of the ionic core and thus to ions with an
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Figure 3.16: Comparison of measured and calculated temporal evolution of the shock front.
Blue circles show the average of the major and minor axes of an ellipse fitted to a
half-max contour of the measured electron density profiles; the same data binned
by time interval is shown as red circles. The gray dashed line shows a fit of the
data to the Sedov-Taylor solution assuming an electron energy of 1.6 eV while
the black dashed line shows a fit to the data allowing the electron energy to vary.

[165]

energy comparable to that of the liberated electrons!'®°l. Alternatively, for the case of linear

polarization there is the possibility for rescattering'%! of the first liberated electron with the
ionic core which can produce protons with several electronvolts of kinetic energy!*07.

The production of these energetic ions will of course affect both the linear and circular
polarization cases mentioned above and may indeed reduce the effects of polarization on

expansion dynamics. Thus understanding the complex dynamics at play will form the focus of

future work.

3.4.6 Investigating Potential Probe Refraction

One natural concern with longitudinal probing of a relatively long plasma channel structure is
unwanted refraction of the probe beam as this can lead to systematic errors in the channel
measurements. Beam propagation simulations were performed, using the FFT-BPM code
developed by the author (section 2.4), to determine the degree of probe refraction in the case of
the experiments described here and ultimately to assess its potential impact upon the results.

The beam propagation simulations follow the technique described in section 2.4.

89



CHAPTER 3. DEMONSTRATION OF LOW-DENSITY LENS-FORMED HOFI
PLASMA CHANNELS
3.4. RESULTS & DISCUSSION

o

—
2 by
= "
g 0
7 0 =
= by
S >
~— \ v B |
g N\ N\ N A

0 N
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
X (nm) X (pm) X (am) X (pm) X (pm)

Figure 3.17: Beam propagation simulations showing the electron density/phase profile ex-
tracted from a probe beam (blue) after propagating 2 mm (top) and 4 mm
(bottom) in a plasma channel with the electron density profile given by the black
curve.

Figure 3.17 shows the results of these calculations for an example plasma channel formed
in 50 mbar of Hs where the black dashed line represents the inputted electron density profile
and the blue line corresponds to the electron density profile extracted from the phase of a
400 nm probe beam passed through the plasma. The simulations were run for the case of
the two gas cell lengths used in this experiment (2 mm and 4 mm) and show, as would be
expected, that the longer cell exhibits more probe refraction. For the 4 mm long cell probe
refraction broadens the retrieved electron density profile at earlier times, although the peak
electron density is extracted correctly; further, the extracted electron density profile is close to
the true profile at later times. For the 2mm long cell the extracted electron density profile is

close to the true profile for all times.

The results from these simulations were taken into account in the analysis of the experi-
mental data; for timing scans, data from the 2 mm and 4 mm cells were combined to examine
the whole expansion in detail. The 2 mm cell was used to look at the plasma at earlier times
without concern for significant probe refraction while the 4 mm cell was used to examine
plasma at later times when the longer cell provided a stronger signal and probe refraction was

no 10ngI‘ a concern.
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3.5 Conclusions & Outlook

In this chapter results have been presented from a proof of concept experiment to demonstrate
the formation of low-density HOFI plasma channels using a lens. The laser used in these
experiments, the Oxford TW laser system, was reviewed in detail and the layout of the
experiment was described together with information about the key parameters of the setup
and how they were characterized. The results clearly demonstrate the ability of this technique
to generate plasma channels with on-axis densities in the range 1.6 x 10'7cm™ < n.(0) <
1 x 10'8 ¢cm ™3, almost an order of magnitude lower than previously demonstrated!"":72,

An investigation into the expected guiding properties of the lowest-order modes of these
channels has shown matched spot sizes of order a few tens of microns and 1/e attenuation
lengths of order hundreds of millimeters. The guiding properties were investigated with both a
leaky mode solver('%’] and with a simple approximation of the measured channels to an infinite
parabolic waveguide. The two analyses produced similar results.

The expansion of HOFI plasma channels was investigated for the case of hydrogen and
found to agree well with Sedov-Taylor theory. Both linear and circular polarization were
investigated and it was found that the inferred temperature of the plasma ionized by circular
polarization was larger than that ionized by linear polarization, as expected. However, it was
also noted, that the linearly polarized driver did produce a hotter shock than expected. This
higher than expected plasma temperature for a linear polarized driver is thought to be due to
an oversimplified view of the ionization process; further investigation will be required to fully
understand the complex dynamics at play and this will form the basis of future work.

Low-density HOFI plasma channels hold promise for applications as waveguides for the
next generation of laser plasma accelerators. Here their ability to operate with low on-axis
density and with promising waveguiding characteristics was demonstrated for the first time. In
addition, as these plasma channels are formed without an external structure, they are limited
in repetition rate only by the recombination time of the plasma itself, meaning operation in
the multi-kHz regime is a very reasonable prospect. Indeed with further work, channels of this
type would appear to be an ideal basis for multi-GeV laser-plasma accelerator stages capable

of long-term operation at high pulse repetition rates.
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Chapter 4

Guiding In Axicon-Formed HOFI
Plasma Channels: Experimental

Design and Setup

4.1 Introduction

Over the next two chapters an experiment aimed at providing the first demonstration of
axicon-formed HOFT plasma channels and optical guiding in those structures will be described.
The work is separated into two chapters; this chapter describes the challenges associated with
this work compared with the experiments described in the previous chapter, the process of
designing the experiment to overcome these challenges and the resulting experimental setup
employed. Chapter 5 details the implementation of the experimental setup and the results
obtained. The experiments described here were performed on the Astra-Gemini TA2 system
within the Central Laser Facility in three experimental periods totalling 19 weeks, over the

course of six months starting in February 2018, with planning commencing mid 2017.

