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Abstract

This thesis addresses two important topics in the field of laser-driven plasma
accelerators. Firstly, the research investigates the generation of relativistic
electron beams through laser-wakefield acceleration (LWFA) by applying novel
tapered capillary discharge waveguide accelerators, produced by femtosecond
laser micromachining. A stable plasma waveguide is formed in a hydrogen-filled
capillary driven by an all-solid state high-voltage pulser, specially constructed
for this purpose. A longitudinal density taper has been confirmed by
measurement of the transverse plasma density profiles at both ends of the
waveguide and efficient guiding of low intensity (~1012 W/cm?), ultra-short
duration (50 fs) laser pulses is demonstrated.

For optimal high-power laser conditions (intensity of 1.6 x 1018 W/cm?),
electron beams are produced and compared in positively tapered, negatively
tapered and straight capillaries with similar plasma densities of 3-6 x 1018 cm-3
over a length of 4 cm. In all three capillaries, low charge (<3 pC), low divergence
(<4 mrad) monoenergetic electron beams are produced with resolution-limited
energy spreads down to 1%. Significantly, an energy enhancement of 22% is
obtained in the positive tapered capillary to obtain bunch energies up to
290 MeV, which may arise from the density taper. In addition, the negatively
tapered capillary gives the best shot-to-shot pointing stability of the electron
beam (mean r.m.s. fluctuation of 1.7 mrad).

Secondly, enhanced yields of protons and ions from laser interactions with
solid targets have been investigated. Using a second high power laser system
(intensity of ~4 x 1019 W/cm?), hydrogen-doped foils of Au, Cu and Ti have
been used as targets to identify the effect of hydrogen implantation on the
produced proton beam. From these novel experiments, it has been
demonstrated that an enhancement in the proton yield by approximately a

factor of 3 is obtained from hydride Au and Cu targets for proton energies of

~3 MeV.
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CHAPTER 1

Introduction

1.1 High energy particle accelerators

Accelerated elementary particles have a very wide range of applications in
science, engineering and medicine. Advances in nuclear and particle physics,
and cosmology in particular, depend on reaching ever higher particle energies.
Conventional radio frequency (RF) particle accelerators [1] are capable of
producing highly energetic bunches of charged particles but there are several
limits associated with these accelerators.

RF acceleration is achieved in a transfer of energy from long-wavelength
electromagnetic radiation modes in resonant cavities to particles travelling
through the cavities. The strength of the electric field that can be maintained in
each cavity is limited by surface breakdown, which limits the maximum
accelerating gradient to typically a few 10s of MV/m (for electrons). High-
energy, GeV- and TeV-scale accelerators are enormous and expensive to
construct and maintain. The largest accelerator facilities cost billions of euros.
One example, the Large Hadron Collider (LHC) is the largest and most powerful
particle accelerator in the world. This is located in Geneva, Switzerland, and is
designed to observe elusive elementary particles such as the Higgs Boson [2].
The LHC is a proton-proton collider operating at energies up to 7 TeV; for the
Higgs particle to be detected, energies of more than 100 GeV are required. As a
result, the LHC is a circular accelerator (storage ring) with a circumference of
27 km and its building cost was around $3B.

The next large planned colliders are the International Linear Collider (ILC)

and the Compact Linear Collider (CLIC). The ILC, will collide together 500 GeV



or 1 TeV electrons and positrons, and is designed to be 31 km long and will have
a projected cost of $6.5B [3]. CLIC would be a 48 km long structure for 3 TeV
electron-positron collisions [4]. Despite using the most advanced RF techniques,
the accelerating gradients are projected to increase up to only ~100 MeV/m,
which would require accelerator lengths to reach these energies. It appears that
the large size and cost of conventional accelerators is slowing progress of
scientific research and technological applications of high energy particles.

These limitations also apply to advanced third generation light sources, such
as synchrotrons and free-electron lasers (FELs), which utilise oscillating high-
energy particles to radiate very bright pulses of ultra-violet, soft X-ray and hard
X-ray radiation [5]. These sources are used by very large user communities
across many areas of science and industry. The U.K. is served by a synchrotron
called the Diamond Light Source located at the Harwell Science and Innovation
Campus in Oxfordshire. By accelerating electrons to near light-speed, Diamond
generates brilliant beams of light from the infra-red to X-rays.

The world’s first operational X-ray FEL is the Linac Coherent Light Source
(LCLS) at the Stanford Linear Accelerator Center (SLAC), U.S.A. which produces
pulses of X-rays more than a billion times brighter than the most powerful
alternative sources [6]. It uses a 3 km long linear accelerator (linac) to reach
electron energies of up to 50 GeV.

The European XFEL that is currently under construction [7] at DESY in
Hamburg, Germany will use a 20 GeV beam which is distributed into several
beam lines. This allows the electron beam to be used by several parallel
operating experiments.

To reduce the size of these accelerators, a technology capable of much higher
accelerating gradients will be required. A promising technique to generate
extremely large electric fields to significantly reduce the size of accelerators is
the plasma accelerator. In such accelerators electric fields of 100s of GV/m can
be sustained and energetic particles can be accelerated to high energies over

lengths measured in millimetres.



1.2 Plasma acceleration of relativistic electrons

The field of laser plasma wakefield acceleration (LWFA) was theoretically
introduced in the late 1970s by Tajima and Dawson [8]. Plasmas are gases that
are already broken down into electrons and ions, therefore, they can sustain
arbitrarily high electric fields, typically of the order of 10-1000 GV/m. By
focussing a high intensity (~1018 W/cm?2), short duration laser pulse through
underdense plasma the ponderomotive force of the laser pulse displaces the
plasma electrons and establishes electron density oscillations (plasma waves).
These density oscillations propagate at the speed of the driving laser pulse and
trail behind it as a wake, analogous to the wake of a boat travelling across water.
The electrostatic fields of the wakefield are ~1 GeV/cm and can accelerate
electrons trapped in the wake to very high energies very rapidly [9-12].

A second type of electron plasma accelerator is the particle-driven wakefield
acceleration (PWFA), where the plasma waves are driven by high charge density
electron beams, rather than by laser pulses. These plasma waves can be used to
accelerate particles to high energies, which have already been experimentally
verified [13]. The most notable experimental demonstration was achieved at
SLAC in 2007 where a small fraction of a conventional RF accelerated electron
bunch at 42 GeV has been accelerated up to 85 GeV after propagating in a 85 cm
long PWFA [14]. The average wakefield accelerating gradient of 51 GV/m is
much larger than the corresponding gradient of 0.013 GV/m in the RF
accelerator. Future developments may also see PWFA applied to high energy
proton [15] and positron [16] beam lines since the wakefield technique is not

restricted to negatively charged particles.

1.2.1 Development of LWFA for accelerating electrons

To put the work presented in this thesis into perspective, it is necessary to
review the history of LWFA. In the early 2000s, the rapid development of laser
technology, most notably the development of the chirped pulse amplification
(CPA) laser enabled powers of multi-TW levels to be reached, which stimulated

rapid development of LWFA systems. Using a single short pulse from a powerful



femtosecond laser (with duration comparable with the plasma oscillation
period), plasma waves in the so-called “bubble” regime are excited [17]. In the
bubble regime an evacuated cavity free from cold plasma electrons is formed
behind the laser pulse. In 2002, 1 ] energy and 30 fs duration Ti:sapphire laser
pulses were focused into 2 x 1019 cm3 density gas jets to produce the first
demonstration of accelerating trapped electrons up to 200 MeV, with 100%
energy spread [18].

The big breakthrough experimentally came in 2004 when three groups
independently showed that monoenergetic electron beams could be accelerated
to an energy over 100 MeV with less than 10% energy spread in gas jets driven
by 100 TW-level laser pulses [19-21]. In 2006, the energy gain was increased up
to 1 GeV by guiding similar laser pulses inside a 33 mm long gas-filled capillary
discharge waveguide [22, 23]. The production of monoenergetic electron beams
has been a vital step in the development of the technology because it shows the
potential of electron beams with the necessary quality required for applications.
Recently, electron beams with low energy spread <1% [24], low transverse
emittance ~1© mm mrad [25] and high peak current [24, 26] have been
produced.

For optimal LWFA operation, reliable plasma sources are required. High
density (1017- 101° cm-3), low temperature (3-5 eV), stable plasmas must be
generated by these sources. A common device used to produce such plasma
sources is the gas-filled capillary discharge waveguide, which is the main focus
of this thesis. By applying a high-voltage electrical pulse of several kV across a
capillary (several 10s of mm long) filled with a low atomic number gas, plasma
is produced in the capillary. Hydrogen is normally used as the gas medium
because it is has an atomic number of 1 and is easily ionised. Hard materials
such as alumina are required for the capillary material to be resistant to damage
from the high voltage and the high intensity laser pulses.

An alternative to filling the capillary with gas is to produce the plasma from
breakdown of the capillary walls that are made of softer materials such as glass

or polypropylene ([CHz]n). These are known as ablative capillary discharges,



which suffer from a shorter lifetime compared to gas-filled capillaries [27, 28].
In LWFA experiments, the hydrogen-filled capillary discharge is an important
plasma source to extend the length of the high intensity laser plasma
interactions because of the parabolic radial profile of the density that acts as a
waveguide [29, 30]. High intensity laser pulses can be efficiently guided over
several centimetres thus making them suitable for generating GeV-scale
electron energies. Capillaries also allow additional control parameters such as
the initial gas pressure or the charging voltage and delay relative to the arrival
of the laser pulse, which allows a fine control of the plasma density and channel
properties.

The energy gain in homogeneous plasma is limited by dephasing (when
electrons out-run the accelerating phase of the wake and enter the decelerating
phase of the wake). The method of increasing the dephasing length while
maintaining the accelerating gradient by using a longitudinal plasma density
gradient (tapering) was originally suggested in the 1980s [31]. Theoretical
studies predict a significant energy increase [32, 33]. This thesis presents the
first experimental evidence of energy enhancement in a laser wakefield
accelerator using a tapered plasma density profile (increasing with distance).

The applications of high quality electron beams produced in LWFA
experiments are now being reported. These novel sources, which produce
femtosecond duration pulses of high brightness radiation from micron-scale
sources, offer a remarkable potential for many applications. One very important
application is a LWFA-driven XFEL [34], which would greatly reduce the size of
such devices. The first demonstration of undulator radiation generated by
LWFA electron beams was reported in 2008 [35] for the visible region of the
electromagnetic spectrum and extended to the extreme ultra-violet range in
2009 [36] .

However, to produce stimulated emission in an XFEL, very high quality
electron beam properties, such as 0.1% energy spread at high energy (~1 GeV),
are required [37]. Energetic electron beams can also be applied to generate

gamma-ray radiation for the production of short-lived radioisotopes such as11C



and 18F which are used in Positron Emission Tomography (PET) scans in
hospitals [38]. Another important medical application of laser-accelerated high

energy electrons is in radiotherapy, which is introduced in the following section.

1.2.2 LWEFA electrons for radiotherapy

Currently, several million patients throughout the world suffer from cancer
each year and a significant fraction of them are treated with X-rays of energies
of a few MeV [39]. X-rays are used in the majority of cancer radiotherapy
treatment and can be conveniently generated using relatively compact and
flexible conventional linear accelerators.

One of the most interesting applications of energetic electron beams
produced using laser-plasma accelerators is in clinical radiation treatment,
either directly or after conversion to ultrashort X-ray pulses. Higher quality and
more energetic electron beams, created by laser-plasma accelerators, could be
used for radiotherapy to give better clinical results. It has been reported that
these beams are well suited to producing a high dose peaked along the
propagation axis in a narrow and sharp transverse beam, combined with a deep
penetration [40]. Comparison of dose deposition for 250 MeV laser accelerated
electrons with that of 6 MeV X-rays showed significant improvement for a
clinically approved prostate treatment plan [39].

The feasibility of using laser electron accelerators for radiation and,
particularly, their properties for clinical application have been discussed in a
study published in 2004 [41]. This study concluded that the present compact
terawatt laser accelerators could produce therapeutic electron beams with
acceptable pulse flatness, penetration and fall-off depth dose but using laser
pulse energies of typically 1] at 10 Hz repetition rate to deliver the required

clinical electron beam dose in a few minutes as required for clinical use.

1.3 Plasma acceleration of ions and protons

The acceleration of ions driven by intense laser-plasma interactions has been

studied for more than two decades with proton and ion beams produced with



energies of the order of tens of MeV [42]. To achieve this, high intensity laser
pulses are focused onto the front surface of a thin metal foil, i.e., a solid target, in
contrast to LWFA electron acceleration that uses gas targets. At the present
time, the mechanisms responsible for ion acceleration are the subject of
intensive research by several groups around the world. The dominant
mechanism for this kind of acceleration at moderate laser intensities (up to
101 W/cm?) is Target Normal Sheath Acceleration (TNSA)[43], which involves
the production of large electrostatic fields by space charge effects when
electrons leave the foil target. lons ejected from the target are rapidly
accelerated in these fields. For this reason, a thin (~few microns) and low
atomic number target is best suited to accelerate ions and protons by allowing

the electrons to easily exit the target and form the fields.

1.3.1 Development of plasma acceleration of ion and proton

beams

First measurements of proton beams generated from laser-solid interactions
were made in the 1980s by two groups [42, 44]. In these studies, the protons
were generated originally from a contaminated layer (hydrocarbon) on the
surface of the target. Using picosecond laser pulses with intensities in 1018 -
101 W/cm?, later measurements in the 1990s [45] generated protons of
energies with a Maxwellian distribution in the MeV range. More recently [46,
47], multi-MeV protons have been observed using very high laser intensities up
to 1020 W/cm?. In these experiments, the targets were metallic foils and the
protons originated from contamination layers on the surface of the target.

The need for such high laser intensities has largely restricted experimental
progress to a few selected laser facilities around the world, mainly at the
Rutherford Appleton Laboratory (RAL) in the U.K., with the VULCAN laser
system [48], and the Lawrence Livermore National Laboratory (LLNL) in the
U.S.A., with the NOVA laser system [49]. In early 2000, using long pulse lasers
on VULCAN with intensities of 5x101° W/cm? [50], energetic proton beams were

generated with an energy up to 18 MeV. Simultaneously, high power laser



experiments at petawatt levels were performed at LLNL with several hundred
Joule pulses with intensities up to 3x1020 W/cm? incident on solid targets to
produce protons with energies up to 55 MeV.

In 2002, collimated carbon ion beams were observed from the rear surface of
thin targets up to 100 MeV [51]. In a recent measurement in 2006, the
production of monoenergetic protons from microstructured targets was
reported [52]. At VULCAN, experimental investigations of low and medium mass
ion acceleration from heated thin targets irradiated at intensities up to
5x1020 W/cm? were reported [53]. It was found that the ions have an energy
spectrum up to the several MeV/nucleon. In very recent developments,
enhancement of the efficiency of laser-produced proton beams led to 30 MeV
beams (few times increase in the maximum energy compared with Au flat-foil
targets) [54]. This experiment was performed at the 30-TW Trident facility [55]
at the Los Alamos National Laboratory (LANL) using flat-top cone targets.

The 200 TW Trident laser (~80 ], 600 fs) was used to produce the highest
proton energies reported to date of ~70 MeV [56]. More recent reports suggest
the detection of protons with energies above 100 MeV. This progress in the
generation of multi-tens of MeV protons from the interaction of a high intensity
laser beam incident on a thin foil make this an exciting area for several potential
applications such as fast ignition [57], charged particle radiography [58] and the
most promising application to date: proton beam radiation therapy, which is

introduced in the following section.

1.3.2 Plasma-accelerated beams for hadron therapy

Hadron therapy is a type of radiotherapy that applies protons, carbon and
other heavy ions to irradiate tumours. Protons from conventional accelerators
have been used in radiotherapy on approximately 100,000 patients worldwide
[59]. From successful clinical results it appears that hadron therapy is a
particularly promising method for the treatment of deep tumours [60]. The
advantage of proton therapy over the widely used X-ray radiotherapy is the
ability to confine the radiation dose to the tumour [61] with the possibility of



stopping the protons at the prescribed depth, so that the healthy tissues located
behind the tumour can be spared. Also, the increase of ionisation losses near
the so-called Bragg peak result in a considerably raised dose in the tumour
compared with that delivered to healthy tissues along the proton path. On the
other hand, the dose deposited by an X-ray beam reduces slowly with depth
from the surface causing a lot of damage to surrounding healthy cells. The
comparison between the relative depth dose distribution for proton and X-ray

beams is presented in Fig. 1.1(a).
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Figure 1.1: (a) Relative depth dose distribution for a 200 MeV proton beam (solid red line)
and a 15 MeV X-ray beam (dashed blue line) and (b) a gantry to be used to direct proton beams

under construction [62].

Although hadron therapy is considered to be effective, its use is still strongly
limited by the large size and high cost of the conventional linacs and
synchrotron ion accelerators. Also, the gantries that enable a large variety of
tumours to be treated are expensive to build and require a lot of space, as seen
in Fig. 1.1(b). With the rapid progress in laser development and research on
laser plasma accelerators, many projects aim to greatly reduce the cost and size
of proton and hadron accelerators for treatment. Recent studies have
investigated the potential of laser-driven hadron therapy [63-65]. These show
that several factors make the laser-based accelerator very attractive. These are:

= [ts compactness.



» Lower requirement of radiation shielding (thus lowering the cost).

» Large gantries (which are expensive) are no longer required.

The production of proton and ions by laser plasma acceleration, require
several conditions to be met before considering this approach for medical
applications:

* The proton energy has to be increased to 200 MeV, which requires

petawatt class lasers [66, 67].
= At this energy, a flux of about 10! protons s is required for treatment
[40].

* The accuracy of dose control and addressing quality assurance for

patient safety needs to be developed.

» Greater shot-to-shot stability of the laser-plasma accelerator is required.

For hadron therapy, a number of experimental groups are developing laser
proton sources up to a few MeV, which are used for biological studies. For
example, in a recent study in 2009, the demonstration of DNA double-strand

breaking in cancer cells has been reported [68].

1.4 Thesis outline

This thesis presents an experimental investigation of laser-plasma
acceleration of two different types of particles. The initial focus of research is on
the use of straight and tapered hydrogen-filled capillary discharge plasma
waveguides for laser wakefield acceleration of relativistic electrons. These
LWFA experiments have been performed at the University of Strathclyde using
the Advanced Laser Plasma High-energy Accelerators towards X-rays (ALPHA-
X) wakefield accelerator beam line [24], shown in Fig. 1.2. The second study is
on the interaction of high-power laser pulses with a thin hydride metal solid
target to generate energetic proton and ion pulses. For these experiments, the
JETI laser at the Friedrich-Schiller-University in Jena (Fig. 1.3) has been utilised
[52].

10



Figure 1.2: The Advanced Laser Plasma High-Energy Accelerators towards X-rays (ALPHA-X)

laser wakefield beam line.

© Malte C. Kaluza

Figure 1.3: The JETI laser pulses are focused onto a thin metal foil from the right, generating
plasma. Due to recombination at later times, the plasma radiates in the visible range. Starting

from the metal foil, a jet of energetic ions is emitted to the left.

11


http://phys.strath.ac.uk/alpha-x/

This thesis highlights the first demonstration of acceleration of LWFA
electron beams in tapered capillary discharge waveguides and is outlined as
follows:

Chapter 2: A brief overview of the general physics of laser-plasma
interactions at relativistic laser intensities is given. The basic principle behind
LWFA is outlined and the theory that is relevant to the analysis and the
experimental results are described. The theoretical background of laser-plasma
acceleration of protons and ions is introduced.

Chapter 3: The mechanism for guiding intense laser beams through plasma
in a hydrogen-filled capillary discharge waveguide is introduced. A study of
straight and tapered hydrogen-filled capillary discharge waveguides, which
have been manufactured by a femtosecond laser micromachining technique
developed at the University of Strathclyde, is presented. A new design of a high-
voltage pulsed power supply for capillary waveguides used in the laser
wakefield accelerator experiment is also presented.

Chapter 4: The measurements of the time-integrated plasma density, based
on Stark broadening of hydrogen Balmer lines, are presented for both types of
capillaries, showing that this diagnostic technique is effective. The results of
efficient guiding with high energy transmission of the fundamental Gaussian
mode of a low intensity laser pulse for both types of capillary waveguide are
presented in this chapter.

Chapter 5: The LWFA experiments carried out on the ALPHA-X beam line at
Strathclyde are described in detail. The methods for recording data from the
experimental diagnostics are outlined. The results of the experiments for all
types of capillary waveguide are presented in full, including both directions of
the longitudinal taper, i.e., laser propagating along either an increasing or
decreasing plasma density gradient.

Chapter 6: The experiments using the JETI laser at Jena for proton and ion
acceleration in laser plasmas using hydride solid targets are detailed. As shown

in this chapter, the results are obtained for the first time from hydride gold,

12



copper and titanium targets and new physics has been extracted from these
findings.
Chapter 7: The results of the thesis are summarised and future work is

outlined.
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CHAPTER 2

Physics of intense laser-plasma

Interactions

For more than two decades, electron and ion acceleration, driven by intense
laser-plasma interaction, has been an area of huge interest both theoretically
and experimentally. Several mechanisms have been introduced to describe
electron and ion acceleration but, so far, no single theoretical model exists that
can adequately describe all the main aspects of the interaction physics.

This chapter contains the general background theory necessary to describe
laser-plasma interaction from basic principles, the theory of laser wakefield
acceleration and also the theory of laser-accelerated ion and proton beams. The
chapter starts with the interaction of a high-intensity laser with a single
electron. Subsequently, electron acceleration processes are discussed. Finally,
two different mechanisms for proton and ion acceleration at the front and the

rear side of the target are described.

2.1 The interaction of a high intensity laser with plasma

During the interaction of high intensity laser pulses with matter at intensities
in the range of I =10'®.. 10%° W/cm?, the relativistic regime has to be
considered [1]. The electric field of such laser pulses can reach values of order
of E~10%.. 10" V/cm and the electrons are torn away from the nucleus
creating plasma with temperatures of millions of Kelvin. This interaction gives
rise to several new collective plasma effects. To understand these effects some

relevant quantities and concepts need to be introduced.
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2.1.1 The motion of an electron in a high intensity laser field

When an intense laser is focused onto a solid or a gas target, the motion of an
electron with charge e and mass me in the electric field of laser becomes
relativistic, with a quiver velocity given by:

eE

Vosc = —— (2-1)
e

where E is the amplitude of the electric field, w is the frequency of laser and c is
the speed of light in vacuum. This quiver motion is characterised by a parameter

ay known as the normalised vector potential, which can be written as [2, 3]:

eE _posc_< 122 )1/2

ag = (2.2)

mecw  myc \1.37 x 1018
where p,s. is transverse quiver momentum, / is the intensity of the laser and A
is the wavelength in microns.

The normalised vector potential defines three regimes of the interaction of
the laser with matter. For 1 um wavelength and for a, <« 1, the electron motion
is classical and the regime corresponds to intensities below the 5 X 10* W/cm?
limit. For 0.02 < ay <1, the interaction is classed as a high intensity regime.
This regime corresponds to intensities between 5 X 10" and 10'® W/cm?.
When a, > 1, the regime is known as the relativistic regime and the intensity
is above the 10 W/cm? limit [4].

In the high intensity regime, the motion of the electron can be described by
the Lorentz force equation:

dp
o= —e(E+v xB), (2.3)

where p =y m,v is the relativistic momentum of the electron, y =

J1+4 (p/ mec)? = 1/\/1—7,82 is the relativistic factor , § = v/c is the electron
velocity normalised to the speed of light and B is the magnetic field strength.

In the classical case, the term (eE) is the dominant force and the electrons
oscillate only along the laser polarisation direction. The term e(v X B) becomes
very significant in the relativistic case and the result of this force component is

to push the electrons in the direction of laser propagation.
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2.1.2 The ponderomotive force

When an electromagnetic wave propagates in plasma, the nonlinear force
which is responsible for direct momentum transfer to the plasma is called the
ponderomotive force [5]. Many nonlinear phenomena have a simple explanation
in terms of the ponderomotive force. The description of an acceleration
mechanism which allows electrons to gain energy from the laser field can be
obtained by introducing the ponderomotive force of the laser acting on the
electrons [6].

To derive this force, consider Eq. (2.3) for the electron’s motion for the

classical case y = 1
d
E( mev) = —e(E(r) + v X B(1)), (2.4)

assuming the electric field has the form

E = E,(r) cos(wt), (2.5)
where E (1) contains the spatial dependence. To first order, the electron
responds only to the laser electric field, neglecting the v X B term in the
equation of the motion, and the electric field is taken to be that at the initial

position (r,) of the electron. Hence,

d
m, Evl = —eE(ro) , (26)
dry .
it —(e/ m,w)Essin(wt), (2.7)
8ry = (e/ m,w?)E, cos(wt), (2.8)

where dr; is the displacement of the electron in the electric field from its initial
position. Going to second order, E(r) can be Taylor-expanded around the initial
position of the electrons as

E(r) = E(ro) + (0r1.V)E|, ., +. . . (2.9)
Now the term v; X B; must be added using Maxwell’s equation to derive the

magnetic field

VXE = B
- at’
B, = —(1/w)V X Eg|, , sin(wt), (2.10)

and the second order term of Eq. (2.4) is then
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dv,

me W = _e[((grl.V)E + 171 X Bl]' (2.11)
Inserting Egs. (2.7), (2.8) and (2.10) into (2.11) and averaging over time, it is
found that
dv, 1 e?
me (E) = ) My w? [(Es .V)Es+ Es x (VX Eg)] = Fyonas (2.12)

where the factor 1/2 arises from the averaging over a laser cycle such that
(cos? (wt)) = (sin? (wt)) = 1/2. Now by using the vector identity A X
(BxC) =B (A.C)—C (A.B), the equation of motion becomes

Fyona = —s—— V(E2) | 2.13)
4 m,w?
From this equation, it can be noted that an electron is expelled from regions of
high intensity of the laser focus along the laser intensity gradient, which is
proportional to the E%.
The scattering angle, with respect to laser propagation axis, is defined by the

ratio between the transverse and longitudinal momenta of the electron and can

be determined by Eq. (2.14) [7],

2
y—1

6 = arctan (2.14)

Experimentally, this equation has been confirmed by Moore et al. [8], where this
angle was observed from the laser focus.

The Eq. (2.13) is only the force on a single electron. The force acting on the
plasma is this force times the plasma density n expressed in terms of the plasma

frequency w, which depends on plasma electron density, n,

nee?
Wp = : (2.15)
mego
Since E,? = 2(E?), the ponderomotive force is given by
1w,? )
fpond =-S5 7 V(e E*), (2.16)

2 w

and the relativistic expression for the ponderomotive potential, U,,,4 using Eqg.

(2.2) is
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Upond = "lec2 y—-1= mecz(\/ 1+ aOZ -1)
[A?

1.37 x 1018

=0511( |1+ 1 | Mev. (2.17)

Since the distribution of electron energy can be described by the relativistic
equation EZexp (—E/kT) where k is Boltzmann’s constant and T is the

electron temperature [9], the average value of kT is found to be U, 4 [2]. Table
2.1 presents the range of U,yngq, for 4 =800 nm, over the range of relevant
laser intensities 1013 ... 102 Wem using Eq. (2.17). This illustrates the onset of
relativistic effects around ao ~ 1 where U,,n4 approaches the electron rest

mass.

I (W/cm?) ao Upona (MeV)
1013 0.00214 1.168 x 107°
1014 0.00676 1.167 x 1075
1015 0.02138 1.167 x 107
1016 0.06761 0.00117
107 0.21381 0.01155
1018 0.67612 0.10584
1010 2.13809 0.69516
1020 6.76123 2.98158
1021 21.3809 10.42658

Table 2.1: Ponderomotive potential (U,,yq) and normalised vector potential (ao) as a function

of laser intensity (I).

2.1.3 Propagation of electromagnetic waves in plasma

The collective behaviour of electrons instead of single electron motion has to
be considered for the investigation of laser-plasma interactions. The combined
result of the collective motion of plasma electrons and the self-generated
electric and magnetic fields will be produced. If the electrons are displaced from

the positive ion background by an external perturbation, a restoring force builds
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up due to the electric fields arising from the charge separation. When the
perturbation ceases, the electrons start to oscillate around the position of

charge equilibrium with frequency w,,.

2.1.3.1 Linear propagation
To describe linear propagation of electromagnetic radiation in a plasma one
must derive the linear dispersion relation for an electromagnetic wave

propagating through a plasma. The electrostatic force acting on the electrons is

d*r
me - = —eE, (2.18)
where E is the electric field, which is written as E = E, cos (kx — wt)X and k
is the wavenumber of the electromagnetic wave. Assuming a small density
perturbation and quasi-neutrality (p = 0), the wave equation can be derived

from Maxwell’s equations [10] such that

dJ] 10%E
V2E — —=—=—, 2.19
Moot =2 ¢2 (2.19)
where (J = —en, dr/dt) is the current density. Now from
E = E,cos (kx — wt)

92E aJ eE
V?E = —k*E — = — w?’E —= —. 2.20
kE, 0 t2 OB T e (2.20)

Inserting (2.20) into (2.19) gives the dispersion relation for an electromagnetic
wave propagating through a plasma

w? — w?, = k*c?* . (2.21)
From this equation it is seen that, for w < w,, the value M/c =k
becomes imaginary, so the laser pulse cannot propagate in plasma and,
for w > w,, laser pulses can propagate. From the threshold condition w = wy,
the critical plasma density can be defined as

£, Myw?

Ner , (2.22)

eZ
which defines the maximum plasma density into which a pulse with a specified

frequency can penetrate. The critical plasma density describes two different
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categories of plasma: underdense plasma where n, < n., and overdense plasma
where n, > ng,.
The phase velocity of the electromagnetic wave propagating in plasma can be

calculated by using the dispersion relation Eq. (2.21)
w 2 2
vphzzzc/ 1-w?,/w?, (2.23)
and the group velocity is given by

dw
g =% = c /1—w2p/a)2 , (2.24)

where /1 —w?,/w? = J1—mn./n. = 1 is the refractive index of the plasma.

As the refractive index in a plasma is always smaller than 1, with n, < n,,
the phase velocity and group velocity are always, respectively, larger and

smaller than c.

2.1.3.2 Nonlinear propagation
In the relativistic regime, the key effect which needs to be taken into
consideration is the increase of the relativistic mass of plasma electrons, ym,. In

this case, the relativistic plasma frequency is given by

nye?
= /— , 2.25
Cprrel (y) me g, (2.25)

and the refraction index is

Nret = \/1 —ne/(Y)Ner (2.26)

where (y) is averaged both over the fast laser field oscillation and a large

number of electrons
(yy=+1+aj. (2.27)
The intensity dependence of the refractive index via the Lorentz factor has
deep consequences for the propagation of laser pulses of relativistic intensities
in plasmas. Relativistic self-focusing is the phenomenon of a high intensity laser
pulse reducing in size, i.e., focusing when propagating in underdense plasma.
There are two mechanisms responsible for the relativistic self-focusing effect.

The first one is the averaged electron mass,y m,, increasing during the
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oscillation in the laser field, which causes a decrease of the plasma frequency.
The second mechanism is the expelling of electrons out of the focal spot by the
ponderomotive force. This will decrease the local plasma density and therefore
the local plasma frequency. Consequently, the refractive index is higher at the
centre of the beam than at the beam edges. This causes the plasma to act like a
positive lens and the laser will self-focus [11, 12]. For the Gaussian envelope

approximation, the critical power P, for self-focusing is given by

2
W
P.=2({—| Py, 2.28
cr <wp> 0 ( )
where
m2 c>
P, = :2 = 8.7 GW. (2.29)

When this condition is fulfilled, the self-focusing of the laser balances the
natural diffraction and the laser effectively propagates in a self-made channel

over distances much longer than the Rayleigh range (see section 2.2.2.3).

2.2 Laser- driven electron acceleration

In the previous section, the processes by which nonlinear propagation of a
laser pulse through the plasma affects the characteristics of the pulse were
described. For laser electron acceleration one has to take a closer look at how
the highly intense laser pulse drives the plasma. Tajima and Dawson in their
paper [13] proposed use of the large electric fields in a plasma wave for particle
acceleration. In this scheme, plasma wave oscillation is excited when electrons
are collectively displaced by the ponderomotive force of an intense laser pulse.
The plasma wave propagates with a phase velocity close to the speed of light in
the wake behind the intense laser pulse (hence the term wakefield
acceleration). This means that highly relativistic electrons can move in phase
with the plasma wave and ’surf the wave potential over relatively long
distances. This technique for electron acceleration by plasma waves can sustain
electric fields of approximately 3-4 orders of magnitude greater than those that

can be achieved with conventional RF technology.
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2.2.1 Laser wakefield acceleration

The basic explanation of this phenomenon is as follows. A high intensity laser
pulse (a = 1) propagating through underdense plasma expels electrons from
high intensity regions by the ponderomotive force and a low density region of
electron follows in the wake of the pulse. Behind the laser pulse, the Coulomb
force between the background ions and the electrons attracts the electrons back
towards the axis, driving them into an oscillation that produces a plasma
density wave. The group velocity of the driving laser pulse equals the phase

velocity of the plasma wave,

Vg = NC=v, = —. (2.30)

A number of theoretical articles address ponderomotive excitation of plasma
waves in the laser-wakefield regime [14-16]. An important result is that there is
an optimum pulse duration for which the plasma wave is resonant with the
laser pulse envelope. For a Gaussian laser pulse, and for a linear plasma wave
and non-relativistic laser intensities, the oscillation reaches its maximum
amplitude when the laser pulse length is equal to half the plasma wavelength

et = % - %‘; (231)
where 7 is the laser pulse full-width at half-maximum (FWHM) duration. When
this condition is satisfied, a large amplitude plasma wave is excited and
electrons from the plasma background can be injected into or trapped in the
laser wakefield and then accelerated to high energy. The acceleration
mechanism is analogous to the acceleration of a surfer catching and being swept
along by a large ocean wave. The principle of a laser wakefield accelerator is

shown schematically in Fig 2.1. The maximum accelerating electric field in the

plasma is estimated by [17]

m,Cc w
Epmax = %s 0.096 \/n, [m=3] [V/m], (2.32)
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such that, theoretically, for an electron plasma density range of (10 —

101° cm™) electric fields of the order of 100-300 GV/m are possible.

laser pulse

t f

higher electron lowerelectron

density density

Figure 2.1: Interaction between an intense laser pulse and underdense plasma creates a high
gradient accelerating structure. A laser pulse propagates through the plasma at velocity v,. The
plasma density oscillations are set up by the ponderomotive force of the laser pulse, causing a
wake to trail the pulse. A co-propagating bunch of electrons gains energy from the accelerating

phase of the wake’s longitudinal electric field.

During plasma wave motion, if the electrons that form the wave move with
the same velocity as the wave itself they will reduce the electron density at the
peak of the wave, dampning it and wave-breaking can occur. Wave-breaking
limits the growth of the plasma wave and the maximum electric field that can be
generated. It is important because it is a mechanism by which background
plasma electrons can be injected and accelerated. If this self-injection
mechanism can be controlled, it eliminates the need for complicated external
injection schemes [18], significantly decreasing the experimental complexity.

In the relativistic case, the electric field required for wave breaking can be

estimated using Eq. (2.33)[19]

Ewp = Emax \/2 (w/ wy — 1) ) (2.33)

where w/ w, = y, =1/\/1— vZ/c? is the relativistic factor associated with

the plasma wave. This shows that the relativistic wave-breaking amplitude can

be much larger in strength than E,,,,. For example, an 800 nm laser pulse
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passing through a plasma of density of 108 cm™ can drive electric fields

approximately eight times greater than E,,,, .

2.2.2 Energy gain limitations

Although the acceleration gradients produced by laser wakefield acceleration
are very large, there are several fundamental limits on acceleration which limit
the length over which acceleration can be achieved, and that will limit the
maximum energy gain produced in a single stage of a LWFA [16]. The two main
limitations for channel-guided LWFA are electron dephasing and pump
depletion. Diffraction of the laser pulse is also a severe effect, but this can be
overcome through the use of a plasma channel to guide the laser pulse [20]. In
the following discussion, the laser power is considered to be less than the

critical power for self-focusing, and instabilities are neglected.

2.2.2.1 Dephasing

Since there is a small, but non-negligible, difference between the group
velocity of the driving laser pulse (v, < ¢), and the longitudinal velocity of the
accelerated electrons, the electrons eventually reach the centre of the plasma
wave where the electric field changes sign and slips into decelerating phase of
the plasma wave. The propagation length to reach this crossing point is known
as the dephasing length ([;) [21].

To estimate the dephasing length, consider an accelerated electron with
velocity ¢ and assume the phase velocity of the wakefield is taken to be the
group velocity of the laser pulse. Hence, the difference in velocity between the

electron and wakefield velocities is

Av=c /1—(a)p/w)2—cz %c(wp/w)z . (2.34)

For the linear regime (a3 < 1), if an electron is injected at the peak of the
plasma wave (at the back of the wake), dephasing occurs when it has moved

half a plasma wavelength (4,/2) and the dephasing length is the length that the
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electron moves during this time, (4,/2 )/ Av . From this it can be shown that the

dephasing length in this regime is
A
ly=c (%)/Av = 1,°/22. (2.35)

The electrons will lose energy if they continue to interact with the wake
beyond [;. For the nonlinear regime (bubble regime) (a3 > 1), the dephasing
length becomes [22]

Iy ~ ag Ap3//12 . (2.36)

It is clear that the dephasing length increases for higher intensities and also by

operating at lower densities.

2.2.2.2 Laser energy depletion
As the laser drives the wake, it loses its energy to the plasma [21, 23] and,
clearly, this process cannot continue indefinitely since the laser energy is finite.
In order to estimate the length over which this energy depletion effect becomes
important, we define a laser depletion length [4,, as the distance the pulse
travels for loss of one-half of its initial energy. This is calculated by equating the
energy deposited into the wakefield with the laser pulse energy [16].
In the linear regime, the pump depletion length can be estimated by equating
the laser pulse energy to the energy left behind in the wake [24, 25]
liep ® A,°Jag?2* . (2.37)
In this regime, it is clear that the pulse depletion length is longer than the
dephasing length; in fact, it shows that the laser energy is not being used
efficiently.
In the nonlinear regime, the description of pulse depletion is given by [24,
25]
liep = ag A0/ 2%, (2.38)
and here the pulse depletion length increases for higher a, and it can be
increased further by operating at lower densities. In this case the pump

depletion length can equal the dephasing length which means the energy of the
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laser pulse is being used efficiently, and also that the length of plasma should be

chosen to match the dephasing length.

2.2.2.3 Diffraction

The high intensity (= 10> W/cm?) that is required for many applications of
high-intensity laser pulses, such as laser wakefield acceleration, high harmonic
generation (HHG) and X-ray lasers is achieved by focusing the laser energy into
a small area. In the absence of guiding, the beam diverges rapidly through
diffraction and remains intense only over a short distance. This often limits the
useful output.

For a Gaussian beam, the transverse intensity profile I (r, z) of a laser beam
propagating along the z-axis with a power P is shown in Fig. 2.2 and it can be

described by [26]

e 2/w@)* (2.39)

where r represents the radial distance from the central z-axis and w(z) is the
beam radius where the amplitude decreases to 1/e of its value on-axis. The

beam radius w(z) varies along the z-axis as

w(z) = w(0) /(i)z +1, (2.40)

where w(0) is the minimum beam radius at z=0 and z; is the Rayleigh
length, equal to

zz = 1 w(0)*/1. (2.41)
The Rayleigh length is the distance from the focus at z=0to where the
intensity on-axis is reduced by a factor of two and is a measure of the distance
over which the laser pulse remains at or close to its highest intensity. One can
also say that the beam radius is increased by a factor V2 over the Rayleigh
length. As an example, a focused laser beam with a wavelength of 800 nm

focused to a spot size of 20 um has a Rayleigh length of 1.6 mm.
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Figure 2.2: The evolution of a Gaussian laser beam along the z-direction with an initial radius w

and the beam waist w(0) located at the minimum. The Rayleigh length, zy is also indicated.

The Gaussian beam propagates with a curved phase front with radius R(z)
given by
1 z
R(z) z22+z8’

(2.42)

and the curvature is also shown in Fig 2.2 where, at z = 0, the phase front is
completely flat. From Eq. (2.41), by using w = A, and the expression for the
dephasing length Eq. (2.35), it can be shown that the diffraction-limited
acceleration length is

Zp = laisr = lg (m A/4y), (2.43)
from which it is clear that [y < [, so diffraction is a significant effect for
the LWFA since the length over which the laser has sufficiently high intensity to
generate a large amplitude wakefield can be severely limited. This can be
overcome, however, with the use of a plasma channel to guide the laser pulse.
As described in the following chapter, overcoming diffraction with optical
guiding is of key importance to increasing the energy gain of a laser wakefield

accelerator.
2.2.3 Electron energy gain scaling

After the discussion of the limitations to the energy gain of the wakefield

accelerator, the maximum electron energy gain can be calculated by integrating
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the longitudinal electric field strength over the distance over which the particle
experiences the accelerating field. Scaling laws describing the energy gain in the
LWFA can be derived and three different cases are considered. The first is for
uniform plasma where the acceleration length is limited by vacuum diffraction.
The second is for a plasma channel where the acceleration length is limited by
electron dephasing and the third is a plasma channel where the acceleration
length is limited by pump depletion. In all cases, the laser power is assumed to
be less than the critical power for self-focusing in plasma. The scaling laws for
the energy gain can be summarised as follows:
If the acceleration distance is limited by diffraction, then [,.. = mz; and the
energy gain in linear regime in practical units is [27]
Eqirr[MeV] =576 (1 /4,) P[TW]. (2.44)

and, for nonlinear regime, the energy gain in practical units is [28]

AEgisr[MeV] = 740 (1 /4,) (1 + ao2/2) /2 P[TW] . (2.45)
If the acceleration distance is limited by the dephasing length, [,.. = [;, in
linear regime in practical units is [28]
AE4[MeV] = (630 I[W/cm?])/n,.[ cm™3], (2.46)
and, for the nonlinear regime, the energy gain in practical units is
AE4[MeV] = (2/m) (630 I[W/cm?])/n,.[ cm™], (2.47)
If the acceleration distance is limited by the depletion length, lo.c = lgep , the
energy gain in linear regime in practical units is [28]
AE4.,[MeV] = (3.4 x 1021) /(n,[ cm™] A2[um]), (2.48)
and, for the nonlinear regime, the energy gain in practical units is
AE.,[MeV] = (400 I[W/cm?]) /n,[ cm™]. (2.49)
From these scaling laws it becomes apparent that the energy gain is larger for
lower plasma densities and higher laser intensities. Using laser systems that
produce peak powers of the order of a few tens of TW and by extending the
acceleration distance beyond zy, electron beams in the GeV range can be
produced. As an example, in the high intensity regime, the dephasing length is
approximately equal to the depletion length which implies higher efficiency and
larger energy gains. Consider the ALPHA-X beam line with a 20 TW, 40 fs
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Ti:sapphire laser operating at a wavelength of 800 nm focused to a (radius at
1/e?) waist of 20 um in a plasma of density 10'® cm™3. This corresponds to
ap=09and [, =1.6 X 10" Wem™2.  The maximum energy gain is
AE4irr =300 MeV in an acceleration length of L, =5mm versus AE; =
650 MeV in l; = 5 cm. Here, for this simple description the pump depletion-
limited energy gain of the laser beam is not included.

Energies of laser-accelerated electrons have increased with the advance of
laser technology and better control and understanding of the experiments [20,
29-43]. Leemans et al. [29] reported GeV laser acceleration of electrons
using 40 TW, 40 fs laser pulses with a 3.3 cm long plasma channel. With these
and other more recent experiments [30-40], it is now evident that the laser
accelerated electron energy scales with laser intensity and scales inversely with
the plasma density, as predicted by Tajima and Dawson [13].

Experimental data utilising the existing large energy lasers are summarised
and shown in Fig. 2.3. From this figure it can be seen that there is a clear
dependence of the energy gain on the laser intensity where the energy increases
with increasing the intensity (AE < ag) as represented by the pink area which
gives the range of a, from 2-10. This figure also shows the clear tendency of
energy gain as a function of the plasma density n, (AE < n,™'). This presents
the community with opportunities to consider designs of experiments toward

10 GeV electron energy based on laser wakefield acceleration [19, 20, 44].

2.2.4 Electron energy gain improvement

The scaling law shows that the LWFA can accelerate electrons to higher
energy at lower plasma density. This is because the dephasing length increases
as density decreases. However, it is only possible to benefit from the
enhancement in the dephasing length if the laser can drive a wakefield for that
entire length. This is many Rayleigh lengths and, although self-focusing can
extend the interaction length to some extent, its effect decreases as the electron
density is decreased. If the laser pulse is guided by an external guiding

structure, then electron densities can be chosen for which zp < [; .
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Figure 2.3: Electron energy as a function of laser intensity and plasma density observed in the

experiments [20, 29-43]. The pink area gives the range of ap and the red solid line shows the

fitted curve of AE o n,1.

The result is that for a given laser power, electrons can be accelerated to
higher energies over the extended propagation length. Initial work using laser
plasma channels produced by lasers [20] and discharges [29, 45] has
demonstrated that the energy gain of a single LWFA stage can be raised
significantly if the laser is effectively guided. Techniques to avoid the diffraction
of the laser beam are discussed in chapter 3, and one of the subjects of this
thesis is the application of the hydrogen-filled capillary discharge waveguide for

laser wakefield acceleration.

2.3 Laser-driven proton and ion acceleration

As the development of multi-terawatt laser technology becomes more
common, exciting new areas of research grow and continue to develop in the
interaction of lasers beams with solids. Using high intensity lasers to irradiate
thin metal foils, it has become possible to generate high energy ion beams [46,

47].
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A number of the experiments have demonstrated that protons and even
heavier ions can be efficiently accelerated from both the front and rear target
surfaces [48-50] in ultra-high intensity laser-solid interactions. To explain the
observed MeV protons, two reasonable acceleration scenarios have been
proposed. The first explanation [46, 49, 51] proposes that the protons come
from the front surface of the target due to the laser plasma induced charge
separation and ponderomotive force.

The second explanation [47, 52] proposes that the protons come from the
rear surface of the target. In this case, the acceleration mechanism is initiated by
hot electrons propagating through the target which then form an electrostatic
potential sheath capable of ionising and accelerating protons and heavy ions at

the rear surface.