4.1.1 Motivation

In the last chapter it was successfully demonstrated for the first time that the formation

of low-density (~ 10'7 em™3) HOFI plasma channels was possible using a lens to focus the
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channel-forming beam; an important step towards establishing the viability of HOFI plasma
channels as waveguides for the next generation of LPAs.

Lenses (or paraboloids for that matter) are excellent optics with which to explore the
fundamental aspects of plasma channel formation and dynamics but are not well suited to
the generation of very long plasma channels (100’s of millimeters). This is because lenses are
designed to localize a maximum amount of optical energy at a specific point in space, the
focus. This makes long channel formation with lenses an inefficient use of energy. Assuming
the same energy per unit length of channel as found in the experiments reported in chapter
3, ~ 6.7mJmm™", it is found that joule levels of energy would be required to form plasma
channels fitting specifications for the next generation of high energy LPAs as laid out in section
1.5. Furthermore, achieving ionization over such long distances would necessitate very high
focal intensities and this would facilitate nonlinear laser plasma interactions near the focus
which could destroy the pulse or adversely affect the ionization/channel formation dynamics

Instead it is desirable to form long plasma channels using an optic such as an axicon which
can shape the incident optical energy into a line focus (section 2.5). Using such optics should
allow for a much more efficient use of energy and the generation of very long plasma channels.

As was discussed in section 1.3.1, axicons have been used extensively to form inverse-
bremsstrahlung-heated hydrodynamic plasma channels. There is however no evidence, to the
authors knowledge, of optical-field ionized hydrodynamic plasma channels formed with an

axicon; nor have axicons been employed with femtosecond beams to form plasma channels®.

4.1.2 Objectives

The objectives outlined for the experiment were as follows:
e Demonstration of long low-density HOFT plasma channels efficiently formed by an axicon.
e Demonstration of high-intensity (> 101”7 W ¢cm™2) guiding in those plasma structures.

e Demonstration of both channel formation and guiding at the highest available repetition

rate of 5 Hz.

*For example the femtosecond inverse-bremsstrahlung heating of clusters by Kumarappan et al. used a lens
for channel formation[®; in this case self-guiding through the cluster medium elongated the plasma channel

allowing for guiding lengths exceeding the Rayleigh range.
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4.2 Challenges

While a change of focusing optic may appear innocuous at first, it turns out that the change
from a lens to an axicon brings a number of challenges to the fore which make not only plasma
channel formation more difficult, but the diagnosis of those channels more difficult too.

y[136,137]

As discussed in section 2.5.2, there is a reduced critical densit for axicon formed

eff
Ccr

plasmas which depends upon the approach angle of rays to the optical axis, o; n¢l = n, sin? a.
Further, the 1/e? sizel of the central Bessel peak of an axicon also depends on approach angle,
Wax = 1.75/ (ksin a). Assuming that the initial density of the plasma is close to n¢f (o) and
that the plasma is only ionized within the central peak of the Bessel profile, it is then possible
to calculate the energy per unit length of ionized plasma as done in section 3.4.3. It is found
that the maximum energy per unit length which can be coupled into the plasma is independent
of the axicon approach angle and instead depends only on the kinetic energy of the liberated
electrons E}, and the laser wavelength )\ used;
_ 3Exmne  Eg

E 25k er o Tk 4.1
lax X (4.1)

For the case of circularly polarized light, the peak of the electron kinetic energy spectra
scales with the ponderomotive energyml], equation 2.16, and thus scales as A\2. If it is assumed
that the intensity at the time of ionization is fixed by the ionization threshold, as is the case
in the barrier suppression ionization model (section 2.3.1), then it can be shown that, for a
given plasma species, the energy per unit length which can be coupled into the plasma channel

scales only with wavelength of the channel-forming laser.

B, oA (4.2)

This is in direct contrast to a lens in which the energy per unit length at focus can be tuned
easily by increasing the plasma density for a fixed focal spot size. This is not possible with an
axicon due to the reduced n¢f. In the case of an axicon, an increase in density is completely

cancelled out from an energy perspective by a necessary decrease in the spot size. This places

tHere 1 / €2 is used for familiarity — when considering ionization by a Bessel beam it can be useful to define
the maximum-ionization spot size wion = 1.69/(k sin ) the maximum radius out to which ionization can occur
without ionizing with the Bessel’s first ring.
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tighter constraints on plasma channel formation and thus necessitates careful planning.

In addition to the tight constraints on plasma channel formation, there are also difficulties
with probing the channels and making measurements of the electron density profile. As an
example consider the parameters used for the results demonstrated in figure 3.11 (a). An
initial fill pressure of 50 mbar of fully ionized Hs would necessitate a minimum approach angle
of a = 0.034rad and thus a maximum central Bessel spot size (1/e?) of 6.6 pm in comparison
to the plasma column shown in figure 3.11 (a) which has a radius of ~ 50 pm. One can expect
that given how much thinner the initial column of plasma is, it will cause a longitudinal probe
to be much more susceptible to diffraction at early times. Furthermore the expansion of this
column will likely be quite different to that shown in figure 3.11 (a).

Guiding in a HOFT plasma channel is one of the main experimental objectives. As this
necessitates the plasma channel strongly affecting the propagation of a pulse travelling collinear
with the axis of the channel, longitudinal interferometry is not possible. An alternative method
of probing is to use transverse interferometry. This allows for probing of small sections of
arbitrarily long plasma channels at the cost of a smaller measured phase shift. For example,
it would be order 100 mrad (assuming a truncated parabolic channel with on axis density of

1 x 10" cm~3 and a matched spot size of 20 pm).

4.3 Experimental Design

Facility experiments, such as those performed at Astra-Gemini, typically require a much more
complete design phase than those that can be performed in a local lab, such as the experiments
described in chapter 3. This is mainly due to the time constraints placed on experiments. The
Oxford group was awarded 12 weeks to pursue experiments related to guiding of high-intensity
beams in axicon-formed HOFT plasma channels and to achieve the goals outlined above. Thus
having a detailed plan, together with several contingency options, should something not work
as expected, was essential to success. In this section, the design considerations that were
explored for the Astra-Gemini TA2 2018 run are discussed. This includes design parameters

relating to the focusing geometry, optics and cell design among others.

While the goal of guiding in an axicon-formed HOFI plasma channel is clear, there are a
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few constraints that must be placed on the design to achieve this goal. These can be divided

into two categories, restrictions on the focusing and restrictions on the cell.

Focusing Constraints

e The intensity of the channel-forming beam in the focal region must exceed a threshold

value determined by the target species in order to field-ionize the neutral gas

e The focal region of the channel-forming beam must have a minimum transverse dimension
so that the energy per unit length of the axicon-generated plasma is sufficient to drive a

shock wave to radii greater than the desired matched spot size of the channel.

e The interaction of the channel-forming pulse with the plasma at a point should not
detrimentally affect plasma formation further downstream. This would mainly occur by
refraction of the focusing axicon beam due to plasma formation at a density above the

effective critical density ncf.

Gas Cell Constraints

e The gas cell must provide a uniform body a gas and be capable of holding pressure up

to a few hundred mbar.

e The cell must allow for the coupling of the guided (and probe) beam into and out of the

plasma channel without significant wavefront distortion.

e The cell should be robust so as to allow for extended periods of operation under vacuum

at 5 Hz

Before discussing the experimental design in detail it is useful to explore the laser system

used in these experiments.

4.3.1 The Astra-Gemini Laser System

The Astra-Gemini laser system is a PW class Ti:sapphire chirped pulse amplification laser
system at the Central Laser Facility, UK. The system provides high-energy ultrafast beams to

two target areas; TA2 and TA3.
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The difference in the two target areas is predominantly the power available on target;
TA2 providing up to 12.5TW (500 mJ in 40fs) and TA3, a dual beam system providing two
independently controlled 0.5 PW beams (15J in 30fs) for an impressive 1 PW on target in
total. The system consists of four amplification stages with the beams for the two target
areas being split after the third amplifier. This amplifier outputs uncompressed pulses of
approximately 900 mJ at 10 Hz. Half of the pulses generated are sent to TA2 where they are
compressed before being directed to the TA2 target chamber, while the other half seed TA3’s
final amplification stage.

The experiments described in this chapter were performed in TA2. In addition to the main
TW class pulse, TA2 also provides a probe beam (taken from a leak in the second amplifier).
This pulse is passed into a separate probe compressor, also contained in the target area and

compressed. At the output of the probe compressor the beam is approximately 0.9 mJ.

4.3.2 Choice of Axicon

Axicon Intensity and Ionization

In section 2.5 it was shown that the focal intensity profile of a top-hat beam focused by an

axicon could be written as:

472

27
I(p,z) = TZIUa2J§ (Aap> . (4.3)

Here there is a one-to-one mapping between longitudinal position z and g the initial radial
point on the axicon from which all the rays hitting the optical axis at z must have originated;
z = r9/a. For the purposes of experimental design, its turns out to be useful to keep the
explicit dependence on 9. Equally it is more useful to represent the intensity incident upon the
axicon, Iy, as the energy per unit area, F 4, incident upon the axicon and the pulse duration 7,
such that Iy = E4/7. In this case the peak axial intensity of the focal region can be stated as:

4% By

Iaz(p=0,2=1¢/a) = o, oo (4.4)

If it is assumed that the wavelength and pulse duration of the channel-forming laser are
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fixed, the remaining variables which determine the peak intensity are; E4, r¢ and «.

The radius at which the first Bessel zero occurs is,

2.4048\

9o (4.5)

po =

Which may be taken as a measure of the “spot size” of the axicon focus. It is clear that
while the peak intensity of the focal profile increases linearly with the axicon approach angle
a, the spot size of the focal profile of an axicon is inversely proportional to it.

[160] benchmarked against the experimen-

Fluid simulations, performed by Mr. Chris Arran
tal results of chapter 3, were used to simulate the expansion of an axicon formed OFI-heated
plasma column. These indicate that to achieve a channel in hydrogen with a matched spot

size of at least w,, after a time t, it is necessary to ionize an initial plasma column greater

than p; in radius,

w2

Pi> 3% 105 (4.6)

Efficient Use of Energy

To incorporate the requirement given by equation 4.6 into the experimental design, the radius
of ionization, p;, must be related to the axicon approach angle, a. This could be done very
easily by choosing a such that pg(a) > p; and increasing the incident pulse energy until
ionization occurred. But this is energy inefficient, and also leads to further problems with
nonlinear phase in the axicon, as discussed below.

Equation 4.3 may be rearranged to solve for energy per unit area incident upon the axicon

and minimized with respect to axicon approach angle c:

0 > 0 It
Il R
ojet da 422023 (%’rapi)

=0, (4.7)

where I7 is the threshold intensity required to ionize the target species and the intensity profile
has been fixed such that I(p;, z) = Ir.
Solving equation 4.7 leads to the transcendental equation zJi(z) — Jo(z) = 0, with

x = 2mp;a/\. This equation can be solved numerically and while it has an infinite number of
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roots, it has only one root with x < 2.4048, or one root with a value less than the first root
of Jy. This root is chosen as ionization is desired only within the central peak of the Bessel
focus. Solving for this first root it is found that the most efficient use of energy occurs when

the radius of ionization is given by:

pi = 0.256\/(2ma) = 0.522p . (4.8)

Constraints of Approach Angle a

We can combine equations 4.8 and 4.6 to determine an upper bound on «;

pY:
a <7192 (4.9)

m

Based on geometric and engineering constraints, a maximum delay of ¢ = 5 ns was assumed
between the channel-forming and guided beams at the interaction point!. Thus equation 4.9 is
reduced to @ < 3.6 x 1079\ /w2,. For example, for an 800 nm channel-forming beam, matched
spot sizes of 15 pm and 25 pm require a maximum limit on the axicon approach angle of 7.3°
and 2.6° respectively.