2.3.1 Frontside acceleration mechanism

Front surface acceleration was studied by Y. Sentoku et al [51]. This
mechanism accelerates protons at the front side of the target in the vicinity of
the laser focus. When the main pulse of relativistic intensity with a normalised
vector potential ap > 1 arrives at the relativistic critical surface, electrons are
expelled out of the focal region by the ponderomotive force until the generated
electrostatic potential, U, , arising from the charge separation is approximately

equal to the ponderomotive potential, Uponq , of the laser, given by Eq. (2.16)

Ue = Upona = mecC? ( ’1 +ag — 1> : (2.50)

The maximum energy for protons accelerated by this field is found [53] to be
Efon = 1.25 KpT (2.51)
As an example, for Up,,q = KgT, consider the case of a 1] laser beam, 80 fs
operating at A = 800 nm and focal point diameter of ~ 6 um (JETI laser system).
Such a laser gives an intensity of I = 4.4 x 10'° W/cm? and maximum proton
energy of E.ytorf = 2.3 MeV. This value is in agreement with Sentoku et al. [51],

which yields for I = 4.0 x 10*° W/cm? a maximum proton energy of 2.2 MeV.
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The proposed front side mechanism plays a certain role for laser plasma
acceleration, but the experimental and theoretical work shows that the
acceleration from the rear side dominates in most experiments and this

mechanism will be presented in the following section.

2.3.2 Rear side acceleration mechanism: target normal sheath

acceleration
Many different possible mechanisms have been proposed for laser-driven
proton beams from the rear side in the interaction of a high intensity laser with
a thin foil. The main mechanism of significance for the experimental work in this
thesis is Target Normal Sheath Acceleration (TNSA) [54], which is graphically
shown in Fig. 2.4. It is the most widely accepted theory used to explain the

production of energetic protons and heavy ions from the rear side of a thin foil.

Incident Laser  Thin layer of  Hot electrons Electron Spread of Accelerated
1>10'" W/em*  Hydrogen sheath sheath protons & ions
c..‘:.
7 ul.‘.:;:.:.:;'
» . » . . é-.‘ ’"3_.
Eocc ~TV/m
Preplasma Target foil
(a) (b) (c) (d) (e)

Figure 2.4: A summary of the TNSA is shown: (a) Laser pulse creates pre-plasma. (b) Main
pulse accelerates electrons to MeV-energies. (c) Electron sheath generates electric field on rear
side. (d) Transverse spread of sheath with speed of light. (e) Field ionisation and ion

acceleration in the normal direction.

In this mechanism, when the laser pulse is focused onto the front surface of a
thin metal foil, a part of the laser pulse is reflected and a considerable amount of

laser energy is converted into electrons. These hot electrons are accelerated by
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the laser pulse to relativistic energies (~MeV) and propagate through the target
material. Upon reaching the target rear surface, these electrons break out into
the vacuum forming a charged cloud that extends over several Debye lengths

where the Debye length Ap is given by

_ |eokgTe ’ kgT, (MeV)
AD = ezne =0.24 (um) W . (252)

Typically this is a few um [52, 55] for the conditions of the experiments

presented in this thesis (kgT,~ 2.3 MeV and n,~ 10%! cm™).

The break out of the electron population leaves the bulk of the target
positively charged. As a consequence, a space charge field is generated on the
target rear surface that is sufficiently strong to decelerate and eventually pull
back all subsequent electrons. This leads to the formation of a thin, quasistatic
electron sheath at the rear side of the target. At the rear surface of this electron
sheath, huge electric fields as high as several teravolt per meter (TV/m) are

generated. The strength of this electrostatic field can be estimated by
kpTe
elp

E = (2.53)

For an electron energy kgT,~ 1 MeV and Ap = 1 um, a sheath field of ~1 TV/m
is predicted. This field is strong enough to ionise the surface of the target and
accelerate the resulting ions to energy in the tens of MeV range.

Recently, theoretical works [56, 57] have reported that with the increase in
the power of the large laser systems, it is becoming possible to reach a new
more efficient acceleration mechanism, known as laser radiation pressure
(RPA) [57]. RPA dominates the acceleration of ions for high enough laser

intensities. The total radiation pressure on target can be estimated by [58]

2RI
Pp = C° . (2.54)

where R is the plasma reflectivity (= 1 for solid plasma density).
It has been shown that the RPA acceleration mechanism could be reached
with laser intensities in the range 10%! - 10> W/cm? and mono-energetic ion

beams are expected from solid targets of nanometre thickness with a maximum
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energy in the GeV range. With the power of the large laser systems available
today, the RPA is still at the lower limit and the TNSA mechanism is still the

dominant acceleration process.

2.3.3 Proton energy gain scaling

Several experimental [59, 60] and theoretical [61-63] results have been
reported on the maximum achievable proton energy as a function of various
laser pulse parameters. Recently, scaling laws for laser-produced proton beams
based on laser intensity, pulse duration and energy have been experimentally
determined [64, 65]. However, as they cannot be fully compared owing to the
different sets of parameters used, no clear picture has yet appeared of the
relative importance of the target thicknesses and laser parameters pulse energy,
pulse duration, peak intensity and focal spot size.

The comparison between the results of several experimental groups is
presented in Fig. 2.5, which shows the maximum proton energy as a function of
laser intensity on the target. Maximum energies reached with short pulse lasers
such as ASTRA, ATLAS and LUND were generally only a few MeV, as illustrated
by the data points numbered 1, 2, 3, respectively. Energy of 10 MeV has been
reached with 40 fs laser pulses by the LOA laser system, labelled 4. For lasers
such as Z-100TW at SNL, NOVA and DRACO, maximum proton energies above
10 MeV have been observed as shown by the points labelled 5, 6 and 7
respectively. For the results of a series of experiments of high-power lasers such
as VULCAN, LULI and TRIDENT, clear scaling of the maximum proton energies
with the square root of the laser intensity has been established experimentally.
From Fig. 2.5 and Table 2.2, it can be seen that longer pulses typically result in
higher proton energy.

The scaling of E,, with I, (E o« I;) for the RPA mechanism is much more

favourable than with the square root of the laser intensity for TNSA [66].
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Pulse Maximum

Laser Location Intensity Reference
duration proton
system (W/cm?)
(fs) energy (MeV)
Rutherford
ASTRA Appleton 6x 1018 60 1.5 [67]
Laboratory, U.K.
Max Planck Institute
ATLAS | for Quantum Optics, | 1.3 x 10%° 150 4 [68]
Germany
Lund Laser Centre,
LUND 1x10% 33 4 [69]
Sweden
Laboratory of
LOA Applied Optics, 6 x 1017 40 10 [70]
France

Research Center
Dresden
DRACO 1 x 10%! 25 17 [71]
Rossendorf,

Germany

Laboratory for
LULI Intense Lasers, 6 x 10" 320 20 [64]

France

Sandia National
Laboratories, United | 9.2 x 101° 1000 30 [72]
States
Rutherford
VULCAN Appleton 6 x 1020 1000 55 [65]
Laboratory, UK

Z-100
TW (SNL)

Los Alamos National
TRIDENT | Laboratory, United | 1.5 x 10%° 600 70 [73]
States

Lawrence
Livermore National
NOVA 3 x 1020 500 58 [47]
Laboratory, United

States

Table 2.2: Comparison of the maximum proton energy for various experiments using different

laser systems.
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Figure 2.5: Maximum energy of the proton beam as a function of the laser intensity on the

target from several groups at several laser systems. Colour short dot lines represent scaling of

the maximum proton energies with the square root of the laser intensity for VULCAN (cyan),

LULI (magenta) and TRIDENT (purple) respectively.
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CHAPTER 3

Capillary discharge waveguides:

development and design

In order to design an experiment for the first demonstration of laser
wakefield acceleration using tapered plasma waveguides, as the first step, the
mechanism of laser guiding in a pre-formed plasma channel is reviewed in the
first section of this chapter. Following this, the experimental development of
both non-tapered (straight) and tapered plasma waveguides is described.
Lastly, a description of a new high voltage pulsed power supply, together with

testing results for capillary discharging, is presented.

3.1 Plasma waveguides

In laser wakefield acceleration, optical guiding of high-intensity laser pulses is
required to extend the acceleration length up to the dephasing length. This is
important to obtain maximum bunch energy from the acceleration process. In
the absence of guiding, the acceleration length is fundamentally limited by
diffraction to a characteristic distance determined by the Rayleigh length
(section 2.2.2.3) as illustrated in Fig. 3.1(a).

An attractive technique to guide a high-intensity laser pulse is to couple the
beam into a pre-formed plasma channel as shown in Fig. 3.1(b). A plasma
waveguide suitable for guiding has a parabolic electron density profile [1] n,,
which is described by

n, =n,(0) + An, (7:—h>2, (3.1)
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where ne(0) is the on-axis density, An, is the channel depth, r is the radial
coordinate and 7, is the channel radius. An example of the parabolic electron
density profile, according to Eq. (3.1), has been plotted in Fig. 3.2 for typical

capillary parameters:

n.(0) = 1.5 x 10 cm™3, An, = 2 X 10'® cm™ and r,,;, = 140 um.

(a) (b)

ee.
.
.
.

t
=

plasma channel

Figure 3.1: (a) A focused laser pulse diffracts with a characteristic distance determined by the
Rayleigh length (zz). (b) A pre-formed plasma channel, providing a balance between focusing

and diffraction, can guide a laser pulse over distances beyond the Rayleigh length.
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Figure 3.2: Example parabolic distribution of the radial electron density in a plasma waveguide.
The refractive index of the plasma channel, n(r), has a parabolic radial profile

with a maximum on-axis and, therefore, the channel behaves as a continuous

focusing lens with
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n(r) = (3.2)

The refractive index profile that corresponds to the parabolic electron density
profile, from Fig. 3.2, has been plotted in Fig. 3.3. The continual focusing applied
to the laser beam along the channel is the mechanism for keeping the laser from

diffracting, i.e., the channel acts as a waveguide.
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Figure 3.3: Refractive index profile for a plasma with the following parameters: n,(0) = 1.5 x

10*® cm3, An, = 2 x 10*® cm™ and r;, = 140 um .

3.1.1 Matched laser beam size

When a Gaussian laser beam travels through a parabolic plasma channel,
under certain conditions it can be guided without variation of its transverse
profile [2]. The beam is said to be matched to the channel, dependent on the
initial beam size and the channel parameters. The condition for matching the
laser beam to the parabolic plasma channel can be derived by starting with the

wave equation

2 a)z 2
VE+ S E=0, (3.3)

where the electric field E is written as a wave propagating in the z-direction

E=E e¥? (3.4)
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and f is the wavenumber in direction of propagation. Substituting this into the
wave equation Eq. (3.3) results in

VZE, + (k*n? —B*E, =0, (3.5)

where 7 is the refractive index, given by Eq. (3.2), and E;, for a Gaussian beam

profile with an initial beam waist w, and amplitude E, is

E, =Eje "/ wo* | (3.6)

The refractive index distribution and electric field of the Gaussian beam both

depend only on r and are cylindrical symmetric. Then the wave equation can be
written in cylindrical coordinates

(r2)Ev+ (0 = B Ey =0,

10
ror

< 4 + 4r > e_TZ/ wo? + [kz <1 _ne(r)e >_ﬁzl e—rz/ wo® = 0. (3.7)

wo?  wy? MeEqw?

From this equation, the condition for matched guiding (w, = wy) occurs when
2

4r2—k2A (r)z e 28
wy? Me Ten) Megow? (3:8)

which can also be written to give the matched spot size wy in the form

WM=< ! )Z\/E (3.9)

nr,An,

where 1, is the classical electron radius. It can be seen that the matched spot
size does not depend on the laser wavelength.

A study by Bobrova et al. [3] applied a simple plasma model in which thermal
equilibrium is assumed to predict the matched spot size for a capillary
discharge waveguide as a function of the capillary diameter and initial gas
pressure, and obtained an estimate for the matched spot size of

wyl[pm] = 1.48 x 10° (n,[em>])~V4{/ry, [um] . (3.10)
From this equation it is clear that the matched spot size is proportional to the
square root of the capillary radius. As an example, for a typical straight capillary

with 1, = 140 um and taking initial hydrogen pressure of 60 mbar and plasma

density of ~ 1.5 X 10'8cm™, it is found that wy ~ 50 um. Such a matched spot

size is much larger than the diffraction-limited spot size for an 800 nm laser
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pulse so it can be readily obtained using conventional focusing optics such as a

high f-number spherical mirror or an off-axis parabolic mirror.

3.1.2 Beam radius oscillations

Assuming an electromagnetic wave propagating in a plasma channel has a

Gaussian profile, then the evolution of the laser waist w(z) along the z-direction
is described by the differential equation

d*w(z) _ 1 [1 B W(Z)4l

dz? k?w(z)3 (W)

and when (wy, = wy), the laser beam will propagate with a stable transverse

(3.11)

intensity profile [4].
The general solution of Eq. (3.11) in the straight channel case (uniform
longitudinal density), whenw, # wy, can be obtained using the initial

conditions at the focus w(z) = w,, z = 0and dw(0)/dz =0 as

4 4 1/2
W(Z):ﬁ 1+WM +<1—WM>COS< i )l (3.12)

V2 wo* wo? k wy?
and it can be seen that if the initial waist size is not equal to the matched spot
size of the plasma channel, then the beam will oscillate between w, and
wyn?/ wy. This behaviour is called “scalloping ” and it can also lead to losses in
the energy transmission of the beam [5].

For an example of beam scalloping, consider the behaviour of a laser pulse of
wavelength 800 nm propagating through a 4 cm long straight capillary with
wy = 50 um, for three different values of wy. The evolution of the beam size
along the waveguide is presented in Fig. 3.4 for the three cases obtained using
Eq. (3.12). The matched condition is clear when w, = wy and the constant spot
size is maintained throughout the capillary.

During laser pulse propagation, when the pulses are not matched into the
capillary waveguide, they experience oscillations in their radius, with an
oscillation wavelength * 31 mm (scalloping period given by nZWMZ//l [4]).
When wy < wy, the beam initially diffracts and when wy, > wy, the beam

initially focuses. It can be concluded therefore that, if the laser pulse is not
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matched to the plasma channel during high-power LWFA experiments, then the
initial size of the beam with respect to the matching condition will, in
combination with relativistic self-focusing, have a large influence on the

evolution of the laser pulse profile in the waveguide.
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Figure 3.4: Variation of the laser spot size through a capillary waveguide with the matched spot
size wy = 50 um. Initial laser beam waists of 40, 50 and 60 um are indicated by green, black

and pink circles respectively.

3.2 Tapered plasma waveguides

In LWFA, the maximum electron energy is determined by dephasing (section
2.2.2.1), which also sets the maximum length of the accelerator. For example,
with a straight capillary (uniform density), higher energies can simply be
achieved by lowering the overall density since this increases [;, i.e., l; scales
inversely with n,. At any given density, however, the energy can be enhanced
by introducing a positive density taper (increasing along the accelerator) such
that plasma wavelength, A, decreases as the laser, wake, and electrons
propagate [6, 7]. During acceleration, the wake contracts in size (R =

(1/m),/y A,, wherey is the relativistic factor), which has the effect of

continually advancing the dephasing point, as shown in Fig. 3.5.
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Figure 3.5: Schematic representation of electron acceleration showing the difference between
laser-plasma interaction in uniform density and positively tapered density. In the tapered case,

the electrons experience a greater acceleration over a longer distance.
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Therefore, the electrons are maintained in the accelerating region of the
wake over a longer distance and, consequently, both [; and the maximum
electron energy achievable are increased. These parameters, in the tapered case,
scale as dn(z)/dz,where n(z)isthe rate of change of density along is
longitudinal coordinate z and n, is the entrance density. A recent analytical
study [8] investigated the enhancement of the energy both for an ideal non-
linear taper and a linear taper, noting that the latter could be realisable
experimentally. The study reported that, although a linear taper is not optimal,
it can still increase the final energy by a factor of 3 compared with that of a
uniform plasma channel (neglecting laser energy depletion).

Tapered channels, therefore, have the capacity to increase the maximum
electron energy achievable for both 10-100 TW and larger petawatt-scale laser
systems and a lower power, high repetition laser could furthermore be used for

LWFA-driven undulator radiation sources (section 1.2.1).

3.2.1 Beam size oscillations in tapered waveguides

In the tapered channel case (longitudinally varying density), from Eq. (3.11),

the matched spot size is given by

(3.13)

Introducing non-dimensional variables {=kz, p=kw(z), p, =kw,(2),
k = 2w /A and substituting into Eq. (3.11) results in [9]

P'(&) =11 p* = pl ply =451 ply +0(5?) (3.14)
with 6 = p—p,,.
The solution of Eq. (3.14) is obtained as
p(&) = pu( &)L+ (Socos (@(< D)/ pmo) — (8o piu (£ )sin(e(<)/2)] (3.15)

w(z) = @, (3.16)

where the initial delta parameter,
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S =k (Wg— wyo), @(<)=2 foLé/ 1/ pM(§)2d§ , normalised capillary
length, L& =k*L and pyo = k(wyy) [9]-

As an example of beam scalloping for a tapered capillary (112 pm to 77 pm),
consider the behaviour of a laser pulse of wavelength 800 nm propagating

3 and

through a 4 cm long channel with initial plasma density n, = 2 X 108cm™
wy = 41 um, for three different values of w,. The evolution of the beam size
along the waveguide is presented in Fig. 3.6 for the three cases obtained using
Egs (3.15) and (3.16). The matched condition is clear when w, = wy and the
constant spot size is maintained throughout the capillary. During laser pulse
propagation, when the pulses are not matched into the capillary waveguide,
they experience oscillations in their radius and the exit waist is insensitive to
the entrance waist in this particular case. Clearly, there is a non-uniform

scalloping period because of the density gradient but, apart from that,

behaviour is similar to that in a straight capillary.
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Figure 3.6: Variation of the laser spot size through a tapered capillary waveguide with the
matched spot size wy = 41 um. Initial laser beam waists of 30, 41 and 50 um are indicated by

green, black and pink circles respectively.
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3.3 Hydrogen-filled capillary discharge waveguide

A promising technique used to create the described type of plasma channel is
the gas-filled (usually hydrogen) capillary discharge waveguide [2, 4]. The
waveguide serves as a cylindrical cavity in which to confine plasma and guide a
laser pulse [3]. Numerical simulations for a gas-filled capillary discharge
waveguide have been conducted by Bobrova et al. [3] and the results are shown
in Fig. 3.7. From these results, the dynamics of the H-filled capillary discharge

waveguide have been identified as occurring in three stages.
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Figure 3.7: Results of a simulation of capillary discharge dynamics for an alumina capillary of
300 um inner diameter pre-filled with 67 mbar of hydrogen. (a) and (b) show distributions in
the (1, t) plane of electron density in units of 1018 cm-3 and temperature in units of eV,
respectively. (c) shows the distribution of the degree of ionisation of hydrogen. From

Bobrova et al.[3].
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In the first stage, the electron density, temperature and degree of ionisation
distribution remain homogenous because the pressure inside the capillary
remains constant. The three plasma parameters grow linearly with time until
full ionisation is reached. In the second stage (quasi-equilibrium), the increasing
electric current induces enhancement of the plasma temperature. The plasma is
cooled near the wall, producing a heat flow due to thermal conduction. The
radial plasma temperature distribution is inhomogeneous.

The last stage involves quasi-equilibrium between Ohmic heating and cooling
to the capillary wall. The radial distribution of the plasma parameters stays
almost constant in time because the timescales of thermal conduction (~10 ns)
and penetration of the electric field into the plasma (~2 ns) are much less than
the discharge time (~200 ns). The plasma pressure in this quasi-steady-state
equilibrium is almost constant across the capillary. Assuming that the electron
temperature is equal to the ion temperature and there is no thermal radiation,
the plasma distribution is determined by the balance between Ohmic heating

on-axis and cooling to the wall.

3.3.1 Inverse bremsstrahlung heating

Absorption is a physical process or collection of processes that take place
when the energy transfers from the laser pulse to the plasma. One of the most
dominant absorption mechanisms is inverse bremsstrahlung absorption [10]. In
this mechanism, an incident laser field cannot impart any energy since the
electron has no net gain of energy over a cycle of the electric field. However, in
plasma during oscillation, if the electron collides with an ion, the energy will
transfer from the electron to the ion. This means that the laser pulse energy will
decrease as its energy is transferred initially to the electrons and the
temperature of electron plasma will increase. Then there is an increase in the

ion-plasma temperature because the electrons in turn collide with the ions.
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In a hydrogen-filled capillary discharge waveguide, the absorption rate of the
laser beam intensity can be evaluated. During the collision between the electron
and the ion in the plasma, the electron-ion collision frequency v is given by [11]

meY2w2Z?e% In (Ap/by) . In(Ap/by)
Are,T3/? P (Ap/by)

V= (3.17)

where Ap is Debye length = W , bp is the impact parameter
= Ze?/4ne,T, Z is the atomic number of fully ionised plasma and T is the
temperature of the plasma. It can be seen that v « T73/2,

The imaginary part of the refractive index is the absorption coefficient k

which is related to the absorption constant K is [12]

K =2wk/c = Qw/c)/0.5(A—B) , (3.18)
where A = B2 + [(v/w) (w3/(w? + vz))]z, B=1- (03/(w?+v?) and w is
the laser frequency.

The meaning of the absorption constant K and the effect of the plasma
temperature on absorbed laser energy can be seen in the special case of plasma
from the attenuation of the laser intensity I of the laser light passing along the x
direction by [12]

1/1y = exp(—Kx) . (3.19)
For a capillary of diameter 280 um and length 4 cm and an 800 nm laser
pulse propagating in hydrogen plasma (Z =1) with density of n, = 1.5 X
10" em=3, the dependence of the absorption rate on the plasma temperature is
shown in Fig. 3.8. It can be clearly seen that the absorption rate sharply falls
with increasing the plasma temperature. For experimental parameters relevant
to the work in this thesis, the plasma temperature is typically < 10eV [5].
These relatively low temperatures mean that the laser energy absorption
through inverse bremsstrahlung heating cannot be neglected since it will
decrease the laser transmission efficiency through the waveguide.
However, these values of temperature have to be corrected as soon as the
electrons start oscillating in the electromagnetic field of the laser pulse to take
into account the new temperature. The corrected temperature can be obtained

from the corrected velocity which is given by
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Ver =/ Vei? + 192 (3.20)
where v, is thermal velocity of electron in the electromagnetic field of the laser,
v,; is thermal electron velocity without the electromagnetic field and vy = (ac)
is the maximum amplitude of the quiver velocity in the E-field of the laser pulse.
The average over the velocities of v,; has been performed to express the
velocity as a function of the corrected thermal temperature T = m,v,;%. The
dependence of the corrected plasma temperature on laser intensity is presented
in Fig. 3.9 and it shows that an intensity increase leads to an increase in the
plasma temperature which, in turn, will lead to a decrease in the laser energy

absorption.
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Figure 3.8: Absorption rate after propagation of laser light (800 nm) in a 4 cm long plasma

channel with density of 1.5 x 1018 cm3.

At higher intensities, the laser energy transmission increases to close to
100% [13, 14] where the absorption due to inverse bremsstrahlung heating is
reduced. However, at relativistic intensities, the transmission typically drops to
~60-70% for ultra-short duration laser pulses due to generation of a plasma

wake and, therefore, significantly increased absorption [13-15].
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Figure 3.9: The corrected plasma temperature as a function of laser intensity.