As discussed in section 2.5.2, the lower limit that is placed on « is determined not only by
the intensity achievable in the focal profile for a limited energy per unit area incident upon
the axicon but it is also determined by the effective critical density of the plasma formed by
the axicon (equation 2.35).

3

Channels with on-axis densities below 1 x 10'® ¢m? are desired in this demonstration and

thus it seems sensible to place a minimum bound on the initial electron density to 1 x 108

cm?. This corresponds to a lower bound of a,:, = 1.37 °.

Determining values for E4 and 7y

For a chosen value of «, two variables remain: F4 and ry. It is known that the on-axis intensity

increases linearly with distance z from the axicon and so it is possible to tune E4 and rg

fConstraints on the target chamber geometry in TA2 meant that the channel-forming and guided beams
could only be split within the chamber. Thus all of the necessary delay between the channel-forming and guided
beams also had to be placed under vacuum which increased the complexity of the design.
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subject to meeting a requirement placed on the intensity at z = ro/a. It may then be assumed
that all later points in the axicon focus will also meet this minimum intensity thresholdS.
Assuming a safety factor s in the threshold value for ionization, it is found that:

I(p; = 0.522pg, 2 = ro/a) = st = Inax(z = ro/a)J3 (1.255) , (4.10)

and so

st AT
Jg (1.255) dm2a

Earg = (4.11)

It is unsurprising that there is an inverse relationship between the energy per unit area
incident upon the axicon and the initial radius of the axicon from which the rays at the start
of the plasma channel (ionized region) come from. It may be useful at this stage to consider
some limits. In the limit that the start of the plasma channel is brought towards the tip of
the axicon, the energy per unit area necessary to ensure a sufficiently high focal intensity
to ionize the target species ramps up significantly, approaching infinity as ro — 0. Equally,
as the start of the plasma channel is pushed away from the axicon focus, it is found that
the energy per unit area required to gain a high focal intensity reduces substantially. This
can be explained geometrically. Consider the energy in the focal region z(rg) to z(rg + dr)
coming from an annulus of inner radius ¢ and outer radius rq + dr. The area of this annulus
is (207 ro + (9r)?) and so the total energy in the focal region z(rg) to z(rg + d7) increases
linearly with the value of rg for a fixed value of E4.

Looking specifically to the experiment at hand, limits can be placed on the values of F4
and rg. The Astra-Gemini TA2 beam is nominally 55 mm in diameter, although to avoid
edge-effects near the outer diameter of the beam a 50 mm diameter axicon will be assumed. A
channel of length L. corresponds to an annulus thickness of §r = a L., and thus the maximum
value of initial radius is ro[mm] = 25 — L., [mm|a. Equally a constraint can be placed on the
maximum energy that can possibly get into the channel-forming beam which is of order¥ 550

mJ, corresponding to an approximate upper limit for £4 of 0.23 mJ mm™—2.

SNote that this assumes a top-hat spatial profile for the beam. While no beam is truly top-hat, together
with a safety factor, this estimate will be sufficient for the purposes of this design.

YThis was the energy post compression reported during the design phase. As will be seen in section 5.2.2,
the measured value of energy post compression was closer to 420 mJ.
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4.3.3 Nonlinear Phase

As with all high-power ultrafast beams, nonlinear phase acquired in passing through transmis-
sive optics can lead to a large deformation in the wavefront. This can detrimentally affect the
Bessel focus which results from the mutual interference of converging conical wavefronts. The

nonlinear phase acquired by a pulse passing through a material is given by:

2m
¢NL ~ 77’L2]T, (412)

where ny is the nonlinear refractive index of the material in question (typically order 1 — 4 x
10716 cm? W' for common optical components), I is the local intensity incident upon the
optic and T is the local thickness of the optic. The nonlinear phase gained by a pulse passing

through an axicon can thus be written as;

2T EA DaX [0
~ — - tS — t _ R 4].
ONL h\ N2 - < + ( 5 To) an <77 1)) (4.13)

where t is the axicon substrate thickness, D,y is the axicon diameter and 7 is the refractive
index of the axicon. Here it has been assumed that the axicon base angle ¢ is small, so that
a = arcsin (nsind) — 9 ~ (n — 1)0.

In most cases, it is desirable to keep ¢n1, < 1. Applying this condition it is found that:

AT « D,y
tg — ————— t| —— . 4.14
To > (S 27Tn2EA>CO (77—1>+ 2 ( )

4.3.4 Exploring the Available Parameter Space

By combining the restrictions discussed in sections 4.3.3 and 4.3.2, and the Astra-Gemini
TA2 laser system specifications, it is possible to determine an available parameter space. The
experimental constraints assumed here are: a UVFS axicon with substrate thickness t; = 3mm,
diameter D,y = 50mm, refractive index 7(800nm) = 1.45 and nonlinear refractive index ny =
2.6 x 107" cm? WL, It is assumed that the target species is hydrogen which has an ionization
threshold of I7 = 4 x 10'* W cm ™2, for circularly polarized light, according to the ADK model.

A short pulse option of 7 = 40fs and a long pulse option 7 = 150fs are considered. The
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Figure 4.1: Operable parameter space, shaded blue, for the 2.5 ° approach angle axicon (left)
and the 4.0 ° approach angle axicon (right) Above the black lines the combinations
of rg and F 4 are capable of reaching the ionization threshold of Hy with a safety
factor s = 2 while above the red lines the combinations of g and E 4 provide a
B-integral less than 1. The solid lines correspond to the short pulse case while the
dashed lines represent the long pulse case.

maximum value of F4 is set to 0.23 mJ mm 2.

This information can be used to plot out the available parameter space for a given axicon as
has been done in figure 4.1. The available parameter space, the blue shaded region, shows the
combinations of ry and E4 for which the value of ¢n;, < 1 and which also allow for ionization
of the initial plasma column out to a minimum radius of p; = 0.522p, assuming a safety
factor of s=2. For reasons developed in section 4.3.5, two different axicons of approach angle
a = 2.5° and a = 4.0° are explored.

It should be noted that the gas cell has yet to be considered, which may introduce further
constraints, and any nonlinear phase introduced prior to the target chamber has also been

ignored.

4.3.5 Experimental Geometry

Separating Channel-Forming and Guided beams

One of the desired experimental results was the demonstration of high-intensity guiding in
an axicon-formed HOFT plasma channel. As TA2 provides only one high-intensity beam it is
necessary to separate this beam into a channel-forming and guided beam.

Given the collimated intensity of the TA2 beam, ~ 6 x 10" Wem™2 at full power, a

standard plate beamsplitter would not work due to the nonlinear phase that would be accrued
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in passing through it, which would degrade the laser wavefront. Two alternative optics capable
of separating a high intensity beam are pellicle beamsplitters and apodizers.

Pellicles offer an exceptionally thin beamsplitting optic, typically of order 5 pm thick and
hence the B-Integral they introduce is negligible. However, these optics are also notoriously
delicate and are not typically very flat. Standard large “laser quality” pellicles will usually
have their reflected wavefront error quoted to no smaller than one wavelength per inch of
surface at 633 nm.

A hole drilled in a mirror provides a robust method of apodizing a beam by simply
reflecting a certain portion of it. While robust, these optics can introduce diffraction rings in
the intensity profile due to diffraction from the hard edge of the hole. This can cause optics
further downstream to be damaged. In addition, their accurate alignment can be difficult.

For the purposes of the experiment described here a holey mirror was chosen as the
separating optic for the following reasons: i) For a large approach angle of a = 4.0°, the
creation of a 50 mm long plasma channel requires an annulus thickness of only ér = 3.5 mm.
Thus splitting a whole copy of the beam is an inefficient use of energy and further ii) splitting
a whole copy of the beam requires lowering the maximum energy per unit area in the beam by
the pellicle split ratio thus reducing the size of the available parameter space. iii) Achieving
the required intensity on target requires a good focus and this becomes more difficult with
poor wavefront quality. The flatness of a holey mirror can be an order of magnitude better
than that of a pellicle.

From a flexibility, reliability and efficiency viewpoint, the holey mirror is a superior option
and so was chosen as the separating method. During the design phase, beam propagation
calculations were performed using the FFT-BPM code described in section 2.4 to ensure that

diffraction effects could be ignored for the case of the experiments described in this chapter.

Recombining Channel-Forming and Guided Beams

For the same reasons that the two beams are separated by a holey mirror, so they are recombined
by a holey mirror. As both beams will be combined after they’ve hit their respective focusing
optics, there is a restriction on the approach angles of each beam to the optical axis. Namely,

both beams must approach the optical axis at different angles to ensure that one can pass
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Figure 4.2: Schematic showing the axicon and guided beam approaching the optical axis.

through a holey mirror and the other be reflected by it while still arriving to focus at the same
point. The maximum approach angle to the optical axis for the guided (paraboloid focused)

beam is § = 1/2f4.

It makes sense to ensure that the guided beam has a smaller approach angle than the
channel-forming beam as the channel-forming beam is already an annulus. Thus reflecting it
from a holey mirror results in no loss of energy in the channel-forming beam and furthermore
the guided beam does not get distorted either. However, it is important to consider the
distance at which a holey mirror must be placed and the diameter of hole needed in order
to successful couple the two beams with reliability. The channel-forming and guided beams
approach the optical axis at angles of « and 6 respectively, thus the difference between the
inner radius of the annular beam and the outer radius of the guided beam is A = fy(a — 6),
where fj is the distance to focus. The coupling of the beams is easier further from focus when

their angular separation leads to a large physical separation.

It is important to also take into account the thickness of the substrate through which the
hole is made and the angle at which the holey mirror is placed as these ultimately place a
tighter restriction on the cone of rays approaching the optical axis which can both fit through
and fit around the hole. In addition, coupling the two beams reliably means introducing a
reasonable tolerance on the dimensions of the coupling optic. This not only aids alignment but
also accounts for the fact that most holey mirrors are not flat right to the edge of the optic

but have a clear aperture, usually equal to 90-95 % of the total diameter. For example, for a
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50.8 mm diameter optic, a 1.27 - 2.54 mm gap is expected on the inner and outer parts of the
mirror where the surface quality cannot be guaranteed.

It is assumed for simplicity that the optic chosen to couple the beams operates at an angle
of incidence of 45 ° and that it has a hole of diameter Dy, cut at 45 °© to its normal. The mirror
will be assumed to have a thickness of ¢ and a diameter of D,,. It will further be required that
the minimum tolerance § between the channel-forming beam and the edge of the hole is equal
to the minimum tolerance between the guided beam and the edge of the hole. This setup is
shown graphically in figure 4.2.

It can be shown for this case that the axial distance fj, between the front face of the mirror

and the focus of the guided beam is given as;

V2sin (5 + ) (26+5tan9—|— ﬁttan@)
0:

: 4.15
sina+sinatan9—ﬂsin(%—i—a)tanH ( )
and that the required hole diameter is then;
2((fo+ V2t tan +9) »
h— 1 —tan?6 ’ (4.16)

Until now o and 0 have been treated as free parameters, however, it is possible at this
stage to start to put constraints on the allowable values.