3.4 Design of the hydrogen-filled capillary discharge

waveguide

The design of the Strathclyde hydrogen-filled capillary discharge waveguide
is suitable for both types of capillary (straight and linearly tapered capillaries)
investigated in this thesis. They have been produced using a femtosecond
micromachining technique [16].

The channel is formed by machining semi-circular channels of diameter d
into two alumina (ceramic) or sapphire (crystalline) blocks, which are then
carefully sandwiched together to form a narrow capillary of length L. These
materials have high electrical resistivity, high dielectric strength, high thermal
conductivity and impressive thermal stability [17]. Therefore, because of the
excellent insulation properties, they are very reliable materials in high-power
electronics. However, due to their hardness, it is difficult and expensive to
machine. Femtosecond micromachining allows large band-gap materials, such
as these, to be machined with minimal thermally and mechanically produced

defects [17].
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3.4.1 Machining straight capillaries

Machining capillaries is achieved by scanning a focused, high repetition rate,
femtosecond laser beam over surface of the plates. One of the plates has
additional surface grooves or bore holes micromachined into it to allow for gas
to be injected into the capillary. The surface groove method requires careful
plate alignment to enable a good O-ring seal around the gas fittings; therefore,
the bore hole method is preferred (hole dimensions ~700 X 200 um, located
5mm from the ends). Copper electrodes, connected to the output of a high
voltage pulsed power supply, are positioned at either end of the capillary. On-
axis apertures enable the laser pulses to be transmitted into the channel.

The experimental setup to perform femtosecond laser micromachining is
shown in Fig. 3.10. Machining is achieved using the Strathclyde Terahertz to
Optical Pulse Source (TOPS) femtosecond laser system [18] (intensity
~101% W /cm?, duration = 50 fs, focal spot radius at a waist (radius at 1/e?) of
12 ym and 1 kHz pulse repetition rate). The focusing lens is mounted on a Z-axis
translation stage for precise location of the focal position at the surface plane of
the plates that are mounted together on XY- axes translation stages.

There are two key aspects of the femtosecond laser micromachining process
that have a bearing on the scheme for obtaining a circular cross-section. Firstly,
the laser focal spot size is much smaller than the capillary diameter. Secondly, as
a laser beam scans across the target surface, the cross-sectional area of ablated

material Ag.pjine, 1S inversely proportional to the scanning velocity v,
(Ascan line = Vpuisef (1 /v)), where Vs is the volume removed by one pulse for

a particular energy and f is the pulse repetition frequency. The individual
pulses overlap, therefore, for the relevant velocity range and the laser can be
assumed to be continuous. Hence, a complete capillary is formed by a series of
many longitudinal scans (57 in this case, each repeated 16 times) at different
radial positions [Fig. 3.11(c)], where the scan velocity is low close to the axis,

and high at the outer edges [Fig. 3.11(a)].
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Figure 3.10: Micromachining setup showing the translation stages for both control of the
sample position with respect to the laser position and precise positioning of the laser focus at

the surface plane of the sample.

To machine uniform, straight capillary, the velocity motion of the scanning
laser beam is constant along the longitudinal direction, utilising this velocity-to-
depth mapping. A photograph of a completed capillary is displayed in Fig. 3.12
and optical microscope images of segments of straight capillary are shown in
Fig. 3.13. The latter alumina capillary is 40 mm long and has a nominal design
diameter of 280 um. The laser pulse energy was 150 pJ (corresponding to an

intensity of 101 W /cm?).
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Figure 3.11: (a) Velocity profile used for machining straight capillary for a diameter of 280 ym
over 40 mm, where the solid red line is a best-fit quadratic. (b) The start-to-end velocities of
each scan line implemented for a diameter taper of 280 yum — 224 um over 40 mm. (c) and (d)

Scanning laser schematics for machining straight and tapered capillaries respectively.

Figure 3.12: Photograph of a complete used alumina capillary (length 40 mm). Dark
carbonisation adjacent to the cathode location is seen around the waveguide entrance and the

two gas inlets are visible on the top surface.
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Figure 3.13: Optical microscope images of a straight capillary showing (a) sampled
longitudinal positions along one plate and (b) and (c) both ends of the aligned capillary. (d) One

end with a superimposed circle of diameter 280 yum. The indicated scale applies to all images.

3.4.2 Machining linearly tapered capillaries

The tapered capillaries are micromachined in a similar technique to straight
capillaries but require two modifications. Firstly, the scanning direction is no
longer only parallel to one axis. Secondly, as the scanning laser progresses from
the wide end to the narrow end, its velocity must increase to maintain a
semicircular ablation depth (which is inversely proportional to the velocity).
Hence, the scanning laser is now accelerating instead of moving at constant
velocity.

To determine the tapered capillary trajectory equations describing the
evolution of the scanning laser position x(t), velocity v(t), and acceleration a(t)
as a function of time t, per scan line, consider the profile of a linearly tapered
channel given by [16]

r(x) =r+oux, (3.21)
where &= (r, —ry)/L describes the rate of tapering, r1 and r2 are the start and

end radii, respectively, and L is the capillary length.
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As with the straight capillary, the number of scan lines is constant, however
in this case the step size is smaller at the end because of the smaller radius. For
tapering, the start and end velocities will therefore be different, and the ratio of

the two are proportional to the square of the ratio of the radii

% _ (%)2 , (3.22)

where v (0) is the initial velocity for that particular scan line. In general, this
results in v (x) varying as

rZ v(0)

v(x) =

From this, the expressions for the linearly tapered capillary channel trajectories

can be derived

x(t) = 1 (i/3tr2v(0)a +7r3 —r ) (3.24)
=2 7 7 1] :

v(t) = r2v(0)/[r3tv(0)a + 31?3 (3.25)

a(t) = —2rtv(0)?a/—r[-3tv(0)a + 11|53 . (3.26)

Optical microscope images of a strongly linearly tapered capillary are shown
in Fig. 3.14. The alumina capillary has a length of 40 mm and nominal design
diameter of 280 pym — 168 pm (a0 = 1.4 x 103 and laser pulse energy is
~150 yJ). Images of the longitudinal capillary widths [Fig. 3.14(a) and (b)]
demonstrate that a smooth taper from the wide end to the narrow end has been
machined into both plates. The end-on images, after aligning the two plates, are
shown in Fig. 3.14(c) and (d). Dimensions of the major and minor axes for each

best-fit ellipse are 330 x 280 um and 196 x 170 um, respectively.

3.5 New design of a high-voltage pulsed power supply

for discharge capillary waveguides

Applications for the hydrogen-filled capillary discharge waveguide for LWFA
[19-21] and Raman amplification [22, 23] requires stable plasma formation for
consistent and reproducible synchronisation with the laser system. Plasma is

generated in the capillary after applying a potential difference of ~20 kV across
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the capillary (typically 30-40 mm in length) and subsequent rapid avalanche
breakdown. Formation of a high current (~300 A) discharge pulse is evidence of

near complete ionisation of the gas in the capillary [2].

Figure 3.14: (a) Optical microscopy images of a linearly tapered capillary at regular
longitudinal positions along the (a) lower and (b) upper plate surfaces. (c) and (d) show each

end of the aligned capillary. The indicated scale applies to all images.

The plasma only needs to exist for the short time it takes for the laser pulse
to propagate through the waveguide, that is, much less than 1 ns. Therefore,
pulsed systems are an efficient method both for gas injection into the capillary
on the ms timescale and plasma formation on the 100s of ns or us timescale.

Many conventional high-voltage power supply designs can be used to
produce the short duration voltage pulse to form the plasma discharge [24, 25].
Temporal jitter in the induced current pulse arises from the stochastic nature of
the avalanche ionisation process and is crucially dependent on the rise time of
the voltage pulse, which should be minimised. It is also a desirable
characteristic to minimise the applied voltage for full ionisation to reduce

electrical noise in the experimental environment.
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Previous hydrogen-filled capillary discharge waveguide research at
Strathclyde used a pulsed power supply unit that was based on toroidal
magnetic transformer technology, which was used in Raman amplification
studies [26, 27]. However, the large jitter from this power supply was
problematic. Temporal fluctuations were not reproducible and were very large
(many 10s of ns) at times, which made synchronisation of the laser pulse with
the discharge extremely difficult, which has an impact on guiding and laser
wakefield acceleration. As a solution, an all solid-state high-voltage pulsed
power supply was designed and constructed, which helped to minimise

temporal jitter.

3.5.1 Power supply circuit

The circuit of the new high voltage pulser based on a transmission line
transformer is shown in Fig. 3.15. A DC power supply charges up a capacitor
network (capacitance C = 118 nF) via a current-limiting resistor (resistance R =
2 MQ). The maximum charging voltage is 7 kV, safely below the maximum
rating of the capacitors. The positive terminal of the capacitor network, at +HV,
is momentarily discharged to ground by a high peak current, high voltage solid-
state switch (Behlke, HTS-121-160-FI with integrated free-wheeling diode).
This drives the negative terminal of the capacitor network, initially at ground
potential, to —HV, forcing a negative high voltage pulse to drive the transmission
line transformer (TLT) connected to the load. The capillary initially acts as an
open circuit but its impedance rapidly collapses on breakdown.

In Fig. 3.16, the circuit for the input side of the transformer is presented. With
R limiting the current to 3.5 mA, capacitor charging to VV = +7 kV is achieved. A
network arrangement of 16 low cost capacitors keeps the size compact. A total
storage capacitance of 118 nF gives a charging time constant of RC = 236 ms,
compatible with discharge capillary operation at a pulsed repetition rate of
1 Hz. Furthermore, the total stored energy Ecqp = CV2/2 = 2.9 | is also minimised
without introducing excessive voltage droop in the final output pulse. Switching

is achieved with a 3 ps duration, +5 V voltage pulse applied to the Behlke switch
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trigger input. The switch echoes this trigger behaviour, i.e., it closes for a

duration of 3 us before re-opening. A suite of protection circuitry including a

pair of fast diode assembly (FDA) units (Behlke, FDA-160-150) is installed.

Gas inlets

TLT C R

‘ ‘ ; Switch

_i_ 0

Figure 3.15: Schematic representation of the high voltage pulser connected to a capillary

-V it Y%

Electrodes

waveguide. The total storage capacitance (C) is 118 nF and the current-limiting resistance (R) is

2 MQ.
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Figure 3.16: Circuit diagram of the pulser front end. A pair of fast diode assembly (FDA) units

provides protection for the switch. Trigger is an applied +5 V pulse.

The basic circuit of the transformer and post-transformer can be seen in
Fig. 3.17(a) and a photograph of the transformer is shown in Fig. 3.17(b). The
transmission line transformer (TLT) is constructed using twelve lengths of
coaxial cable (RG58C/U with characteristic impedance Z.;;;. = 50 Q), each of

which is 82 m long. The double-pass transit time for the voltage pulse is 2L/v =
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0.84 us, where v = 2.0x108 ms-1 is the velocity of propagation in the coaxial
cable. The transmission line inputs are connected in parallel and the outputs in
series; consequently, the voltage gain of an ideal TLT is simply equal to the
number of transmission lines in the stack [28]. The transformer was wound
through a single wooden core (for all stages of the transformer). The
winding/core structure and each stage was electrically isolated using Mylar. The
overall height and diameter of the transformer was 25cm and 21 cm,

respectively.
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Figure 3.17: (a) Circuit diagram of the transmission line transformer and output end. The —-HVy_ 1
and 0V signals are output to the capillary electrodes along a pair of coaxial cable assemblies. (b)

Photograph of the complete transformer.

Monitoring on the -HVrLr output line consists of a voltage probe (Tektronix,
P6015A) and a current transformer (Stangenes Industries, 2-0.1W) coupled to a
1 GHz digital phosphor oscilloscope (Tektronix, TDS7104). The high voltage
pulse is coupled to the capillary electrodes using insulated cable assemblies and
vacuum grade electrical feed-throughs.

The global design is a four-stage TLT system with each stage comprising
three coaxial cables in parallel [29] to give a total impedance of each stage of

Zstage = Zcanie/3 = 17 Q. This ensures that the current limit due to the cables

isnow V/Zsqge = 412 A, i.e., well above that required (~250 - 300 A) for the
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desired plasma density, instead of V/Z_,p. = 140 A. The four-stage TLT has a
measured voltage gain of 3.2, i.e., efficiency of 80%, such that the maximum

applied voltage across the capillary can be 22.4 kV.

3.5.2 Testing the new high-voltage pulsed power supply

The pulsed power supply was initially tested in a vacuum chamber using two
capillaries (straight and tapered) for plasma production. The straight sapphire
crystal capillary was 4 cm long with a constant diameter of ~280 um. The 4 cm
tapered capillary has an internal structure that tapers linearly from about
330 um to 280 um. Hydrogen gas backing pressure was in the range 50-
100 mbar. A photograph of the visible light emission from the plasma discharge
is shown in Fig. 3.18. Uniform emission along the entire length of the capillary is

evidence of good plasma channel formation.

Figure 3.18: Photograph of plasma discharge formed by HV pulser with TLT in a sapphire

capillary with gas backing pressure of 70 mbar.

The measurements of the voltage, current and rise time at different settings
of the DC charging voltage are presented in Table 3.1. As the DC charging
voltage increases, there is a clear increase in the peak voltage across the
capillary as well as a decrease in the voltage pulse rise time. This is probably
because with increasing the DC voltage the capacitor is charging much faster
and therefore reaching the breakdown voltage much quicker.

Breakdown, as is evident from the current flow, is initiated for peak voltages

between 6.4 and 9.1 kV. Typical voltage and current pulses are shown in
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Fig. 3.19. The current reaches a maximum value of 284 A indicating a high
degree of ionisation, the full-width at half-maximum pulse duration of the main
peak is 900 ns and greater than 90% of the peak value is maintained for
~500 ns.

DC voltage (kV) Voltage peak (kV) | Current peak (A) | Rise time (ns)

1 3.2 - -

2 6.44 - -

3 9.12 101 195
4 10.7 148 150
5 11.7 193 121
6 12.2 235 103
7 12.9 277 93

Table 3.1: Voltage, current and voltage pulse rise time measurements at different settings of DC

charging voltage.
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Figure 3.19: Typical discharge current and voltage traces for the straight capillary at the
maximum applied voltage (21 kV) and at backing pressure of 100 mbar.
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Temporal jitter in the leading edge of the current pulse is measured to be as
low as 4.0 ns, as shown in Fig. 3.20. This is because the fast rise time (93 ns at
backing pressure of 103 mbar) of the driving voltage pulse, as presented in
Fig. 3.19, leads to rapid avalanche ionisation. The effect of the pressure of
hydrogen on the jitter at the maximum DC voltage has been investigated
(Fig. 3.21). There is a clear dependence with backing pressure and the lowest

jitter (4 ns) is obtained at the highest pressure studied.
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Horiz/Acq  Trig  Display  Cursors  Measus
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Figure 3.20: Oscilloscope screen shot showing histogram of 100 shots with a current pulse

r.m.s. jitter o: = 4.0 ns. DC charging voltage is 7 kV and backing pressure is 103 mbar.
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Figure 3.21: Current pulse r.m.s. temporal jitter as a function of gas backing pressure.
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A comparison has been made between the new pulser and the old ferrite
toroid power supply. The latter pulser applies a maximum of 16 kV across the
capillary and has historically suffered from significant shot-to-shot fluctuations
of the current pulse profile and relatively large temporal jitter. The voltage pulse
produced by the old high voltage power supply is compared with that produced
by the new high voltage pulser in Fig. 3.22. Note that the new pulser shows a
marked improvement in the pulse rise time (95 ns as compared with 300 ns)
and this is borne out in the subsequent current pulse jitter, as shown in Fig. 3.23,

which shows a factor of ~ 8 reduction for the new solid-state-based pulser.

14 — T T T T T T T T T T T T T T T 1
] old pulser ]
121 P
] new pulser |
10 - .

Voltage [kV]
o

-04 -0.2 00 0.2 04 06 08 10 1.2 14 16
Time [ms]
Figure 3.22: Comparison between the respective voltage pulses for old and new pulsers. The

voltage pulses for the old and new pulsers are shown by the red and the black traces

respectively.

A similar behaviour is found on testing a tapered capillary. The shot-to-shot
stability in the profile has also been investigated switching the cathode from the
large end to the small end of the capillary for a tapered capillary of diameter
325 pm to 274 um. Fig. 3.24 shows temporal jitter measurements for switched
polarity electrodes measured as a function of the applied voltage across the
capillary for a backing pressure of 100 mbar. It can be seen that measurements

of temporal jitter (acquired over 50 shots) using the tapered capillary is
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impressively low (4-5ns) for the higher applied voltages. No significant
difference in the measured jitter is measured switching cathodes from the large

end to the small end of the tapered capillary.
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Figure 3.23: Comparison between the jitter from each pulser as a function of the pressure

where the black and red solid circles denote the new pulser and old pulser respectively.

Also, as in the straight capillary, the current pulse jitter reduces at higher
backing pressures, which is expected because higher densities of seed free
electrons increase the ionising efficiency.

In both straight and tapered capillaries, the temporal fluctuations of the
900 ns current pulse are only ~0.4% of this period, which demonstrates
excellent stability of the plasma current which is required for synchronisation

with the femtosecond laser pulse.
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Figure 3.24: Comparison of temporal jitter measurements switching the polarity of the

electrodes for a backing pressure of 100 mbar.

3.6 Conclusions

Hydrogen-filled capillary discharge waveguides suitable for LWFA
experiments have been successfully produced and tested for producing plasma
waveguides. Femtosecond laser micromachining is an effective technique for
producing channels and appropriate acceleration of the scanning machining
laser enables the formation of a linear tapered capillary cross-section. A strong
taper of mean diameter 305 um to 183 um over a length of 40 mm shows that
the range of diameters used in LWFA can be met by this technique.
Micromachining controllability suggests that the final waveguide parameters
can be tailor-made to suit particular applications and this may extend, in the
future, to non-linear capillary structures for further enhancement of accelerator
or Raman amplifier behaviour.

To apply plasma channels in experiments, a pulsed power supply unit has
been developed. The new all solid-state pulser with TLT in a high voltage test
chamber, provides a stable breakdown performance, which should be ideal for

successful application in experiments. This is because the experiments require
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stable plasma for consistent synchronisation with the high-power laser pulses
arriving in the waveguide. Plasma generation in both straight and tapered
capillaries has been shown to be comparable.

Low temporal jitter in the current pulse will be highly advantageous for these
experiments where stable synchronisation between the formation of the plasma
channel and the arrival time of the laser pulse is crucial. The temporal window
(the time delay between the onset of the discharge current and the arrival of the
laser pulse) for stable electron beam generation in the LWFA, for example, can
be as narrow as 10 ns [14]. The pulser is relatively inexpensive, with the major

costs being the high-voltage DC supply and the high-voltage switch.
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CHAPTER 4

Capillary discharge waveguides:

characterisation

In this chapter, the characterisation of plasma and laser guiding properties of
the straight and linearly tapered capillary discharge waveguides, discussed in
chapter 3, is presented. In the first section, the theory of Stark broadening of
spectral lines of light produced by the plasma during discharge is given. This has
been used experimentally as plasma density and temperature diagnostics. In the
second section, the experimental setup for measuring the plasma properties and
femtosecond laser guiding is presented. The characterisation of the plasma and
demonstration of efficient guiding of low intensity, femtosecond duration laser

pulses are presented for both capillary types and, finally, a conclusion is given.

4.1 Plasma density spectroscopic measurements using

Stark broadening

Hydrogen neutrals in the plasma of capillary discharge waveguides emit
light at optical wavelengths (Balmer lines) [1]. This light arises from electronic
transitions between the atomic shells of hydrogen atoms of the background
neutrals. By collecting that light plasma parameters such as the density and
temperature can be measured by imaging the capillary exit plane onto the
entrance slit of an optical spectrometer.

Measurement of the electron density in a plasma capillary is described in the
following. The method is based on Stark broadening of the spectral lines of

atomic hydrogen [2]. The creation of plasma is associated with a microscopic
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electric field which interacts with the hydrogen atoms. Due to the statistical
nature of this field, it results in broadening of atomic lines. For relatively cold
and dense plasma, such as that produced inside the capillary, the linewidth is
dominated by this effect. Two different spectral techniques have been used.
Firstly, the Stark broadening of the Balmer lines yields information on the
density. Secondly, the line intensity ratio between two lines provides
information on the temperature, which is an important measurement for low
temperatures because laser energy depletion due to inverse Bremsstrahlung

can occur (section 3.3.1) [3].

4.1.1 Stark broadening of hydrogen Balmer lines

Line broadening in plasma is a result of two physical mechanisms. Firstly,
Doppler broadening [4] occurs as a result of the thermal motion of radiators
relative to the observer. Secondly, pressure broadening [5] is caused by the
interaction of the radiators with surrounding particles and, in plasma, it is
dominated by collisions between the radiators and charged perturbers. The
electric fields cause Stark broadening.

The Doppler line profile is Gaussian, with a linewidth given by [4]

2kTIn271/?
] Ay, (4.1

Ap =2 [ —
where A, is the unshifted wavelength, m is the radiator mass, k is Boltzmann'’s
constant and c is the speed of light in vacuum. For the relevant temperature
(T <10eV), the Doppler widths of the Balmer H, (6562.7A) and
H; (48613 A) lines are in the range of 0.3-0.8 A. Stark broadening results
from the interactions of radiator atoms with the electric field produced by the
charged plasma particles at the location of the radiator. Thus it depends on the
density of the charged particles in the plasma.

Hans Griem has calculated the details of Stark broadening in Hydrogen lines
for diagnosing the plasma density from spectroscopic measurements [4]. The

most investigated Stark-broadened spectral line is the Hydrogen Balmer H, line.

It is very popular because it lies in the visible spectrum and is very accessible
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even at high densities. Ehrlich et al. used this technique to measure the density
profile within the capillary waveguide [6]. The -capillary was viewed
longitudinally and a scan along the capillary diameter was used to obtain the
radial electron density profile.

The electron density is determined from the linewidth of the hydrogen lines
as [7]

n, = 8.02 x 10*2 <%>3/2 , (4.2)
aq1/2
where the plasma density n, is given in cm-3 and the full-width at half-maximum
(FWHM) of the Lorentzian-shaped hydrogen Balmer line is given in Angstroms
(after background subtraction). The parameter «;,, depends on both the
density of the plasma and weakly on its temperature; it is also different for each
spectral line and values are tabulated in Griem’s book [4].

In the set of measurements described here, the electron density was in the
range of (1017-1018 cm-3). The Stark broadening width corresponding to these
densities for H, is of the order of (2-20 nm). This is why the Doppler
broadening can be neglected.

Figure 4.1 summarises some experiments that have been performed to
diagnose Stark broadening. In all these cases, the density was also measured
with an independent diagnostic and the results were compared with Stark
broadening of the H, line [1, 8-10]. The dashed line shows the density from
Stark broadening as predicted by Griem’s theory [4] and the error bars account
for temperature variations. It can be seen that the accuracy of the diagnostic

decreases slightly at higher densities (> 2x1018 cm3).