Constraint 1: The first constraint relates to fitting the axicon into the beam line before
the coupling holey mirror. Rays traced backwards from the focus are found to have an inner
radius of r; at the entrance to the holey mirror system, as seen in figure 4.2. Rays leaving the
axicon starting from a radius rg will only fit through the system if r¢y > ;.

Constraint 2: The second constraint is that the waveguide created by the channel-
forming beam should be capable of guiding the guided beam after a reasonable amount of
time. This time is again taken to be 5 ns, as this can reasonably be expected to fit into the
TA2 chamber. Since the focal spot of a paraboloid beam of maximum approach angle 6 is
given by wo = v/2)\/(7#). Combining this with equation 4.9, it is found that o < 222 §2.

Constraint 3: The third constraint is a lower bound placed on the density as discussed
in section 4.3.2 which leads to a minimum value for the axicon approach angle oy, = 1.37°.

Figure 4.3 shows the («, #) parameter space for the case of a mirror of diameter 50.8 mm
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Figure 4.3: Left: Available («, ) parameter space (blue shaded region) with 3 constraints
applied. The constraints are represented by the solid black lines while the inter-
sections of the dashed red lines represent two particular combinations of axicon
approach angle and guided beam approach angle that are allowed. Right: Same
as shown in the left plot but with the guided beam approach angle converted to a
focusing optic f-number.

and thickness ¢ = 6 mm. In other words, it shows combinations of paraboloids and axicons
that work well together. A tolerance of § = 3 mm has been selected and the radius from the
optical axis at which rays leave the axicon has been chosen as 1o = 18mm. Also shown is the
same parameter space, but using the conversion fy = 1/(260) to provide a more intuitive map.

Two operating points are chosen in this parameter space, denoted by the intersections of
the dashed red lines. These points correspond to two different axicon designs which will guide
the same f/25 guided beam. The axicons of choice have approach angles of 2.5° and 4.0°. Any
combination of approach angles can be chosen but keeping at least one of the approach angles
fixed, in this case that of the guided beam, allows for fewer items to be changed should the
need to change the setup arise.

For the case of the 2.5° approach angle the holey mirror must be placed 275 mm from focus
and requires a hole of approximately 17.4 mm in diameter. In the case of the 4.0° approach
angle the holey mirror must be placed 134 mm from focus and requires a hole of approximately
11.8 mm in diameter.

The choice of coupling optic affects the choice of splitting optic and thus the focal length
of paraboloid used. In the analysis here, the radius at which rays leave the axicon was chosen
to be rg = 18 mm. If the same logic of a 95 % clear aperture is applied to the separating optic,
this leads to a hole of radius rs = 15.6 mm. Rounding down to rs = 15 mm or a diameter of

Dy = 30 mm, it is found that a paraboloid of focal length 750 mm would be required to focus
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this beam at f/25.

Counter Propagating Geometries

A short note on counter propagating geometries: It is seen here that there are tight constraints
on the fu which can be guided by a particular axicon. Unfortunately a counter propagating
geometry cannot alleviate these constraints since the spot size at the output of the channel
should match that of the input in which case, if the beam needs to be extracted, the same
analysis as above applies.

Further, counter propagating geometries introduce a time delay, between the point at which
ionization of the channel occurs and the point at which the guided beam passes, which varies
linearly with position. This delay must be kept short compared to the timescale of channel
evolution, assumed to be ~100ps. This limits the maximum channel length in the counter
propagating geometry to less than 15 mm.

Exotic focusing schemes, in which the group velocity of the focusing beam is manipulated

to mitigate this effect may be possible, but are beyond the scope of this thesis!'%%.

4.3.6 Gas Cell

Plasma Source Selection

It is clear that the design of the experimental layout is far from trivial. Indeed the same is
true for the gas cell. In fact, the gas cell design is one of the most challenging aspects of this
project. This begs the question; why wasn’t an alternative plasma source considered?

To the author’s knowledge, every previous experiment generating axicon formed plasma
channels for guiding high intensity lasers has used either gas jets06:09 70137169 o hag filled
the interaction chamber to a suitable backing pressure with the desired target species(040%:131,

For the work described in this chapter it was decided that a gas cell target would be used
rather than a gas jet. It was desired that channels be generated with lengths approaching
50 mm. As mentioned in section 1.5, channels of order hundreds of millimeters long must
eventually be developed to meet the demands of the next generation of LPAs. Experiments

with elongated gas jets!"*”) demonstrated operation up to only 16 mm and the scaling of such
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technology is non-trivial, while the scaling of gas cells, once a basic design has been established,
is more straight forward. Indeed cells up to 90 mm in length have been used in laser plasma
electron acceleration experiments!! 7.

Back filling the chamber was not considered as the guided pulse would ionize the background
gas well before the entrance to the plasma waveguide and could easily be destroyed by nonlinear
effects integrated over the focusing distance. Further there were safety concerns with backfilling
the chamber with hydrogen and there was not enough time to put in place new systems at the

facility to mitigate the increased risk.

Plan B: A Backup Option for Medium-Length Plasma Channels

LPA experiments employing gas cell sources have previously operated in the nonlinear regime.
Here the laser pulse is focused at the entrance to the gas cell and through relativistic self-
focusing it propagates to the end of the cell!™. As the pulse is focused to the entrance of
the cell, this allows for the use of a small gas cell aperture to couple the laser pulse into the
cell without allowing too much gas to escape. This is critical for maintaining a quasi-uniform
pressure in the cell.

For the case of beams guided with an axicon plasma channel, such as the experiments
described here, the guided beam will have to be focused at the entrance to the plasma channel
to be coupled in correctly, but of course the beam forming the end of the channel will still be
quite large at this point, having a diameter of D,x = 2L.,a where Ly, is the length of the
required channel. For L., = 50 mm channel and o = 4°, D, = 7 mm. This would not be an
acceptable aperture size as it would create very long density ramps at the front of the gas cell
which would hamper the coupling of the guided beam.

To determine the maximum acceptable pinhole size, OpenFOAM simulations were per-
formed by Mr. Alexander von Boetticher. The simulations used the 2D compressible flow
solver SonicFOAM and looked at the effect that a variation in the front pinhole diameter
would have on the axial pressure profile for a fill pressure of 100 mbar of hydrogen. A cell
geometry modelled on the Astra-Gemini TA2 2018 gas cell was used for the simulations and
the back pinhole was kept fixed at 0.75 mm (this had no effect on channel beam coupling and

so was kept smaller or equal to the front pinhole in size).
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Figure 4.4: OpenFOAM simulations showing variation in axial electron density profile due to
changes in the front pinhole diameter. Four different front pinholes are simulated;
D, = 0.75, 1.00, 1.50 and 2.00 mm. For o = 2.5°, these correspond to channel
lengths of Lq, = 8.5, 11.4, 17.0 and 22.7 mm.

Figure 4.4 shows the calculated axial electron density profiles (assuming full ionization
of the hydrogen fill) for four different front pinhole diameters; 0.75 mm, 1.00 mm, 1.50 mm,
2.00mm. As would be expected, the length of the density ramp increases with increasing
pinhole size reaching a width at half-maximum of 570 um for the largest pinhole diameter. In
addition, there is a small drop in the axial density with increasing pinhole size but the pressure
remains approximately uniform within the cell.

If the pinhole size is set to 1.50 mm, twice that of the back pinhole, then the maximum
achievable channel length is restricted to 17 mm for the 2.5° axicon and 10.8 mm for the 4°
axicon. In addition the ramp length is reduced to 420 pm. While not capable of providing
the desired 50 mm long channels, a conventional gas cell of this style could still produce a
medium-length channel which would constitute a demonstration of the concept of axicon

formed HOFI plasma channels and thus makes for a good backup option.

Plan A: A Gas Cell for Production of Long Plasma Channels

Designing a cell for a long plasma channel requires re-engineering of the mechanism by which
light from the axicon is coupled into the cell. After much investigation of possible schemes, a
design was chosen which involved replacing the front pinhole of a conventional gas cell with a

thin window as shown in figure 4.5. That is, instead of constructing the front pinhole from
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a metal, it was constructed from fused silica, BK7 or some other material which could be

polished to form an optically flat, transparent thin window.

Start of Plasma Channel

IR T v, //////

Steel Pinhole

%\\\\\\\\\\\\\\\\\\\\\\\\ TR
Thin Window

R

\WGaS Inlet

w/ hole
Figure 4.5: A modification to a conventional gas cell design in which the front metal pinhole
has been replaced by a transmissive, thin, polished window with a hole.

In this design the axicon beam, being much less intense than the guided beam, is permitted
to travel through very thin windows even when close to the start of its focus. A analysis
similar to that in section 4.3.3 can be followed to determine just how close to the start of the
focus the window can be placed. Figure 4.6 shows the same parameter space as in figure 4.1
but rather than using the nonlinear phase restriction given by equation 4.14, a new restriction
on allowable combinations of rg and F 4 is defined. In this case, not only is the nonlinear
phase accrual in the axicon taken into consideration, but also the nonlinear phase acquired in
passing through a thin window of thickness t,, placed a distance f,, from the beginning of the

axicon focus;

AT Dan L(‘htw
2mno F 4 ts tan (77*1) 2fw+Lch

ro > (4.17)

2
2 fwatLepo an ( )

Clearly the introduction of a gas cell window adds non-negligible amounts of nonlinear
phase to the pulse acting to reduce the available parameter space. However, for the case
shown in figure 4.6 (f, = 5 mm and ¢,, = 250 pm) it is seen that, in the case of both axicons
and both long and short pulse options, there is still parameter space available which could

acceptably be used for operation.

It should be pointed out that the parameter space calculations for this section have been
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Figure 4.6: Operable parameter space, shaded blue, for the 2.5 © approach angle axicon (left)
and the 4.0 ° approach angle axicon (right) Above the black lines the combinations
of ro and E4 are capable of reaching the ionization threshold with a safety factor
s = 2 while above the red lines the combinations of 7y and E 4 provide a B-integral
less than 1 for the case of a windowed gas cell and a transmissive axicon. The
solid lines correspond to the short pulse case while the dashed lines represent the
long pulse case.

made with deliberately tight constraints. It should be recalled that a safety factor of 2 has
been included on the required intensity necessary to ionize Hs and that the nonlinear phase
acquired by the axicon pulse has been kept below 1. Both of these constraints are rather tight
to allow for acceptable experimental operation with a healthy margin of error.

One issue with using an ultra thin window pertains to the ability of the window to withstand
the pressure differential between the cell and vacuum, typically of order a few hundred mbar.
Using a semi-empirical formula distributed by Crystran!l, a UK based optics supplier, it is
possible to estimate the maximum operating pressure of such a window. For a clamped circular

window the maximum allowable pressure difference is;

P= w ) (4.18)
where F4 is the apparent elastic limit or rupture modulus of the window material, D is the
unclamped diameter of the window and s,, is a safety factor. It should be noted that the
rupture modulus is so named for a reason. Thus in many standard applications a safety factor

of 4 is used; this is not only to prevent rupture, but also to avoid plastic deformation in the

window. For the cases here a safety factor 50% greater than standard is used to help mitigate

Ihttps: / /www.crystran.co.uk/

111



CHAPTER 4. GUIDING IN AXICON-FORMED HOFI PLASMA CHANNELS:
EXPERIMENTAL DESIGN AND SETUP
4.4. EXPERIMENTAL SETUP

any significant deformation in the window which would act to deform the axicon focus.
For a 250 pm thick window of Fused Silica with an unclamped diameter of 10 mm and a

safety factor of 6 it is found that the maximum pressure allowable in the cell is 304 mbar.