4.1.2 Plasma temperature diagnostic

Another useful diagnostic is the intensity ratio of spectral lines. One of the
most common tools is the ratio of the two major Balmer lines, H, and Hg [11]. If
the lines have Lorentzian shapes then the quasistatic theory can be applied and
the population on each atomic shell can be assumed to follow Boltzmann

distributions, which depends on the temperature of the plasma. Then the ratio
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of the populations will be equal to the ratio of the spectral intensities of the
lines, i.e. as the ratio of the two Boltzmann distributions as [11]

Hs _ 027 <’1“a>3 e (4.3)
— = 0. e , .
Ha AHﬁ

where the energy of each level in eV is E, =12.08, Eg = 12.74 and
An, = 656 nm, AHB = 486 nm . This equation can be solved for the plasma

electron temperature kT in eV. Extra care has to be taken if the spectral lines
are polluted with background radiation; then the pure line intensity has to be
found out first by removing the background contributions. From Fig. 4.2, which
shows the temperature dependence on this ratio for the two main Balmer lines,

an estimate of plasma temperature can be found.
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Figure 4.1: Comparison of experimental data [1, 8-10] of Stark broadening with Griem's theory.
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Figure 4.2: Plasma temperature as a function of the line intensity ratio of the Balmer lines.

4.2 Plasma diagnostics and laser guiding setup

The femtosecond laser system applied for the micromachining (and
described in section 3.2.2.1) is strongly attenuated to a focal intensity of
~1012 W /cm? for use in the guiding experiment, as shown in Fig. 4.3. The laser
beam is focused to a spot size approximately equal to the correct matched spot
size at the entrance of the waveguide using a 40 cm focal length lens. Further
attenuation by a series of neutral density filters reduces the beam intensity for
imaging onto a CCD camera (Point Grey Research, Flea2). The beam spot size is
adjusted and aligned using variable apertures and the beam height set using a
pair of pinholes. During guiding, several attenuation filters are removed to
increase the ratio between laser light and the hydrogen emission light to reduce
the background signal for accurate measurement of the guiding efficiency.

To help in the alignment of the femtosecond laser through the capillary, a
low-power red laser diode is co-aligned with the path of the femtosecond beam
and can be easily inserted with a removable mirror set on a magnetic base. This

permits the multiple axes of the capillary housing to be carefully aligned, first
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with the laser diode directed through the centre of the capillary and then with
the femtosecond laser beam.

Laser from
filters compressor

Aperture 2 Aperture 1

CCD camera with
microscope objective

pinhole lens
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-— Aperture 3 30cm lens Aperture 4 J
[ ]
. ' [
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0 ' ]
Laser Flip mirror T /r
. - V U U
diode N . 800 nm reflective Spectrometer with
Discharge mirror 5 micron slit
circuit

Capillary in vacuum housing on
translation stage

Figure 4.3: Schematic diagram of the experimental setup for characterising the plasma and
laser guiding in the capillary discharge waveguide. The laser guiding set up shows the
femtosecond laser path (solid red line) and the alignment laser diode path (yellow dotted line).

The path for the plasma spectroscopy measurements is also presented as the solid blue line.

The waveguide structure is mounted on a 4-axis stage external to the vacuum
system consisting of a linear transverse, linear vertical and two rotation stages.
The translation stages are used to align the entrance of the capillary with the
laser beam. This completes the basic alignment method used in the
experiments.

After alignment, the femtosecond laser beam is imaged onto the CCD camera
using an achromatic doublet lens and a microscope objective lens (x4
magnification), all of which are initially set to image the entrance plane of the
capillary. This provides a reference laser beam input image for measuring the
guiding efficiency of the laser pulses. With the capillary in place, for measuring

the energy transmission of the guided pulse when the laser is synchronised with
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the discharge, the entire imaging system is translated 4 cm back to capture the
exit plane of the capillary.

Hydrogen is injected into the capillary by means of a pulsed solenoid valve
connected to a hydrogen gas cylinder. The gas flow is pulsed at 1 Hz and
synchronised to the discharge. The gas flow into the capillary (backing
pressure) is controlled using a manual valve and monitored with a pressure
gauge.

A waveform generator (LeCroy LW120) is used to trigger (1 Hz) the high
voltage pulsed power supply (described in section 3.3) to apply a high voltage
pulse across the capillary. Copper electrodes are mounted on each side of the
capillary and connected to the negative and ground terminals of the high voltage
pulser so that, when the capacitor network discharges via the TLT, it drives a
negative high voltage pulse to the ground terminal through the capillary.

The timing of the discharge current with respect to a laser system driver
signal (from a Medox Pockels cell driver unit) is monitored on an oscilloscope
taking into account that the laser pulse arrives at the capillary 230 ns after the
leading edge of the Medox driving pulse (measured with a photodiode). This
allows the HV trigger pulse to be delayed with respect to the laser pulse using a
delay generator, which is used to scan across a range corresponding to the
900 ns pulse duration of the discharge current.

For the plasma spectroscopy measurements, the plasma light emitted from
the capillary is collected through two focusing lenses (f = 400 mm and 300 mm
respectively) with a magnification factor (0.75) and imaged onto the entrance
slit (width 5pum) of an optical spectrometer (Ocean Optics, SD2000
spectrometer), which has a spectral range of 200-900 nm, a resolution of 1.1 nm
and an integration time of 2 ms. The spectrometer is aligned using the laser
diode focused into the capillary using a 40 cm focal length lens. The spatial
resolution is determined by the size of the entrance slit of the spectrometer.
The Stark broadening analysis of the hydrogen Balmer lines, particularly

Hy and Hg, is applied to diagnose the plasma.

93



4.3 Experimental results

4.3.1 Plasma density and temperature measurements

In this section, the sets of data that investigate the dependence of the plasma
density and temperature on the pressure are presented for both straight and
tapered capillaries. The electron density is calculated using Eq. 4.2 and the
plasma temperature is estimated, using Eq. 4.3, from the intensity ratio of the

light emitted in the two principal Balmer lines.

4.3.1.1 Time-integrated density measurements

Plasma spectroscopy measurements confirm that the prerequisite
underdense plasma with excellent shot-to-shot stability is generated in each
capillary. An example of a measured hydrogen spectrum, showing the Balmer
lines H, (656.27 nm) and Hg (486.13 nm), is presented in Fig. 4.4. Since the
integration time is longer than the discharge duration (the FWHM pulse
duration of the main peak is 900 ns), it records the time-integrated plasma light
spectra. Quantitative measurements of the density and temperature are

presented in the following sections.
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Figure 4.4: Typical hydrogen spectrum recorded with the Ocean Optics SD2000 spectrometer.
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Plasma density dependence on capillary parameters

Here the dependence of the plasma density and temperature on the various
parameters controlling a capillary discharge is investigated. This data is
important because it allows design flexibility of plasma sources for plasma
wakefield experiments.
. Dependence on neutral gas pressure

Here, firstly using a straight capillary (280 um diameter, 40 mm length), a
comparison is presented of spectra recorded for different neutral hydrogen
pressures, ranging from 40 to 100 mbar for charging voltage 21 kV. The data for
the H,, line are presented in Fig. 4.5. It is evident that higher plasma densities
(wider linewidths) can be obtained for higher pressures. The linewidths of both
lines increase, suggesting an increase in density. The same behaviour is also
observed using a tapered capillary [the diameter reduces from (320 + 5) um to

(270 £ 4) pm over the L = 40 mm length].
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Figure 4.5: Normalised Balmer spectra recorded for increasing neutral hydrogen backing
pressures.
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. Dependence on charging voltage
Figure 4.6(a) shows measurements for different charging voltages (15kV,
18kV and 21kV) for the same straight capillary (280 um diameter), with all

other parameters remaining fixed.
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Figure 4.6: (a) Plasma density and (b) temperature at the centre of the straight capillary

measured as a function of the charging voltage.

It is generally observed that at each given pressure (except at 100 mbar),
when the charging voltage increases from 15 kV to 21 kV, the plasma density
also increases. This is because as the applied voltage increases, the peak current
increases, resulting in increase in plasmas density [7]. The experimental results
here are similar to the results of other groups [12] with plasma density
~1 x 1018 cm-3 for backing pressure in the range ~50-100 mbar.

It is also observed that the plasma density is significantly increased when the
charging voltage is increased from 15 kV to 18 kV, but little additional increase
occurs when the voltage is increased to 21 kV. This indicates that the gas is fully
ionised by 18 keV, and extra energy is deposited in to the plasma as kinetic
energy of the plasma electrons rather than more ionisation. This is supported by
the plasma temperature measurement that finds a significant increase in the
temperature (up to 4.0 eV at 100 mbar) when the charging voltage is increased
from 18 kV to 21 kV, as shown Fig. 4.6(b). Thus further increase of the charging

voltage in this case is not expected to yield an increase in plasma density. From
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Fig. 4.6(b) it is also shown that higher charging voltage creates a steady increase
in the temperature with increasing the pressure. As a result, the charging
voltage is fixed at 21 kV as an optimal charging voltage.

During the plasma spectroscopy experiments, the dependence of plasma
density and plasma temperature on charging voltage has been also investigated
for the tapered capillary [the diameter reduces from (320 +5) um to (270 +
4) pum over the L = 40 mm length resulting in the cross-sectional area reducing
by a factor of 1.40 + 0.04 ].

Results for the measured plasma density and plasma temperature at the
small end of the tapered capillary are shown in Fig. 4.7. Figure 4.7(a) shows the
plasma density measured as a function of the pressure for different charging
voltages, 15 kV, 18 kV and 21 kV for the small end. The plasma density for a
given pressure is higher when the charging voltage is increased from 15 kV to
21 kV, (except at 40 mbar). Here the same behaviour as found for the straight
capillary has also been observed in tapered capillary case and once again it is
noticed that the extra energy that is deposited in to the plasma when the
charging voltage increased from 18 kV to 21 kV is transferred to the plasma
temperature rather than density, as presented in Fig. 4.7(b). This figure shows
the temperature dependence for the same small end of the tapered capillary. It
is interesting to observe that the temperature also increases with increase of the
charging voltage and there is a significant increase at 21 kV where the
maximum temperature (4.2 eV) is reached at 80 mbar. In addition, lower
charging voltages create variations in the measured plasma temperature.

From the comparison of the density and temperatures of the small end of the
tapered capillary with the straight capillary (280 pm), it is seen that both give
similar results. For the large end, the measurements of the plasma density and
the temperature at the centre have been made at 60 mbar and 21 kV and the

averaged results give n, =~ 1x 10¥ cm™3

and T, = 3 eV respectively, which
provides useful information for the guiding experiment and the subsequent

laser wakefield acceleration studies.
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Figure 4.7: (a) Plasma density and (b) temperature, measured as a function of the charging

voltage, at the centre of the small end of the tapered capillary.

. Dependence on Capillary Radius

Figure 4.8 shows a set of data that have been taken for 2 different straight
capillary diameters (280 um and 230 pum). The capillaries were 40 mm long and
the charging voltage was set to 21 kV. It is seen from the figure that the
narrower capillary provides a slight increase of the plasma density. The data
shows, for example, at 60 mbar, the density increases 1.3 times from 1.55 X
10'® cm~3 (for the wider capillary ) to 2.07 x 10'® cm™3 (for the narrower
capillary).

Using this increasing measured value in the plasma density, the plasma
density can be estimated for different diameters. As an example, the plasma
density is increased to ~ 5% 10'® cm™3 (an increase by 2.3 times) if the
diameter is decreased by a factor of 2 from 280 um to 140 um. This observation
is explained by the enhanced current density per unit area of the capillary
( A.um™2). The current density is inversely proportional to the square of the
diameter of the capillary and considering that the supplied current is the same
for those discharges for both capillaries, the current density is higher in
narrower capillary resulting in the enhancement in the plasma density. This
behaviour has been previously observed when higher plasma densities are

experimentally obtained at all given pressures with the smaller diameter
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capillaries [13]. Although the observed increase in density is not large, it is still
important because for low densities to be achieved [high maximum electron
energy gain from LWFA (section 2.2.3)], a diameter as large as possible will be

needed to be used.
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Figure 4.8: The dependence of the plasma density as a function of pressure for 2 different

straight capillary diameters. The capillary lengths are 40 mm and the charging voltage 21 kV.

4.3.1.2 Channel density profile measurement
. For straight capillary

The Stark broadening technique has been extended to provide time-
integrated measurements of the plasma electron density profile generated in
the capillary. Excellent spatial resolution has been achieved by scanning across
the capillary exit plane with a narrow entrance slit at the spectrometer. As the
discharge current develops through time, increasing until the peak of the
discharge whereby it then begins to decrease, the density of the plasma also
develops producing spectral evolution of the plasma light for the duration of the
discharge. However, the results shown here are all time integrated
measurements due to the shutter of the spectrometer being open for ~2 ms and
so capturing an averaged spectrum over the entire 900 ns discharge pulse. This

technique still serves well for characterising the plasma density but the peak
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discharge values could not be directly measured (the peak density is expected to
be approximately double the time-averaged value).

Figure 4.9(a,b) shows the experimentally measured plasma density as a
function of radial position across the straight capillary vertically and
horizontally. The charging voltage was 21 kV for hydrogen pressure in the
capillary of 60 mbar. From Fig. 4.9 it is seen that there is a clear density
minimum ~ (1.7 + 0.4) x 10" cm3 at the centre of the capillary for vertical
scan and ~ (1.4 £ 0.6) X 10'® ¢m3 for transverse scan giving an average of
density ~ (1.55 £+ 0.5) X 10'® cm3 and, thus, the peak density is expected to be
(~ 3.1x10® cm™3). Both the vertical and transverse scans show the
characteristic parabolic shape of the capillary density centred on-axis with the

density dropping off close to the walls [14, 15].
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Figure 4.9: Plasma density profile for the 280 pm diameter straight capillary at 60 mbar and
21 kV. (a) Transverse (x-axis) scan with a parabolic fit (-94 to 120 um). (b) Vertical (y-axis)
scan with a parabolic fit (-106 to 80 um). The parabolic fits exclude the data of the decrease in

the density close to the walls. (c) Image of the capillary exit using an optical microscope.
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These on-axis plasma density measurements are in good agreement with the
on-axis density measured by Spence et al. [16] who previously measured an on-
axis electron density of 2.7 x 10'® cm=3 for 300 pm alumina capillary with a
hydrogen gas pressure of 67 mbar using interferometric measurement. The
results here for the density profile are compared with the simulations of the
electron density profile performed by Bobrova et al. [15] and it is found that the
agreement between them is quite acceptable.

Recently, in other work [17], the spectroscopic measurement using the H,
line was also used for plasma density estimation in gas-filled capillary
waveguides. Their results show that this technique can directly provide a rather
good result for time-resolved density measurement to confirm that the
spectroscopic measurement is a useful tool for measuring plasma density and

temperature in capillary-based laser wakefield accelerators.

. For tapered capillary

Measurements of the plasma electron density profiles at both ends of a
tapered capillary (where the diameter of the hole reduces from 325 um to
274 um over the L = 40 mm length) were made for both ends. In this case,
hydrogen gas is injected with a backing pressure of 50 + 5 mbar. The same
imaging system coupled to the optical spectrometer described in the previous
section, is used to measure the spectra of Stark-broadened hydrogen Balmer
line emission from the background gas neutral atoms.

The transverse plasma density profiles at both ends of the capillary are
shown in Fig. 4.10. Again, both show the characteristic parabolic shape of the
capillary density centred on-axis with the density dropping off close to the walls
but, most significantly, it verifies that the density is higher at the narrower end
of the capillary. Assuming a smoothly varying plasma density variation along
the smoothly varying tapered capillary structure, this shows that a longitudinal
plasma density gradient has been successfully formed in the capillary. The mean
time-averaged on-axis values are (1.0 * 0.1) X 108 cm-3 and (1.6 = 0.1) X

1018 cm-3 for the wide and narrow ends respectively.
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Hence, there is agreement between the entrance-to-exit density ratio (1.6 *

0.3) and the corresponding capillary cross-sectional area ratio (1.40 = 0.04), i.e.

the density gradient is determined mainly by the cross-sectional area gradient

(assuming a smooth density gradient along the tapered capillary). This

correspondence between cross-section and density is an important indicator

that optimal linearly tapered -capillary, according

experimental conditions, can be tailor-made with

micromachining technique.
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Figure 4.10: Experimentally measured horizontal time-averaged plasma density profile at the

(a) narrow and (b) wide ends of the tapered capillary. The zero position denotes the centre of

the capillary. The density profile curve at the narrow end is best-fit parabola from -94 to 80 pm

and the curve at the wide end is best-fit parabola from -107 to 107 um. For both narrow and

wide ends, optical microscope images are shown in (c) and (d) respectively.
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4.3.2 Femtosecond laser guiding
In this section, experiments to demonstrate the ability of the capillaries to act
as waveguides are presented and guiding of low intensity femtosecond laser

pulse is characterised for both types of capillary.

4.3.2.1 Guiding in a straight capillary

To determine the transmission of the guided laser beam in the plasma
waveguide created in a straight capillary, both the input and output laser
profiles are recorded. The capillary length is 40 mm, corresponding to
approximately 3zz. A measurement is made without the capillary in place to
calibrate the transmission (to establish the energy corresponding to 100%
transmission). The timing of the laser pulse is measured using a photodiode, to
give a delay of 230 ns behind the leading edge of the Medox pulse. For each
measurement, the laser pulse delay is given as that relative to the Medox driver
pulse for delay scans.

Part of the measured signal with the guided laser beam arises from radiation
emitted from the plasma, which is also focused on the CCD camera. Images
captured by the CCD camera detection system are shown in Fig. 4.11. For
reference, the background plasma emission is displayed in Fig. 4.11(a). For
quantitative measurements, this signal [Fig. 4.4], which occurs at radiation
wavelengths shorter than the laser pulse wavelength (4 = 800 nm), is minimised
with a colour filter. The residual plasma radiation signal without the laser

present is also subtracted from the measured signals with a guided laser beam.

Figure 4.11: False colour CCD camera images showing (a) background plasma emission, (b)
entrance laser pulse, (c) exit laser pulse optimally guided for the straight capillary of length

40 mm and diameter 280 pm.
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The energy transmission ratio is calculated from the transmitted energy
divided by the energy in the absence of the capillary. Energy transmission,
presented in Fig. 4.12 and Fig. 4.13, is measured as a function of the time delay
between the discharge and the laser pulses at a gas pressure of 50 mbar. For
example, when the laser pulse is injected before the discharge pulse while the
H: gas is still in the neutral state, only weak transmission of the laser pulse is
observed, as shown in Fig. 4.12, with an irregular beam profile as shown in the
first three images of Fig. 4.12 and Fig. 4.13 for (1, 2 and 3).

When the laser pulse is injected 0.2 pus after the onset of the discharge
current pulse, a significant improvement in the transmitted beam profile occurs,
as shown in image 4 of Fig. 4.12. Fig. 4.13 shows that the beam profile has a
Gaussian profile distribution as expected for single-mode propagation through
the plasma waveguide.

For injection times between 0.2 us and 0.6 ps, significant transmission is
observed, as shown in images 5 to 9 of Fig. 4.12. The beam profiles have
Gaussian profile distributions, as seen in Fig. 4.13. Over this range the measured
current through the capillary is also around its maximum value. This indicates
that the plasma is at its highest degree of ionisation and that the desired channel
structure of the plasma is formed. These observations are in good agreement
with numerical simulations [15, 18].

Delays between 0.6 and 1.15 us result in a degradation of the transmitted
beam profile, as can be seen in images 10, 11 and 12. The measured current
through the capillary decreases in this region. This indicates that the channel
structure of the plasma has weakened and about to disappear. Plasma density
measurements using interferometry [19] indicates that partial recombination of
electrons and ions occurs in this period and the channel profile becomes more
shallow, thus losing its guiding property. Furthermore, the time window for
good guiding is estimated to be about 200 ns with an average energy

transmission of (85 + 5)%.

104



100

90 30
80+ 25
" 70 .
§ 607 S
8 504 =
= 1 15 &
@ 40 0
© 1 >
= 304 10 ©
201
] 5
10
O 1 M 1 N T T T T T T T T T T T T T T O
04 -02 00 02 04 06 08 10 12 1.4

time [us]

Figure 4.12: (a) Beam profiles of the transmitted laser pulses through the plasma channel. The
images are recorded for different injection times of the laser pulse. Images 1, 2 and 3 are
obtained for injection before the discharge pulse. Images 4 to 9 are recorded for injection

between 0.2 and 0.5 ps, when the discharge current is a maximum. Images 10 to 12 are recorded
for injection between 0.6 and 1.15 us when the discharge current is decreasing. (b) The
current through the capillary is shown together with the transmission as a function of the

delay time.
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Figure 4.13: The evolution of the profile of transmitted laser pulses for the straight capillary

from Fig 4.12. The red curves are Gaussian fits.

Because the matched spot size is ~35 um for the estimated peak density of
3 x 1018 cm-3, spot size oscillations (scalloping) occur along the waveguide (as
described in section 3.1.1) and the exit beam size is smaller than that at the
entrance (wo reduces from 81 um to 47 um) as shown in Fig. 4.11(b) and (c).

The laser energy loss (~15-20%) during propagation through the waveguide
can be attributed to inverse bremsstrahlung absorption where, at low laser

intensity, the absorption rate is determined by the plasma temperature. Energy
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loss of 20% is predicted to be for a plasma temperature of 5 eV (section 3.3.1)
which is close to our measured time-averaged on-axis plasma temperature of 3-
4 eV [Fig. 4.6(b)]. The energy transmission should improve at higher intensity,
before the onset of wave breaking, due to laser-driven plasma heating
mitigating inverse bremsstrahlung absorption effects [20]. Note also that a non-

circular cross-section has no impact on the laser waveguiding process.

4.3.2.2 Guiding in a tapered capillary

Guiding experiments have also been performed in the tapered capillary used
for plasma density measurements. An imaging system is used to image the laser
profile and measure the energy at the capillary entrance and exit planes
respectively (section 4.3.1.2). The mean time-averaged on-axis density values
are measured as (1.0 £ 0.1) x 1018 cm=3 and (1.6 £ 0.1) x 1018 cm-3 for the wide
and narrow ends respectively.

The transmitted laser pulse mode profile is shown in Fig. 4.14 for different
delays from the onset of the current pulse. When the laser pulse arrives early or
late with respect to the peak of the current discharge pulse the output beam
profile is grossly distorted (even though the measured transmission is high)
indicating poor guiding and the excitation of transverse modes. At optimal
synchronisation between the laser and current pulse (over a ~0.30 ps time
range around the maximum current), a smooth Gaussian profile is evident and
the transmission peaks at (79 £ 6)%. As for the straight capillary, the energy
loss is dominated by inverse bremsstrahlung absorption, which is predicted
here to be ~20% for a plasma temperature of ~5 eV.

The entrance laser waist is 89 um, more than double the matched waist,
~41 pm at the capillary entrance for a peak density of ~2 x 1018 cm-3, which
leads to an exit beam of around half the entrance laser waist size (see Fig. 4.16).
As shown in Fig. 4.15, high quality guiding with a Gaussian output profile with
up to (82 + 8)% energy transmission is found for input beam waists in the range
~50-100 pm, i.e. waists larger than the matched entrance waist. The exit waist

is relatively insensitive to the entrance waist over a wide range of beam waists.
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This shows that oscillation of the laser spot diameter in the capillary, due to

mismatch does not lead to significant loss.
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Figure 4.14: Laser energy transmission (black circles) measured as a function of delay with
respect to the onset of the current discharge pulse (red solid line). Inset shows four

corresponding laser pulse profiles measured at the capillary exit plane.

The corresponding evolution of a Gaussian laser beam in the tapered channel,
discussed in section 3.2.2, is given by solutions of Eq. 3.11 for the investigated
capillary (with an entrance-to-exit density ratio of 1.6), which are shown in
Fig. 4.15 for different densities. Excluding the extreme datum for a small
entrance waist where guiding is poor, the measured exit waists are reproduced
by the model for a peak density increasing from (1.65) to (2.08) x 1018 cm-3, as
shown in Fig. 4.15. Best-fit agreement with experiment, given by the solid line of
Fig. 4.15, corresponds to an entrance peak density of 1.95 x 1018 cm-3, in good
agreement with the measured time-averaged (~peak/2) plasma density. Note

the invariant output waist predicted for an entrance peak density of
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2.08x 1018 cm3 (dotted line of Fig. 4.15) indicates that, at this density, the beam

waist always evolves to a matched exit waist, wy, (z=L), ~34 um.
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Figure 4.15: Laser energy transmission (black circles) and mean waist size of the output laser
pulse at the capillary exit plane (brown circles) measured as a function of input laser pulse waist
at the capillary entrance plane. Insets are four corresponding pairs of input and output laser
pulse profiles. Waist error bars represent the degree of ellipticity of the exit beam. Exit waist
dependences are shown for entrance plasma densities of (dashed line) 1.65 x 1018 cm-3, (solid
line) 1.95 x 1018 cm3, (short dashed line) 2.01 x 1018 cm-3, and (dotted line) 2.08 x 1018 cm3,

respectively.

The model also agrees with a single measurement of guiding conducted in the
reverse direction, i.e. from the narrow end to the wide end, where the measured
entrance and exit waists are 89 um and 47 um, respectively as shown in

Fig. 4.17, and the corresponding best-fit modelled peak density decreases from
3.2t02.0 x 1018 cm3,
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Figure 4.16: False colour CCD camera images showing (a) the entrance and (b) the optimally
guided exit laser pulse, respectively, for a tapered capillary of length 40 mm with a diameter

varying from 325 um to 274 pum. The indicated scale applies to both images.

Figure 4.17: False colour CCD camera images showing (a) the entrance and (b) the optimally
guided exit laser pulse, respectively for a tapered capillary (reverse direction) of length 40 mm

and diameter 274 pm to 325 pum. The indicated scale applies to both images.

4.4 Conclusions

Interferometric techniques that are used to measure the plasma density [21]
require a square capillary cross-section with optical quality sides. However,
capillaries that are usually used for energetic electron production in LWFA
experiments have circular cross-sections, which preclude the use of
interferometric techniques. Therefore alternative methods are required for
direct measurement of the capillary plasma density in these accelerators.

From the experimental data presented here for both straight and tapered
capillaries, it can be concluded that one of the most promising ways of
measuring the density is the spectroscopic method using the Stark broadening
effect. The experimental data here show that the Stark broadening of the

hydrogen line H, is a very successful diagnostic for plasma densities in the
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range of 1017-101° cm-3. At these high densities, the plasma temperature can
also be obtained by measuring the ratio of the two line intensities Hg/H,.

The data shows that the density increases with increasing gas pressure, while
increasing the charging voltage increases the amount of light emitted, which is
attributed to the increase of the temperature and not due to an increase of the
plasma density. The density also increases linearly with decreased capillary
diameter due to the higher current density at the smaller radius end of the
capillary.

From on-axis plasma density measurements, density profiles have
reasonable parabolic fits, showing a radially increasing plasma density and
centred on-axis with the density dropping off close to the walls. This is probably
due to the plasma expanding and cooling that is sufficient for significant
recombination near the capillary wall.

The experimental data using the tapered capillary show that measurements
of the Stark-broadened Balmer line spectra confirm the existence of a
longitudinal plasma density gradient, which is required in LWFA experiments

exploiting a longitudinal plasma density gradient.
With a constant plasma density of ~ 2.0 x 1018 cm-3 and an internal diameter
of 280 um over a distance of 40 mm, the experimental data, obtained at laser

intensity ~1012 W/cm2, show that guiding with an average energy transmission

of (85 % 5)% is suitable for LWFA driven by a laser intensity ~1018 W/cm?2. The
tapered capillary guided a laser pulse from an internal diameter of 325 pm to

274 um along an increasing plasma density gradient from (1.0 + 0.1) x 1018 ¢cm-3

and (1.6 + 0.1) x 1018 cm3 for the wide and narrow ends respectively over
40 mm resulting in an average energy transmission of (80 * 10)% (measured at
low intensity). This transmission should increase to close to 100% at higher
intensities [19, 22] where absorption due to inverse bremsstrahlung heating is
reduced. However, at relativistic intensities, the transmission typically drops to
~60% -70% for ultra-short duration laser pulses due to driving a plasma

wake [19, 22, 23].
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CHAPTER 5

Laser wakefield acceleration in
straight and tapered capillary

discharge waveguides

This chapter describes LWFA experiments using gas-filled tapered and
straight capillary discharge waveguides, such as those characterised in chapter
4, that have been conducted on the Advanced Laser-Plasma High-energy
Accelerators towards X-rays (ALPHA-X) accelerator beam line. Electron
acceleration in tapered capillary waveguides has been demonstrated here for
the first time.

The goal of these experiments has been to investigate the differences
between linearly tapered and straight hydrogen-filled capillary discharge
waveguides for laser wakefield acceleration for a range of conditions. Most
significantly, enhancement of the electron energy is predicted from LWFA
theory when the taper produces an increase in the longitudinal plasma density
as a function of the propagation distance (section 3.2). The effect of propagating
the laser pulse in the reverse sense, i.e., along a decreasing plasma density, has
also been investigated.

The experimental setup of the ALPHA-X beam line is described in Section 5.1
followed by experimental results in section 5.2 that include measurements of
the transmitted laser pulse as a method of determining the plasma density (the
Stark-broadening spectroscopic technique has not been possible on the

accelerator beam line set-up). Waveguide durability to a large number of high-
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power laser shots is analysed in Section 5.3, followed by a discussion and

conclusions in Section 5.4.

5.1 Experimental setup

Experiments to explore the effect of density tapering in capillary discharge
waveguide accelerators have been conducted on the ALPHA-X beam line [1].

A Ti:sapphire laser pulse (energy = 800 m], full-width at half-maximum
duration = 40 fs and wavelength A = 800 nm) is focused to a waist wo = 20 pm

(radius at 1/e2) at the entrance plane of the capillary under investigation such

that, initially, the intensity I = 1.6 x 1018 W/cm? and the initial normalised vector

1/2

2
potential a, = (ﬁ) = 0.9. This accounts for ~50% of the laser energy

being in the central spot.

The experimental arrangement is shown in Fig. 5.1. The exit of the waveguide
is imaged onto diagnostics to allow the measurement of the laser spectrum and
energy transmission. Electron beams generated from the laser wakefield
accelerator have been diagnosed by scintillating Lanex screens and an electron
spectrometer which allows measurement of their energy spectra and charge.
Observation of the guiding properties of the waveguide and the resultant

electron bunches have been made for a range of conditions.

5.1.1 Laser pulse imaging system

The position and size of the focal spot of the laser beam are crucial
parameters for capillary-guided laser wakefield acceleration. The imaging
system has been set up to observe and correctly adjust these parameters as
shown in Fig. 5.2. The beam exiting the waveguide can be deflected, using a
2 inch diameter wedge, into an imaging system that is placed alongside the
vacuum chamber, to image the laser beam. To properly align the laser focus at
the entrance of, and through the capillary, a collimated lens, f = 1 m, is mounted

on a longitudinal translation stage and placed directly in the line of the deflected
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beam, to enable imaging of the beam focus and also, after a 4 cm translation,

imaging the exit plane of the capillary.

imaging system | 1m |
N ]
CCD
@ @ j
L2
Ce:YAGscreen
Electron spectrometer

\ Electrodes /

Figure 5.1: Schematic diagram of the ALPHA-X beam line for the capillary-guided laser
wakefield accelerator. The plasma channel was formed in a hydrogen-filled capillary discharge
waveguide [see inset (a)]. Hydrogen gas was introduced into the capillary waveguide using two
gas inlets. A discharge is struck between two electrodes located at each end of the waveguide,
using a high voltage pulsed power supply. The laser beam is focused onto the entrance of the
capillary using an f/18 spherical mirror. A fraction of the laser light coming out from the
waveguide is reflected by a removable wedge for the laser imaging diagnostics. Lanex

screens are denoted by L1 and L2. Quadrupole magnets are denoted by Q1, Q2 and Q3.

The imaging system has been used to measure the energy transmission of
the laser. The laser is focused by a converging lens, f = 1 m, and then reflected by
two mirrors and a wedge, attenuating the beam intensity, into a microscope
objective lens (x4 magnification) and a 16 bit CCD camera. It is very important
to prevent damage to the CCD chip through the use of the wedge and neutral

density filters of sufficient optical density.

117



During acceleration experiments, an important aspect of the set-up has been
the plasma density measurement performed after capturing the laser spectrum
following the interaction using an optical spectrometer (Ocean Optics SD4000)
with an optical fibre placed directly in the line of the transmitted beam through

the wedge.

1m lens mounted on
longitudinal translation stage 1mlens

mirror

window of the
vacuum chamber optical spectrometer

1
——

mirror

CCD camera with
microscope objective
lens

Figure 5.2: Schematic of the laser pulse imaging system.

5.1.2 Capillary alignment

Laser beam alignment through the capillary is very challenging and a vital
part of the experimental setup. Careful steps have been taken with the aid of the
imaging system. The gas-filled capillary discharge waveguide structure is
mounted in a gimbal mount placed on a 3-axis stage. The translation stages are
used to align the entrance of the capillary with the laser beam. The entrance of
the capillary coincides with the centre of rotation of the gimbal mount allowing
the exit of the capillary to be aligned without misaligning the entrance.

In the experiment the alignment steps proceed as follows: first, the laser focal
spot size has been imaged by moving the capillary away from the optical axis, as
shown in Fig. 5.3(a), where a good quality Gaussian profile of the main spot is
obtained for both directions as shown in Fig. 5.3(b) and (c) respectively and the

energy in the main central spot is shown to be ~50% of the total laser energy.
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The transverse spatial profile of the focus [Fig. 5.3(b)] shows a small wing on

one side of spot size with an intensity ~7 times smaller than the intensity at the

waist.
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Figure 5.3: The laser pulse profile with maximum peak intensity. (a) Laser pulse image at the
focus (wo= 20 um). (b) Transverse and (c) vertical spatial profiles of the laser pulse where red

curves are Gaussian fits.

The imaging system is then adjusted 4 cm further away. The waveguide
structure is then moved back along the beam line using the three translation
stages and adjusted longitudinally and horizontally until a sharp image of the
exit plane of the capillary is observed on the CCD camera, as shown in Fig. 5.4.
Such an image of the unguided laser pulse (no plasma discharge) indicates a
well aligned capillary with a fairly symmetrical signal across the capillary and

most of the laser energy on-axis.
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Figure 5.4: Transverse spatial profile of the laser pulse with lower laser energy (~ 0.5 mJ) at
the exit plane of a capillary (diameter = 230 pm) without plasma discharge, i.e., for alignment

purposes only.

During the alignment operation, the displacement of the laser pulse focus on
the entrance of a capillary for 100 shots is measured with the optical system
and presented in Fig. 5.5. Here, the pointing variation (the fluctuations of laser
focus position) is defined in both the vertical and transverse directions by o,
where o is the standard deviation of the distribution. One can see that the laser
has very good stability in the vertical direction (o, = 1.5 um) but suffers from
larger fluctuations in the horizontal direction (ox = 6.7 um) although this is still
only a fraction (~ 0.3) of the focal spot size (wo = 20 um). Pointing fluctuations
of this type could be due to the way in which the vacuum chambers and optical
mounts are fixed in position. It is believed that there is a coupling to vibrations
in the laboratory walls that generates pointing fluctuations mostly on one axis
of the laser at the accelerator location. However, the magnitude of these
pointing fluctuations are acceptable for high-power -capillary discharge
waveguide operations with very low probability that the beam will strike the

capillary wall for any laser shot causing damage.
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Figure 5.5: Laser beam pointing of the focal spot for 100 laser shots.

5.1.3 The waveguides

The hydrogen-filled capillary discharge waveguides

used

in these

experiments are five alumina capillaries each of length L = 40 mm: two straight

capillaries and three tapered capillaries with properties summarised in

Table 5.1.
Inner diameter D Capillary Rate of
Waveguide | Taper | (um) from entrance | cross-sectional capillary
to exit area ratio tapering (a)
S1 Zero 230 1 0
S2 Zero 300 1 0
TP1 Positive 282 to 230 1.23 -0.625 x 103
TN Negative 206 to 268 0.77 0.800 x 103
TP2 Positive 305 to 183 1.70 -1.525x 103

Table 5.1: Capillary parameters, taper rate a = AD/2L, where AD is the diameter change over

length L (= 40 mm in each case).
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Hydrogen is injected into the capillary by a pulsed valve (YAC-250 PSIG)
connected to a hydrogen cylinder to control the flow of hydrogen with each
laser shot and reduce the load on the vacuum pumps. The valve, which opens
for a duration of 150 ms, is triggered using the pulse generator to operate every
15-20s, and synchronised to the discharge. The discharge is produced by a
22 kV, 900 ns voltage pulse with a rise time of *95 ns from the pulsed power
supply based on solid-state switching and transmission line transformer
described in section 3.5.

During the experimental setup, a photodiode connected to the timing
oscilloscope measures the delay between the onset of the discharge current and
the laser pulse arrival time. In these experiments for guiding and electron
acceleration, the alignment of the laser at the entrance of the waveguide is
sensitive to the laser pointing drift due to laboratory temperature variations
and, for this reason, laser adjustments were required roughly once every

30 minutes.

5.1.4 Electron diagnostics

The electron diagnostics were separated from the optical diagnostics by thin
aluminium foils (50 um thickness) used to block the laser radiation but not
significantly affecting electron beam. The accelerated electron bunch transverse
profile is characterised using a standard technique (scintillating Lanex screens)
[2], imaged onto CCD cameras, as shown in Fig. 5.1. The visible light emitted by
each screen is recorded by the camera to give a 2-dimensional image of the
electron beams as they passed through the detection plane. The use of this
arrangement allows a spatially-resolved (~100 pum resolution) measurement of
the electron beam profile.

The first Lanex screen (L1 in Fig. 5.1) is set up 64 cm from the exit plane of
the waveguide to characterise the electron beam divergence and pointing
stability directly after the accelerator. The second Lanex screen (L2) is located

1.40 m downstream from L1. The role of L2 is to make sure that the electron
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beam is steered correctly through the centre of the vacuum pipe for correct
transport to the electron spectrometer.

The energy of generated electrons is measured by a magnetic dipole imaging
electron spectrometer. An electron in the electron spectrometer experiences a
force given by

F, =evXB (5.1)
where F; is the Lorentz force, e is the electron charge, v is its velocity and B is
the magnetic field. When the electron propagates perpendicular to the magnetic
field, the force is in the orthogonal direction to both the electron direction of

motion and the magnetic field due to the cross product as shown in Fig. 5.6.

®«— Magnetic field

Electrons with highest energy

Electron bunch

Figure 5.6: Illustration of the v x B force. Electrons emerging from the capillary are bent by the

magnetic field (pointing out of the page). Different energies are bent to different positions.

The result of this force are circular electron orbits with the radius of
curvature depending on the velocity, i.e., energy, of the electrons and magnitude
of the magnetic field. By equating the magnetic force to the centripetal force,
such that

evB = m,v?/r (5.2)
and for an electron of energy E, and relativistic mass ym, the orbit radius ris

given by

m] = ymc _3.34E[MeV]

& = B (5.3)

r[m

123



Therefore, the electron energy is given by

E,[MeV] _ Mmm] B[T] (5.4)
3.34
where
B[T] = —3.923 x 10783 + 4527 x107%I? + 8357 x 10731 (5.5)

and [ is the magnet current in Amps.

The spectrometer features a Browne-Buechner design [3] to provide strong
focusing in the vertical plane thus enabling excellent energy resolution to be
maintained over a wide range of energies. Two operating modes are possible:
the first mode (high resolution) uses a high field strength to bend the electrons
through approximately 90" with relatively narrow bandwidth, high resolution
imaging at the focal plane. However, this mode is restricted to energy less than
105 MeV and has not been applied in the work presented here. The second
mode (high energy) allows for wide bandwidth at the expense of a lower
resolution, imaging beams with energies up to 660 MeV for a magnetic field
strength up to Bgs = 1.8 T. Scintillating Ce:YAG crystals (1 mm thickness)
positioned at the focal plane are used to image electrons exiting the

spectrometer field and the image is captured on a CCD camera [see Fig 5.7(a)].

‘“h Y| A

Ce:YAG crystal
300,x10 x1 mm

() (b) (9
Figure 5.7: (a) Photograph of the electron spectrometer showing the position of the Ce:YAG
screen in the high energy mode chamber, (b) example imaging plate image with electron beam

charge = 1.86 pC and (c) corresponding Lanex 2 image captured simultaneously.

Ideal transport and focusing of electron beams is achieved entirely by the
spectrometer magnetic field for the lower energy, high resolution mode but, for

the high energy mode, external beam collimation is required for best results.
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This is achieved by the electromagnetic quadrupole triplet (Q1, Q2 and Q3 in
Fig. 5.1). In the experiments, the electron spectra are obtained with quadrupole
magnet field strengths of 120 mT and spectrometer magnetic field strength in
the range Bgs = 0.91-1.25 T.

Absolute charge measurements are made using imaging plates (Fujifilm, BAS-
SR2025) inserted into the electron beam line, as shown in Fig. 5.7(b). This
example imaging plate image shows 1.86 pC of charge and the simultaneous
image for the Lanex 2 screen is shown in Fig. 5.7(c). Lanex 2 is thus calibrated
directly and the electron spectrometer high energy Ce:YAG screen is cross-
calibrated with Lanex 2 by averaging over many shots. The calibration value for

the Ce:YAG screen is (Q[pC] = (number of electrons X e)/ 0.16 x 10712) [4].

5.2 Experimental results

In this section the results of the experiments are presented and significant
trends are highlighted. Characterisation of the transmitted laser pulse and the
accelerated electron beams are presented separately. The condition of the five
used capillaries after high-power operation is also documented for future

reference.

5.2.1 Characterisation of the transmitted laser pulse
5.2.1.1 High-power guiding

Characterisation of the guiding of low power femtosecond laser pulses
through the capillaries (using a different laser system) has been presented in
section 4.3.2. In this section, guiding is studied in-situ on the accelerator beam
line set-up using the same high-power pulses as those used for wakefield
experiments. Also, prior to the laser wakefield experiments, low power laser
guiding performance is optimised by adjusting the initial gas density.

For complete optimal conditions, firstly using the S1 capillary, the energy
transmission through the plasma channel is measured as a function of the time
delay between the discharge and the laser pulse at a hydrogen backing pressure

of 100 mbar and an applied voltage of 22 kV. The time delay for best guiding is
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measured to be 100 ns before the peak of discharge current. Secondly, using the
same capillary, the guiding efficiency is investigated as a function of the
capillary longitudinal position with respect to the laser focal spot position. As an
example, Fig. 5.8 shows the guiding efficiency versus the relative capillary
positions at the best delay time for the S1 capillary. In an identical manner, the

same experiment is conducted for all the other capillaries.
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Figure 5.8: Guiding efficiency measured as a function of the longitudinal position with respect
to the laser focal spot position for the S1 capillary. Zero on the x-axis indicates the entrance

plane of the capillary.

From Fig. 5.8, it can be seen that the guiding performance is very sensitive to
the input-beam alignment. The longitudinal alignment is important to adjust the
laser focus position so that it coincides with the entrance of the channel to
obtain the best coupling. Transverse alignment is also important because any
misalignment can lead to the beam hitting the capillary wall and therefore to
damage of the capillary. Also, even without damage, transverse misalignment
leads to multi-mode guiding.

For longitudinal positions between -1500 pm and 2250 pm, the transmission
varies between 57% and 88% and the best energy transmission occurs at
500 pum from the initial position defined by the imaging system. This position is

then fixed as the optimal position for the electron acceleration experiment.
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To determine the guiding performance for both straight and tapered plasma
waveguides, the laser transmission has been measured for all capillaries
described in Table 5.1 for a discharge delay ~0 ns (peak of discharge current)
and ~-100 ns (for best guiding). Laser guiding efficiency results for straight and
tapered capillaries for low power laser [E 1aser ~6 m] and 40 fs FWHM duration,
which gave P ~0.15 TW (ao ~0.10)] are presented in Fig. 5.9(a) and (b),
respectively. From these figures it can be seen that in general the guiding
efficiency at the laser-discharge synchronisation timing for best guiding for all

types of capillary is equally efficient, in agreement with the low-power results

presented in chapter 4.
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Figure 5.9: Low power guiding efficiency for two discharge delays. The discharge current (solid
line, right axis) and transmission loss (circles, left axis) are shown for (a): straight capillaries S1

and S2, and (b): tapered capillaries TN, TP2 and TP1.
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The maximum measured transmissions are (87 +7)%, (82+10)% and
(80+£11)% for the capillaries that have narrower entrance diameters
respectively (S1, TN and TP1). For these three capillaries, later timing at
discharge delay ~0 ns results in a reduced transmission of (72 £10)%, (63 +
7)% and (65 * 8)%, respectively. The capillaries with wider entrance diameters
(S2 and TP2) display lower maximum measured transmissions of (70 £ 12)%
and (66 £ 9)%, respectively, dropping to (63 £ 8)% and (55 = 7)%, respectively
at a discharge delay ~0 ns.

The dependence of the efficiency on the entrance diameter of the capillary
may be due to the mismatch between the laser focal spot size and the plasma
channel matched waist size (wom =~ 32-64 um compared with wor =20 um [see
table 5.2]) which leads to oscillation of the beam diameter (see section 3.1.2).
With larger oscillation amplitudes, part of the power can escape from the
channel and intercept the capillary wall, resulting in a loss of the energy [5], as
can be clearly observed for the case of the tapered capillary TP2.

When the input laser power is increased to 20 TW, the transmitted laser
pulses shows a decrease in measured energy transmission for all capillaries, as
presented in Fig. 5.10 (all data have been obtained for a hydrogen backing
pressure of 200 mbar and an applied voltage of 22 kV). Guiding of high-power
laser pulses in the narrower entrance capillaries (S1, TP and TN) are similar in
terms of transmitted laser energy and mode structure. Despite being far from
the matched condition, however, significant energy transmission of (67 £ 10)%
is obtained for the three capillary types at the laser-discharge synchronisation
timing for best guiding [Fig. 5.10(c)], confirming that guiding is equally efficient
in the presence of a density taper [section 4.3.2.2]. In each case, later timing
results in a mean reduced transmission of (30+10)% due to plasma wake
formation and subsequent electron beam production [6].

The wider entrance capillaries (S2 and TP2Z) both exhibited a smaller
decrease in energy transmission under high power guiding. For the delay for

best guiding, the transmission is (60 + 11)% for both, which is only ~7% less
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than the narrower entrance capillaries. For a time delay for best acceleration,
the mean transmission of (29 + 9)% is similar to that measured for the other
capillaries. This indicates that the mismatching of the channel is less significant
at high powers, because relativistic self-focusing of the laser at the start of the

interaction plays an important role. This is discussed in more detail later.