4.4 Experimental Setup

Taking the experimental design constraints, considerations and objectives into account the
experimental setup detailed below was developed and built at TA2. A broad overview of the
interaction region is shown in figure 4.7. A channel-forming beam was setup to form a HOFI
plasma channel which would guide a second high-intensity pulse (the guided beam). The HOFI

channel was then probed with both longitudinal and transverse interferometry.

Gas Cell
Longitudinal Probe | 4/
i S 2 I
A Channel-forming Beam | ) \\ S ‘ ]
Guided Beam HOFI Plasma Channel

Transverse Probe
V

Figure 4.7: Schematic of the interaction region showing the formation of, guiding in and
probing of a HOFI plasma channel.

The Astra-Gemini TA2 laser system, described in section 4.3.1, provided a high energy beam
and a probe beam to the target area. The main beam entered the target area uncompressed
and was passed into the target chamber via a dual grating vacuum compressor. The probe
beam, also entering the area stretched, was compressed at air and passed onto an optical table

(the probe table) prior to the vacuum chamber for manipulation.

4.4.1 Probe Table Layout

The probe beam in TA2 exhibited substantial pointing drift over the course of the day and so

an automatic pointing stabilizer was installed on the probe table. This pointing stabilization
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Figure 4.8: Experimental layout on Probe Table: MMI1 (motorized mirror 1), MM2
(motorized mirror 2), LNF (plano-convex lens f = 150 mm), LFF (plano-convex
lens f =75 mm), MO (10X microscope objective), RP (retro-reflecting prism).

system was found to be essential to maintaining alignment over the course of the day and
throughout long data sets. The stabilization system was left running for long periods of time,

even when shots weren’t being taken, to keep the system well aligned.

The stabilization system consisted of two motorized mirrors, a set of near/far field monitors
and a LabView script written by previous group members, Dr. Kevin O’Keefe and Dr. David
Llyod, and adapted for use at TA2 by the author. For the near-field monitor a leak was
taken through the back of the second motorized mirror in the setup and slowly focused with
a 150mm lens, LNF, to a CCD placed approximately 75mm upstream of the focal point.
The beam had to be weakly focused to fit it onto the CCD, while this does not constitute
a true near-field measurement, it was a sufficiently good approximation for the purposes of
establishing a beam position monitor. For the far-field monitor, a leak was taken after the
second motorized mirror. The leakage beam was focused with a 75 mm focal length lens, LFF,

onto the object plane of a 10X microscope objective attached to a CCD.

After the pointing stabilizer, a 1500 mm long delay stage was also installed on the probe
table. A 50 mm diameter retro-reflecting prism mounted on top of the delay stage allowed for
the probe arrival time at the interaction point, IP, to be varied by up to 10 ns without major

changes in the probe pointing. The beam was then directed into the target chamber.
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4.4.2 Chamber Layout

Figure 4.9 shows a scaled drawing of the experimental layout used in the vacuum chamber.
The 750 x 1000 mm breadboard in the TA2 vacuum chamber provided quite a small space to
install the necessary optics required to create and manipulate the four beamlines used in this
experiment as can be seen in figure 4.10.

The 800 nm drive beam, nominally a 55 mm diameter, 420 mJ, 40 fs beam arrived into the
chamber from the top right as shown by the large black arrow in figure 4.9. It was apodized
into a channel-forming and guided beam by taking the reflection and transmission respectively
of a holey mirror, HM1. The holey mirror was a 101.6 mm diameter dielectric coated mirror
with a 30 mm hole cut through the center of the reflecting face at 45 ° to the mirror normal

(Rainbow Research Optics).

Channel-Forming Beam

The channel-forming beam was passed through a quarter-wave-plate, QWP, to control its
ellipticity before being sent to a 300 mm retro-reflecting delay stage, DS1. It was then passed
through a 5.6 ° base angle, UVFS, AR coated, transmissive axicon, AX, with a 10 mm diameter
center hole (Doric Lenses). The axicon was mounted on a 25 mm motorized translation stage
to allow for extra control over the longitudinal positioning of the focal region of the axicon.
After the axicon, the beam was aligned to the interaction region via two final turning mirrors,
the second of which was a holey mirror, HM2, used to couple the channel-forming and guided
beamlines to the interaction axis. This second holey mirror was a 50.8 mm diameter, 6 mm
thick dielectric coated mirror with an 18 mm diameter hole cut through the center of the

reflecting face at 45 © to the mirror normal (Rainbow Research Optics).

Guided Beam

The guided beam, transmitted by HM1, now 30 mm in diameter, was passed into a 500 mm
retro-reflecting delay stage, DS2, and was subsequently focused by a 76.2 mm diameter 750
mm focal length, silver coated, off-axis paraboloid, OAP, (off-axis angle of 11 °). A removable

beam block (RB), specifically a flip mount with a beam block attached, was installed before
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the paraboloid and allowed the guided beam to be blocked remotely when not conducting
guiding experiments. In addition, a 30 mm diameter serrated aperture was installed in the
guided beam to disperse diffraction rings at the edges of the beam which could damage optics
downstream. Approximately half way to focus, the guided beam was folded onto the interaction
axis by a 50.8 mm diameter, 800 nm reflecting 400 mm transmitting, high damage threshold
dichroic mirror DM1 (Manx Precision Optics). A second option for a lower intensity guided
beam was to replace DM1 with a 3 © optical quality fused silica wedge. After DM1 the beam

was passed through HM2 en route to IP.

Probe Beams

The 800 nm probe beam was periscoped down below the optical mounts of the main beams by
a turning periscope, P1, to allow for easier manipulation of the probe beam within the target
chamber. It was directed around the edge of the breadboard before being pa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>