5.2.1.2 Transmitted laser spectra and stimulated Raman

scattering

Analysis of the transmitted laser spectra provides information on the plasma
characteristics. Stimulated Raman scattering (due to the Raman instability) can
modify the laser spectrum [6]. Stimulated Raman scattering is the resonant
decay of an incident laser photon into a scattered laser photon and a plasmon
(electron plasma wave)[7]. For this to occur the frequency matching conditions

W) = ws T Wy, (5.6)

ko=k;t k,, (5.7)
must be met, where wg , k are the frequency and wave number of the incident
photon and wy , k, are the frequency and wave number of the scattered photon.
There are two types of stimulated Raman scattering that experimentally can be
demonstrated by the presence of peaks known as Stokes/anti-Stokes or Raman
satellites peaks located either side of the central frequency in the spectrum of a
laser pulse that has propagated through the plasma [8].

Stimulated Raman scattering is a good tool for plasma diagnostics because
w, depends on the plasma density and, therefore, the frequency of the
Stokes/anti-Stokes peaks can be used to estimate the plasma density. In this
work, Raman peaks have been observed and used to deduce the plasma density
inside each waveguide. Comparison is made with the Stark-broadened

spectroscopy results of section 4.3.
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Figure 5.10: Dependence of high power guiding efficiency at two discharge delays indicating
the discharge current (solid line, right axis) and transmission loss (circles, left axis). (a): For
straight capillaries S1 and S2. (b): For tapered capillaries TN, TP2 and TP1. (c¢) Example images
of: poor guiding in TN and good guiding in TP1, S1, TN, S2 and TP2.
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As examples of this, two different spectra of the transmitted laser pulse
compared with the original laser spectrum are presented in Figs 5.11 to 5.15 for
S1, S2, TP1, TP2 and TN respectively. These figures show that at the optimum
guiding delay, the spectrum of the transmitted laser pulse has not significantly
broadened, meaning that excitation of plasma wave is minimal. At the delay for
optimum electron acceleration, the spectrum of the transmitted laser pulse has
been significantly broadened and Raman peaks appear at + w,, mainly on the
high frequency side of the central wavelength. Those peaks have been used to

estimate the on-axis density.
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Figure 5.11: Typical transmitted laser spectra for different regions of the guiding curve
produced from straight capillary S1. The grey curve is the original spectrum of the incoming
laser pulse which is used as a reference. The green curve represents a spectrum for optimum
electron acceleration conditions, clearly showing the Raman peaks. The pink curve represents

the spectrum of a well guided pulse.

131



- s
\ ?/[Ev ackr soctrk 02 E
Ay % % onemna p coup
//// !

lasg'i: spectrm”h at eletr”

b/ acceleration /

/ A /////A]‘g A4 / 2\ A4 A al /

650 700 750 800 850 900 950
laser wavelength [nm]

Figure 5.12: Typical transmitted laser spectra for different regions of the guiding curve
produced from straight capillary S2. The grey curve is the original spectrum of the incoming
laser pulse, which is presented as a reference. The green curve is the spectrum under optimum
electron acceleration conditions showing Raman peaks. The pink spectrum corresponds to a

well guided pulse.
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Figure 5.13: Typical transmitted laser spectra for different regions of the guiding curve for the
tapered capillary TP1. The grey curve is the original spectrum of the incoming laser pulse, which
is presented as a reference. The green curve indicates the spectrum measured for optimum
electron acceleration conditions, showing clear Raman peaks. The pink curve is the spectrum for

a well guided pulse.
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Figure 5.14: Typical transmitted laser spectra for different regions of the guiding curve
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Figure 5.15: Typical transmitted laser spectra for different regions of the guiding curve
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produced from the tapered capillary TN. The grey curve is the original spectrum of the incoming

laser pulse, which is presented as a reference. The green curve is the spectrum measured for

the optimum electron acceleration conditions, clearly showing the Raman peaks. The pink curve

is the spectrum measured for a well guided pulse.
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At full power operation, the laser pulse is sufficiently intense to excite a
strong plasma wave and electrons can be accelerated. The laser energy
transmission drops due to the high energy transfer to the plasma as previously
shown in the guiding section. From Fig. 5.11, the frequency up-shifted peaks
give an estimated of the on-axis electron density of n. = 3.50 x 1018 cm™3 at a
backing pressure of 140 mbar and an applied voltage of 22 kV.

For the second straight capillary S2, Raman peaks are also observed as
shown in Fig. 5.12. These peaks have been utilised to estimate the on-axis
density as ne = 4.10 x 1018 cm-3 at a backing pressure of 300 mbar and an
applied voltage of 22 kV.

In the case of tapered channels, this diagnostic provides the average (or
midpoint) density, with the estimated start-to-end density change determined
by the corresponding cross-section change rate [section 4.3.1.2]. From Fig. 5.13,
the estimated average electron density for positive taper capillary TP1 is ne =
3.10 x 1018 cm3 for a backing pressure of 150 mbar and an applied voltage of
22 kV. Also from Fig. 5.14, the average electron density for the second positive
taper capillary TP2 has been estimated to be 5.60 x 1018 at a backing pressure
of 300 mbar and the same applied voltage. For the negative taper TN, Raman
peaks have also been observed on the high frequency side (higher than the
central frequency) as shown in Fig. 5.15. At backing pressure of 175 mbar and
applied voltage of 22 kV, the average electron density is estimated to be n. =
3.60 x 1018 cm-3 .

Table 5.2 presents the on-axis estimated density of all used straight and
tapered capillaries. From this table, it can be seen that the estimated on-axis
densities using Raman spectroscopy of the transmitted laser pulse are
consistent with the measured plasma densities using the Stark-broadened
spectroscopy technique (section 4.3.1). As an example for the straight capillary
S2, the averaged measured density by Stark-broadened spectroscopy at applied
voltage of 21 kV and backing pressure of 60 mbar was ~ 1.55 x 10'® cm-3 and,
thus, the peak density was expected to be ~3.1 x 101 cm™3. Here the measured
value by Raman spectroscopy at higher backing pressure (300 mbar) and same

applied voltage is 4.10 x 1018 cm3. In this case, and taking in account the
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backing pressure, the two values are comparable. Our measurements here for
the plasma density are also consistent with the plasma density measurements
by Jang [9] who measured an electron density of 4.5 x 10'® cm™3 for capillary
(diameter of 300-400 pm and length of 33 mm) with a hydrogen gas pressure

of a few hundred mbar range at applied voltage of 25 kV using Stark-broadened

spectroscopy .
entrance exit averaged matched
Waveguide density density density spotsize | P..[TW]
(1018 cm3) | (1018 cm3) (1018 cm-3) (um)
S1 35 35 35108 37 8.70
S2 4.1 4.1 41+£05 40 7.41
TP1 2.5 3.8 3.1+£09 44 9.80
TN 4.7 2.8 3.61£0.6 32 8.44
TP2 3.4 9.3 5.6+£09 46 542

Table 5.2: Capillary parameters with experimental on-axis plasma density estimated from the
Raman peaks. Also on-axis plasma measured density at the entrance and the exit for tapered
capillaries are estimated from the respective taper rates. Each uncertainty (shown for the
averaged density only) is the standard deviation of 3 shots (4 in the case of S2). The critical
laser power P, in practical units for A = 0.8 um case, P,.[TW] = 30.4/n, X 1078 [cm™3] [10].

These plasma density measurements are in agreement with the on-axis
density measurements by Spence et al. [11] who used an interferometric
method to measure an on-axis electron density of 2.7 x 10'® cm™3 for a 300 um
alumina capillary with a hydrogen gas pressure of 67 mbar. The average
discrepancy with respect to the established interferometry technique [12] is
12%. The measurement of plasma density obtained in similar capillary
waveguide discharge experiments for betatron radiation production, which was
2 x 10 cm™ at 60 mbar pressure [13], compares well with our measurements

of the electron density presented here and the agreement is quite acceptable.
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5.2.2 Electron beam generation

As seen from the measurements to determine the guiding performance, the
laser deposits a significant fraction of its energy into the plasma at high
intensity, which leads to the generation of the plasma wake and accelerated
electron beams. This section presents an overview of measurements of electron
beam profiles and energy spectra from all the straight and tapered capillaries

that have been studied.

5.2.2.1 Electron beam divergence and pointing

The beam profile of electron beams exiting each capillary has been measured
on Lanex screen L1 located 0.64 m downstream, which is imaged by a CCD
camera. Table 5.3 summarises the relative beam charge, divergence and
pointing behaviour for large data sets collected under the optimal acceleration
conditions for the three capillary types. Lanex L1 is uncalibrated for absolute
charge and the charge measured at this position also includes the low energy
tail of the electron beam. Most charge was injected into the bunch, on average,
in the capillary TP1. The reason for this could be that, for the case of a positive
density gradient, the density near the entrance is lower, resulting in a larger
bubble (R = (l/n)\/y—l , where y is the relativistic factor), into which more
electrons can be injected [14].

Fig. 5.16(a), (b) and (c) show images of electron beam profiles for TP1, S1
and TN. However, for the straight capillary S1, the best three shots show that
the mean beam r.m.s. divergence is less than 1 mrad with a beam divergence of
0.70 mrad r.m.s. assuming a Gaussian profile. For the tapered capillary TN, the
divergence improves and the beam profiles correspond to very low divergences.
An r.m.s. divergence down to just 0.5-0.6 mrad is measured as shown in Fig.

5.16 (c) for the best shots.
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Figure 5.16: Example images of electron beam profiles for (a) TP1, (b) S1 and (c) TN. The best

three shots are shown for each capillary. The beam line axis is indicated by a white cross.

137



M
Name Number MQean Mean (Min.) | Mean (Min.) ean Mean
rel Qy
of shots Oy [mrad Ox [mrad mrad
[a.u.] v I x I [mrad] oxl ]
3.0+0.6 33+11
TP1 88 26+1.0 -23+6.6 | 20176
(0.8) (0.9)
1.7+0.8 1.4+0.5
S1 68 0.5+0.1 -19+10 9.0+13
(0.8) (0.7)
1.3+0.5 1.8+0.8
TN 100 1.6+0.4 -04+21 | 0313
(0.6) (0.5)

Table 5.3: Beam profile measurements showing the mean (minimum) electron beam relative
charges Qr, the rrm.s. divergences #and pointing angles ¢in the vertical Y and horizontal X
planes, respectively, for each capillary type. The uncertainty is given as the r.m.s. standard

deviation.

The dependence of the divergence on the relative electron beam charge has
been studied by analysing a large number of shots for straight capillary S1 and
two tapered capillaries TP1 and TN. For these three capillaries, Fig. 5.17 shows
the measured beam divergence plotted as a function of the relative beam charge
in the horizontal and vertical planes. As shown in Fig. 5.17(a), (b) and (c) the
divergence scales proportionately with the charge. For tapered capillary TP1, it
can be noticed from Fig. 5.17(a) that there is a sharp increase of divergence for
low charges while, at higher charge, the data show a steady increase in the
divergence.

For straight capillary S1, there is also a trend to larger divergence with higher
charge [Fig. 5.17(b)]. This observation is similar for the behaviour of divergence
with charge obtained from tapered capillary TN [Fig. 5.17(c)]. This behaviour,
common to all the capillary types, may be the result from the space-charge
effects due to Coulomb repulsion or an increase in the transverse momentum
spread at injection due to the larger charge capture area on injection.

The trend to larger divergence with higher charge is similar to that seen in
other experimental work [6] where a straight capillary with diameter of 200 pm
and length of 15 mm was used. In gas jet accelerators, measurements of
divergence as a function of beam charge have shown similar behaviour as well
[15]. From all three capillary types, the divergence scaling with the charge that

accounts for the larger divergence for capillary TP1 while the similar mean
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divergences for lower charge S1 and TN data indicates a lower intrinsic limit for
the divergence (~0.5 mrad as charge approaches zero) and, thus, the lowest

transverse emittance is obtained.
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Figure 5.17: Beam divergence measured as a function of beam charge in vertical and horizontal
planes for (a) TP1, (b) S1 and (c) TN. The black circles show the divergence measured in

horizontal plane and the red circles show the divergence measured in vertical plane.
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Very faint electron beam images have been obtained from the S2 capillary
indicating extremely low charge. Under the optimal conditions, only a small
number of electron beams have been captured on Lanex L1 and the beam
profiles are characterised by relatively large divergences. An r.m.s. divergence
up to 5-6 mrad is measured as shown in Fig. 5.18(c). Three images of electron
beams at different backing pressure are shown in Fig. 5.18 with a clear
dependence of the relative charge on the pressure, ie., the total charge
increased with increasing pressure. This observation is related to the
probability of electron injection that increases strongly with plasma density
which increases with the pressure [16] but with such high divergence, the beam

quality is poor.

x-div=5.12 mrad
y-div=6.10 mrad

(a)

350 mbar 400 mbar

320 mbar

Figure 5.18: Images of electron bunches on Lanex screen L1 taken with three different

relatively high backing pressures for capillary S2.

The shot-to-shot stability was poor for the strongly tapered capillary TP2
and all the electron beam properties are observed to exhibit large fluctuations.
Fig. 5.19(a) shows six images of the electron beam profile where the divergence
depends on the backing pressures in the range 250-420 mbar. For the minimum
r.m.s electron beam divergence, the horizontal and vertical divergences are 0.46
and 0.48 mrad rms respectively. This divergence is the smallest divergence
observed from all experiments described in this chapter.

From the analysis of all shots presented in Fig. 5.19(a), the divergence rises
rapidly with increasing the pressure until eventually reaching a plateau at
maximum pressure as shown clearly in Fig. 5.19(b). As the pressure increased
from 250 to 420 mbar, the mean horizontal and vertical divergence of the beam

also increased from 0.47 to 3.72 mrad rms. This behaviour indicates stronger
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focussing forces creating a low divergence beam at lower pressure. The

behaviour observed here is in contrast to previous work using straight capillary

reported in [6].
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Figure 5.19: (a) Six images of electron bunches generated on screen L1 at six different backing
pressures in the TP2 capillary with the laser guided from the 305 um large end to 180 pm small
end. (b) The horizontal (black circles) and vertical (red circles) divergences as a function of the

backing pressure.

Shot-to-shot pointing of the electron beam fluctuations have been obtained
for the three capillary types. Figure 5.20(a) and (b) illustrate the large
differences in pointing angle and stability between the capillary types TP1, TN
and S1 respectively. For capillary TP1, Fig. 5.20 (a) shows a large fluctuation

from shot-to-shot where the beam pointing angles varies by 7.6 mrad rms and
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6.6 mrad rms for the horizontal and vertical axes, respectively. The pointing
angles are determined by the ratio of transverse to longitudinal momentum at
the exit of the capillary. Inside the capillary, the transverse momentum
oscillates according to the betatron motion, and the betatron frequency depends
on the plasma density (wg = w, /\/2_)/ ), and thus the momentum amplitude.
For the positive longitudinal plasma density gradient (TP1), the density near the
capillary exit is higher and the transverse momentum is higher therefore

increasing the pointing angle of the electron beam.
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Figure 5.20: Electron beam pointing distribution for each capillary type (a): pointing
distribution for 88 shots using TP1, (b): pointing distributions for 100 and 68 shots using TN

(black circles) and S1 (red circles) respectively. The beam line axis is indicated by the origin.
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Capillary S1 suffered from both very large angle divergence (9-19 mrad in
both axes) and poor stability (10-13 mrad in both axes) and most of the electron
bunches have been detected below the horizontal plane as shown in
Fig. 5.20(b). This poor performance may be a product of this accelerator
operating extremely close to the injection threshold (one third of shots
producing no electrons, all other shots with little charge).

The largest data set (100 shots) and the highest quality electron beam in
terms of close-to-axis pointing angle (0.3-0.4 mrad in both axes) and smallest
pointing fluctuations (just 1.3 mrad in the horizontal axis and 2.1 in the vertical
axis ) have been obtained from capillary TN [Fig. 5.20 (b)]. This may be related
to the negative longitudinal plasma density gradient and, as explained
previously, such a decreasing longitudinal density lowers the transverse
momentum near the capillary exit therefore improves the pointing angle of the

electron beam upon exiting the accelerator.

5.2.2.2 Electron beam energy

At relativistic intensities, after initial waveguiding, laser beam propagation
in a capillary is dominated by relativistic self-focusing (under conditions here,
the critical power for self-focusing is exceeded for all capillaries [see table 5.2]),
i.e, the waveguide influences the propagation only at the beginning of the
interaction. This is evident in the observations that virtually no or very weak
electron beam production was achieved in a larger diameter (300 um, S2)
straight capillary, in agreement with other experiments in this laser intensity
range [17, 18], and the same behaviour occurred in positively tapered
capillaries with a similarly wide entrance diameter (305 — 183 um, TP2).

When the mismatch to the channel is great, the beam diffraction effect is
stronger preventing strong wake generation and self-trapping of electrons
(from table 5.2, note that S2 has a higher density, i.e., lower critical power for
self injection, yet produced very poor electron beams). Furthermore, even the

capillary type S1 with diameter 230 um struggled to self-inject at lower plasma
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densities, hence, the density was typically increased to 5.70 x 1018 cm3 to

facilitate injection in this capillary.

In addition to the divergence and pointing stability characteristics of the
electron beams, their energy spectrum which is a very important characteristic
for future applications, has been investigated. Monoenergetic electron bunches
with narrow energy spread are obtained from all three capillary types (TP, S1
and TN) but with a clear difference in the mean central energy of the electron
bunches.

It has been described how the injection and acceleration of electron beams
depended sensitively on the discharge delay (section 5.2.1.1). If the gas backing
pressure is increased, plasma-wave breaking, injection and trapping of
electrons in the wake is induced. The pressure threshold above which electron
acceleration occurred was around 150 mbar which gives a density around (3-
6) x 1018 cm-3 (P > P.,.). It has been observed that the pressure threshold for
slightly lower laser power is increased. This indicates that at lower densities
electron beam generation depends more critically on the state of the plasma
channel. Electron beams have been observed in a narrow window of the
discharge delay (~ 25+ 5 ns) around the peak discharge current curve which is
in agreement with experiments previously performed in [17]. The experiments

in general have been carried out close to the threshold for injection.

Electron beam energy for straight capillaries

For capillary S1, Fig. 5.21 shows two images of typical electron energy
spectra detected by the electron spectrometer after removing the wedge while
keeping Lanex1 in place. In this run, 30% of the laser shots produced an
electron beam. In Fig. 5.22, four electron spectra from one run are plotted that
show accelerated electron bunches with central energy for the main peak

around 200 MeV with maximum value for the total accelerated charge of 0.3 pC.
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Figure 5.21: False colour images of two electron spectra captured using the electron

spectrometer showing a monoenergetic electron bunch around 200 MeV for S1 capillary.
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Figure 5.22: Electron energy spectra for four shots giving an average central energy of 205 MeV

for straight S1 capillary.

The most of the type S1 data has been acquired at the higher end of density
range (=5.7 x 1018 cm-3) where injection occurred more readily. In the density
range directly comparable with the other capillary types (3.5 x 1018 cm3) no
significant electron energy increase was observed, as might be expected for

operation at lower density. Figure 5.23 shows the optimal energy spread beam
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measured for S1 with central energy peaked at 205 MeV. In this case, the rms

relative energy spread, o / E=1.0%. This is the narrowest observed energy

spread obtained from any of the investigated capillaries.
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Figure 5.23: Energy spectrum for one shot giving a central energy of 205 MeV with

o | E=1.0%. The red curve is a Gaussian fit to the main peak.

No electron spectra have been observed by the electron spectrometer from
capillary S2 due to the very low charge. The general poor performance of this
capillary, including the extremely low charge of the electron beam, indicates the

importance of matching the laser focal spot size to the plasma channel.

Electron beam energy from tapered capillaries
= Capillary (TP1)

Consistent with theory [19-21], the positive tapering capillary TP1 produces
an energy enhancement (22% in the mean central energy of the electron bunch)
with respect to capillary S1. The highest central energy for TP1 was 290 MeV
with upper electron energy of 320 MeV (Fig. 5.24). If the energy enhancement is
due to the taper then the enhancement obtained (20-40%) for this capillary
compares well with an analytical model [21] predicting ~100-300% gain for a
linearly tapered accelerator when one compares the respective taper rates

(0.33 x 108 cm3/cm in this experiment, 3.5 x 1018 cm-3/cm in the model with
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density range 2-8 x 1018 cm-3). This is despite that model being solely for single
particle acceleration, neglecting effects such as laser pump depletion and self-
focusing. The TP1 capillary has a gentler taper rate and further optimisation of
the micromachining manufacturing process [22] would increase the taper rate
while hopefully still facilitating self-injection. Nevertheless, these results may
provide evidence of the success of applying a positive longitudinal plasma
density gradient to boost the final electron energy. This is discussed further in

the Conclusions section.
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Figure 5.24: False colour images of six electron spectra measured using the electron

spectrometer from TP1 through an average plasma density of 3.10 x 1018 cm-3.

This TP1 capillary provided somewhat higher charge electron beams
compared with the S1 capillary. The maximum value for the total accelerated
charge was ~6.6 pC. The number of shots where quasi-monoenergetic electron
beams are observed is also higher for this capillary. Here, approximately 70% of
the laser shots produced electron beams. In Fig. 5.25, spectra from one run are
plotted, showing accelerated electron bunches with upper electron energy

ranged from 200 to 320 MeV. Figure 5.26 shows the narrowest energy spread
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beams captured for central energy peak at 206 MeV. The measured rms relative

energy spread, o / E =1.6%.
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Figure 5.25: Electron energy spectra for eight shots giving an average central energy of
250 MeV for tapered capillary TP1.
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Figure 5.26: Energy spectrum for one shot giving a central energy of 206 MeV with measured
energy spread og / E =1.6% for tapered capillary TP1. The red curve is an extreme inverted fit

to the main peak.
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= (Capillary (TN)

The laser wakefield acceleration experiment has also been carried out for the
tapered capillary TN. The behaviour of the electron energy obtained with
negative tapering indicates a small energy reduction (—10% with respect to type
S1). Stable generation of electron beams with maximum central energy of
229 MeV with upper electron energy of 250 MeV (Fig. 5.27) have been
measured for this capillary. High quality (low energy spread and low beam

divergence) electron beams are generated for density of 3.60 x 1018 cm=3.
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Figure 5.27: False colour images of six electron spectra captured using the electron

spectrometer for capillary TN for plasma density of 3.60 x 1018,

The capillary yielded lower charge electron beams compared with the TP1
tapered capillary. The maximum value for the total accelerated charge was
~5.1 pC. Frequent quasi-monoenergetic electron beams have been observed
from this capillary with a higher shot-to-shot energy stability. An electron beam
is produced on every shot. In Fig. 5.28, the electron spectra from one run at
delay times corresponding to optimum beam generation are presented along
with the energy calibration for energy over a wide energy range 137-367 MeV.

A typical electron energy spectrum is shown in Fig. 5.29, showing a quasi-
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monoenergetic beam with narrowest energy spread captured for a mean energy

peak of 191 MeV. In Fig. 5.29, the measured rms relative energy spread,

op | E=2.6%.
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Figure 5.28: Electron energy spectra for six shots giving an average central energy of 182 MeV
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Figure 5.29: Energy spectrum for one shot giving a central energy of 191 MeV with measured

energy spread o, / E =2.6% for tapered capillary TN. The red curve is a good extreme

inverted fit to the main peak.
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Table 5.4 summarises the energy spectrum data for measured electron bunch
charge and central energy of the electron bunch with a discernible finite energy

spread for three capillary types (TP1, TN and S1).

Mean (Max.) Mean (Max.)
Name Mean (Min.) o¢/E [%]
Q[rC] E [MeV]
TP1 2.6 £2.3(6.6) 250 + 25 (290) 5.2+£2.7(1.6)
S1 0.2+£0.1(0.3) 205+5 (211) 1.8+ 0.7 (1.0)
TN 1.3+1.1(5.1) 184+ 17 (229) 7.1+£3.0 (2.6)

Table 5.4. Energy spectrum data giving the mean (maximum) electron bunch charge Q and

central energy E and mean (minimum) measured relative measured energy spread o / E of

the electron bunch for each capillary type where each uncertainty is the r.m.s. standard

deviation.

In order to characterise the correlation between the electron energy and the
charge, the central energy against the total electron charge has been
investigated for each capillary type: TP1, TN and S1. It has been observed that
the main bunch central energy had no clear dependence on the charge for all
three capillaries. As an example, Fig. 5.30 shows the behaviour observed for
capillary TN. In contrast, a clear decrease of the bunch central energy with
increasing charge was seen for electrons produced from previous LWFA
experiments using gas jet [23]. Hence, for the data sets here, there is no clear
observation of beam loading effects [24] influencing the final electron energy.

The narrowest measured energy spreads are only 1-2% for electron bunches
(determined solely for that bunch and ignoring lower energy bunches or
pedestals) for all three capillary types, therefore, the resolution of the
spectrometer must be considered. Numerical simulations have been carried out
using the General Particle Tracer (GPT) code [25], to estimate the resolution of
the electron spectrometer for the measured energy range. This has allowed
deconvoluted of the spectra to estimate the actual energy spread of

monoenergetic electron bunches.
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Figure 5.30: The main bunch central energy versus charge for capillary TN.

The resolution of the spectrometer has been calculated [26] by assuming
a spatially Gaussian monoenergetic electron distribution in both transverse and
longitudinal planes. Figures 5.31 (a) to (f) illustrate the energy resolution for
different monoenergetic bunch energies over a range of divergences for the
capillary TP1. It can be seen that there is a dependence of the rms energy
resolution on the divergence for a constant emittance, i.e., an increase in the
initial beam radius produces an increase in the resolution at a given central
energy as shown in Fig. 5.31 (a), (c) and (e). On the other hand, there is no
dependence of the rms energy resolution on emittance at constant divergence
as presented in Fig. 5.31(a) and (b). Similar analysis has been carried out for the
S1 and TN capillaries.

The dependence of the measured energy spread on the bunch charge has
been investigated using all three capillary types TP1, TN and S1 and the data
presented in the Fig. 5.32 (a), (b) and (c) respectively. It is clear that there are
increases in the energy spread with increasing charge. This increase can be

explained by the combination of two effects:
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Figure 5.31: GPT simulations of the electron spectrometer instrument response calculated for

electron beams of energy between 150 MeV and 500 MeV using TP1, for three different

emittance values (1 x 10 -3 x 10-®) mm mrad and three different divergences (1-3) mrad.
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First is the beam loading effect [24]. The Coulomb field produced by high-
density accelerated electron bunch causes a local modification of the wakefield
produced by the laser pulse. For a low charge bunch, optimal loading in the
wake minimises the variation of the accelerating electric field along the beam
thus producing a low bunch energy spread. Higher charge in the beam causes
over-loading producing a fast varying field over the bunch length, leading to
growth of the energy spread.

The second possible effect is that the lower charge beams have been trapped
and accelerated over a small phase region in the plasma wave, leading to a
decrease in the variation of the accelerating electric field across the beam, thus
decreasing the final energy spread of the accelerated electrons. For electron
beams generated with small energy spread, controlling the charge of trapped
electrons is important.

The data for measured energy spreads using TP1 for 10 shots, presented in
Fig. 5.32(a), provided values from 1.6% to 9% for the range of charge observed
(0.3-6.6 pC). These measured energy spreads have been observed with a central
energy in the range 180-290 MeV.

The deconvoluted measured energy spread can be estimated using:

Og\2 Og\2
— =(— + (R)? 5.8
(E ) meas. (E ) act. ( )
where (2) is the measured spread, (2) is the actual spread and R is the
meas. E/qct.

spectrometer resolution, assuming Gaussian distributions. The deconvoluted
energy spreads, using the respective calculated resolution values, as a function
of the electron bunch are presented in Fig. 5.33. For each capillary, mean
divergence values obtained experimentally (Table 5.3) have been applied. That
is, the charge dependence on divergence (Fig 5.17), obtained with the

uncalibrated Lanex screen L1, has been neglected.
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Figure 5.32: Measured energy spread dependence on charge for each capillary type: (a) TP1,
(b) TN and (c) S1.
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Given that the narrowest measured bunch r.m.s. energy spreads are in the
range 1-2% and beam line simulations in Fig 5.31 (e) and (f) indicate that the
electron spectrometer resolution is also in the 1-2% range for the typical bunch
properties [central energy (180 - 290) MeV and divergence = 3 mrad] observed
in the experiment, it is clear, therefore, that the narrowest spread bunches have
been strongly convoluted by the detection system response. Hence, the actual
energy spread is much less than 1% (see Fig. 5.33), as is the case for the gas jet
accelerators driven either by single [27] or colliding [28] laser pulses. From the
data presented in Fig. 5.32 (a), (b) and (c) for all three capillary types and from
Table 5.4, it is interesting to note that type TN is observed to have a larger mean

spread than type TP1 despite lower mean charge.

[
o1

=
N
I
I

Deconvoluted energy spread [%]

Charge [pC]

Figure 5.33: Deconvoluted energy spread dependence on charge for the capillary TP1 with the

spectrometer response applied for a transverse divergence of 3 mrad.

Energy comparison with gas jet experiments at Strathclyde

Results from other experimental work [18] have reported that the hydrogen-
filled capillary discharge waveguide can channel laser pulses with high
intensities of the order of 1018 W/cm?, and the performance of the LWFA has
been significantly improved. The waveguide enabled electrons to reach around

double the energy of electrons accelerated by the same laser in a gas jet.
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On the ALPHA-X beam line, electrons are produced with an energy typically
up to 150 MeV from a 2 mm gas jet with a density ne ~1-5 x 101% cm=3 [27].
Using the same laser parameters, the experimental data presented here show
that electron beams in the tapered hydrogen-filled discharge capillary
waveguide have a maximum energy of 320 MeV in a plasma density of ~3-
5 x 1018, Therefore, the highest energy of electrons accelerated in the plasma
channel can be more than twice that accelerated in gas jets.

A comparison of the electron energy scaling with electron density shown in
section 2.2.3 with the present data shows that the electron energy obtained here

is consistent with electron energy scaling for other experimental results.

5.3 Straight and tapered capillary durability

Hydrogen-filled capillary discharge waveguides made of alumina (or
sapphire) have a long lifetime compared with other waveguides for LWFA. This
is due to the fact that the materials are very hard and robust and that hydrogen
gas is easily ionised with heat conducted away from the plasma to the capillary
walls, meaning that the temperature is peaked on axis and the lifetime of the
device is greatly increased. Previous experimental work found that the
discharge current widened a capillary of diameter 200 pm by approximately
20 pm per shot [29]. Additionally, the incident high-power laser pulses and
variations in laser pointing can increase damage to the entrance region of the
capillary.

For experiments here, to study the damage of the capillary, the main
capillaries (TP1, S1 and TN) have been optically imaged after use and
comparison made with images of their initial condition. Figure 5.34 shows the
entrance and exit of the tapered capillary TP1, where the laser is guided from
the 282 pum large end to 230 pm small end, before and after use. After 1300
shots, the capillary entrance has been broadened by 128 pm in the horizontal
direction and 50 um in the vertical direction, corresponding to approximately
0.1 um per shot, and with no significant broadening at the capillary exit. The
capillary widening by the discharge current is estimated to be 26 nm only [29]

which is greatly below the resolution of the measurement.
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Figure 5.34: Images of the entrance and exit of the tapered capillary TP1. The left images show
the entrance and the exit before use and the right images show the entrance and the exit after

use. The red arrows indicate the respective diameters (in um).

Such damage at the entrance is not negligible, however, and has been caused
by the laser pulse. It is clear also that most damage at the capillary entrance is
along one axis (horizontally). The first of two possible reasons to explain this
observation is the laser pointing variation. As presented in section 5.1.2, the
laser focal spot suffers from relatively large fluctuations in the horizontal
direction (ox = 6.7 um) compared with the vertical direction (o, = 1.5 pm). In
addition, the transverse spatial profile of the focal spot displays a wing on one
side of the spot, with an intensity of ~2.2 x 1017 W/cm? (about 7 times lower
than the intensity at the waist) and a small wing on the other side with an
intensity of ~1 x 1017 W/cm?2. These intensities are sufficient to ablate the walls
of the capillary (the ablation threshold is about 10* Wcm2 as shown in

chapter 3).
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Additionally, the initial vacuum waist size (20 um) is less than the matched
spot size of the plasma channel (44 um), which may lead to beam waist
oscillations between 20 um and 97 um. This scalloping when occurring in the
early stages of the capillary, with the magnitude of the pointing fluctuation in
the wings as shown in Fig. 5.34, gives a finite probability that any particular
laser shot will be pointed into the capillary wall causing damage to the capillary
entrance shown in Fig. 5.34. The second possible explanation is that the laser

alignment drifts out of optimal alignment in this direction.

Figure 5.35: The entrance image of tapered capillary TP1 compared with the transverse spatial
profile of the laser pulse at the focus (wo= 20 um). The transverse spatial profile of the laser

pulse shows a clear wing at one side of the pulse with a weak wing in other side.

As shown in Fig. 5.36, the shape of the damage is conical and does not
penetrate deeper than ~0.6 mm along the length of the capillary. This distance
of penetration may indicate the scale length of laser self-focusing that would
reduce the laser beam size and, coupled with the waveguiding process, thus
preventing the intensity at the walls reaching the threshold for the ablation. The
bulk of the capillary appeared to be undamaged showing that the capillary has

been working well as a waveguide during the experiment.
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0.62mm

Figure 5.36: Longitudinal image along one plate of the entrance of the tapered capillary TP1.
The image shows the cone shape of the damage which has not deeply penetrated. The red arrow

indicates the length of the cone.

Similar damage to the entrances of the straight capillary S1 with diameter of
230 pm and the tapered capillary TN with the laser guided from the 206 pm
small end to 268 pm large end are shown in Figs 5.37 and 5.38 respectively.
Table 5.5 summarises the parameters for the three capillaries studied for
damage. TP1 and S1 both show 23% more widening of the entrance in the
horizontal direction while, for TN, the value is 35%.

In summary, it can be concluded that the capillary TN, which has a smaller
initial entrance diameter than the other capillaries, suffered more extensive
damage. This is most likely because of fluctuations in the laser pulse pointing

and the energy in the wings of the laser spot.
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Figure 5.37: Images of the entrance and exit of the straight capillary S1. The left images show
the entrance and exit before use and the right images show the entrance and exit after 2200

shots. The red arrows indicate the respective diameters (in um).
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Figure 5.38: Images of the entrance and exit of the tapered capillary TN. The left images show
the entrance and the exit before use and the right images show the entrance and the exit after

2000 shots. The red arrows indicate the respective diameters (in um).
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Entrance Entrance Exit Exit
Number
Name | before use after use before use | after use
of shots
(um) (nm) (nm) (um)
H410+6 H233+4
TP1 282+4 233+3 1300
V332+8 V2307
H310+4 H238+3
S1 230+ 6 230+ 3 2200
V252+5 V228+5
H358+8 H280+7
TN 206t 4 268+ 6 2000
V265+6 V277+5

Table 5.5: Diameter measurements of the entrance and exit of the main used capillaries (TP1,
S1 and TN) before and after use. H and V indicate the horizontal and vertical directions

respectively.

5.4 Conclusions

The results from experiments discussed in this chapter represent several
important achievements. Firstly, hydrogen-filled tapered capillary discharge
waveguides provide good quality guiding of laser pulses with peak input
intensities of the order of 1018 W/cm?2, which is achieved for the first time in the
field. Secondly, the tapered -capillary discharge waveguides show some
significantly improved LWFA performance.

The mechanism of the trapping and acceleration of electrons occurring in the
waveguide used in the experiments can be described as follows:

Hydrogen gas is injected into the capillary through gas slots machined into
the alumina plates near the capillary ends. The flow of the hydrogen gas
produces a plume at each end of the capillary. Then the high-voltage pulser
which is connected across the electrodes situated at either end of the capillary
with a peak voltage ~21kV results in the breakdown of the gas within the

waveguide to form plasma as shown in the schematic of Fig. 5.39.
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Figure 5.39: Schematic diagram showing the operation of self-focusing and the evolution of

the laser spot size from the vacuum to the plasma channel.

As the current flows, the density profile evolves into a stable plasma channel.
The laser pulse with energy of 0.4 ] (50% of the energy in the central spot)
arrives at the plume at ~1.6 mm (zr) from the entrance of the capillary with
intensity ~ 1018 W/cm? and a, = 0.7. At this high intensity (> 3 x 1016 W/cm?),
hydrogen ionisation occurs [5] producing the plasma with density of ~2-6 x
1018 cm-3 as shown by other measurements.

The laser pulse with this sufficient intensity will experience a refractive index
that is peaked on-axis, leading to self-focusing (see chapter 2) and propagation
over distances longer than the Rayleigh range. This positive focusing effect
becomes stronger as the laser beam decreases in diameter and becomes more
intense.

Figure 5.40 shows the results of simulations [30] for relativistic self-focusing
of laser spot for different plasma densities: 1 x 1018 cm=3, 3 x 1018 cm=3and 5 x
1018 cm3. From the figure it can be seen that the laser pulse becomes more
intense and the focusing effect becomes stronger with increasing the plasma
density. As an example for the case here, with plasma density at the plume of 3 x

1018 cm3, a, can be increased from ~ 0.7 to ~ 1.4 at the capillary plane.
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Figure 5.40: The evolution of a, as function of longitudinal distance normalised to the
Rayleigh length for density values of p; =1 x 108 cm3 (black curve), p, =3 x 108 cm3 (red
curve) and p; =5 x 1018 cm-3 (blue curve). The p = 0 green curve shows the vacuum evolution

ofag .

For the plasma channel inside the capillary, ao can increase yet further
beyond that achieved when the pulse is first self-focused in the plume region.
From simulations performed by other work [31], this allows ao to evolve
sufficiently to reach the threshold for injection of electrons into the wake, which
is estimated to occur at ap ~3-4 [32]. With respect to the laser pulse, there are
competing self-focusing and diffractive (from mismatching to the channel)
effects. The poor electron generation observed in the wider entrance diameter
S2 and TP2 capillaries show that good initial coupling to the waveguide is
important.

The experiments show that the performance of the capillary discharge
channel guided accelerator strongly depends on capillary diameter, discharge
delay and peak power of the laser pulses. Acceleration is reported for the first
time in a tapered waveguide, with the laser guided from the 280 um large end to
230 pm small end, which results in an electron energy around 2.2 times the
energy of electrons accelerated by the same laser in a gas jet [27] and around
1.5 times the energy of electrons accelerated by the same laser in a straight

capillary.
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Through the data analysis for electron beam generation, regarding the
electron energy, beam pointing and divergence, it is found that control of the
discharge delay and input energy are critical for stable operation. A change of
less than 20 ns in the discharge delay and of less than about 15% in the input
energy significantly affects capillary performance. From comparison of
characteristics of the electron bunches produced by straight and capillaries it
was observed that:

* The 230 um diameter straight capillary operation provided accelerated
electron bunches with maximum energy around 211 MeV and an rms
relative energy spread as low as 1.0% with lowest values for a charge of
0.3 pC. The average of beam divergence was also low at 1.6-1.8 mrad rms
in both axes.

* Quasi-monoenergetic electron beams using tapered capillary with the
laser guided from the 280 um large end to 230 pm small end is observed.
It is shown that through a plasma density gradient from 2.5 x 1018 cm-3
to 3.8 x 1018 cm3 electron beams with energies of up to 320 MeV with
maximum value for the total accelerated charge of ~6.6 pC are measured.
The minimum divergence of electron beam measured is ~0.85 mrad.

» Using a negatively tapered capillary with the laser guided from the
206 pm small end to the 270 um large end, the highest beam quality is
observed, with low energy spread and low beam divergence for lower
charge. It is shown from this capillary that very good shot-to-shot
pointing stability with r.m.s. Pointing angles of 0.3-0.4 mrad in both
horizontal and vertical axes.

Although these results are encouraging, there are important features in the
data indicating that the contribution of the waveguide as a tool for extending the
laser plasma interaction length is not fully understood. These features include a
sensitive dependence of electron acceleration on the capillary entrance
diameter. It is not entirely clear how much influence the density tapering
(which is relatively gentle in the tested capillaries) is having on the acceleration.

Importantly, for the LWFA process, the longitudinal position of the injection

point and subsequent acceleration is not known. Given that the dephasing
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length (for a straight capillary), from Eq. 2.35, is typically only a few mm, it is
then therefore not known how much of the energy enhancement in the TP1
capillary is due to the taper. Ignoring any tapering, predicted electron energies,
from E q. 2.47, for the 3 main capillaries are given in Table 5.6 for the measured
or estimated plasma densities at the start, middle and end of the waveguides
(intensity = 2 x 1018 W/cm? for ao = 1 and specific laser self-focusing effects are

also neglected).

Start (z=0 cm) Middle (z =2 cm) End (z=4 cm)

Name ne E (MeV) ne E (MeV) ne E (MeV)
TP1 2.5 321 3.1 259 3.8 211
S1 3.5 229 3.5 229 3.5 229
TN 4.7 171 3.6 223 2.8 286

Table 5.6: Theoretical energy gains in each capillary, ignoring any tapering, for three

longitudinal z positions. The plasma density n. is in units of 1018 cm-3.

The expected S1 electron energy is clearly independent of position because
the density is uniform and the energy value of 229 MeV is quite close to the
measured mean value of 205 MeV. That for TP1 decreases as the density
increases and is closest to the measured mean value of 250 MeV around the
middle. That for TN increases as the density decreases and is reasonably close
to the measured mean value of 184 MeV at the start location.

If acceleration is occurring around the middle of the capillary, allowing for
self-focusing to reach the required level for injection to happen, then there may
be some evidence that positive tapering is enhancing the electron energy. The
22% energy increase from S1 to TP1 in the experiment is larger than the 13%
middle increase from Table 5.6.

On the other hand, if electron injection and acceleration occur early in the
propagation of the laser pulse in the plasma channel, then the larger energy
found for TP1 can be explained simply by the lower density at the start, from
Table 5.6. In any case, acceleration ceases close to the dephasing length,

evidenced by the narrow energy spreads, probably because of pump depletion
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effects destroying the bubble structure. The analysis above is very simplified
but the difficulty in running particle-in-cell simulations over the very long
propagation distances makes it hard to gain useful information from such
computing facilities [30].

Reasonable agreements, however, with experiments for the energy ratios
between capillaries can be found using the simple energy gain estimate, as
shown in Table 5.7. This indicates an injection point around 1 cm into the
capillary which is consistent with the ablation damage data (Fig. 5.36) that
extended ~0.6 mm into the capillary entrance region. Large uncertainties in the
experiment and the theoretical energy gain estimates make it impossible to

determine if the density tapers are influencing the final electron energies.

Experiment Theory (z =1 cm)
Name | n. | E (MeV) | Ratio | ne E (MeV) | Ratio
TP1 | 25 250 1.22 | 2.8 286 1.25
S1 3.5 205 - 3.5 229 -
TN 4.7 184 090 | 4.2 191 0.83

Table 5.7: Comparison between the experimental and theoretical (z = 1 cm) at energy gains in
each capillary, ignoring any tapering. The ratios indicate the TP1 and TN energy differences
with respect to the corresponding S1 energy. The plasma density n. is in units of 1018 cm- and

laser ap=1.

Electron bunches produced from the LWFA show excellent stability when
using the negatively tapered capillary. There is a marked improvement of the
shot-to-shot stability of electron beam parameters (divergence, pointing
direction and energy spread), which could be very important to the success of

laser-driven electron sources for applications such as the free-electron laser [1].
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CHAPTER 6

Proton and heavy ion acceleration

from thin hydride targets

6.1 Introduction

As described in chapter 2, the acceleration mechanism to generate the
highest energy ion beams from laser interactions with thin foils is the TNSA
mechanism. Although significant progress has been made towards enhancing
the ion energies obtained via the TNSA mechanism, further development is
needed to increase the ion energies to the level required for some of the
applications envisaged. Many different methods have been proposed to increase
the number and energy of protons [1, 2]. One of the more successful techniques
used for producing energetic protons is a micro-structured target that drives
electrons from the bulk structure to generate proton beams from the micro-
structure on the rear surface [3]. Reports of recent experiments have shown
that proton beams with fluxes of approximately 10° protons from a single pulse
for a broad spectrum [4] and 108 protons from shaped targets with a peak
energy below 10 MeV [3] can be produced. The highest proton energy achieved
to date is ~70 MeV [5], while proton oncology requires fluxes of about 101!
protons per second and energies of around 200 MeV to be effective [6].

In the interests of achieving the required number of protons, it has been
suggested that targets could be implanted with hydrogen. There is no existing

data in the literature on laser-driven ion acceleration experiments using
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hydride targets and it is this subject that forms the basis of the work presented
here.

In this chapter, it is determined whether implantation of hydrogen can in fact
result in an increase in the proton flux and, if so, the extent of the effect. In the
first section, the experimental setup featuring a description of the laser system
(JETI) and targets used and diagnostics required to detect the ion beam are
presented. An overview of experimental results follows in section 6.3 including,
in particular, the effect of the ablation on proton production. Finally, the

conclusions are presented in section 6.4.

6.2 Experimental setup and diagnostics

A different accelerator setup for the acceleration of ions than that applied
for laser wakefield acceleration of electrons has been employed with a shift of
target from underdense plasma to overdense plasma. The laser has been
directed onto a thin solid target which enables TNSA to produce energetic ion
beams (section 2.3.2). The experiment is a two-beam setup with a second laser

of lower intensity used to simultaneously irradiation the back side of the target.

6.2.1 The Jena Titanium:sapphire (JETI) Laser

The experiments presented here have been performed at the multi-TW JETI
laser (10° contrast) system at the Friedrich Schiller University, Jena, Germany
[2, 3]. The JETI laser is a titanium-doped sapphire (Ti:Sa) laser with a maximum
pulse energy of = 1], a pulse duration of 80 fs, a focal spot diameter of * 6 um
and a pulse repetition of 10 Hz at a wavelength of 795 nm.

The intensity I of a laser pulse is given by the pulse energy E per beam cross

section A and pulse duration 7

I=—, 6.1
e (6.1)

where the smallest value for A (~28 um?) is in principle determined by the laser

wavelength and the aperture of the focal elements. The focal mirror used at Jena
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is a gold-coated off-axis f/2 parabolic mirror with a focal length of 12 cm.
Increasing the intensity on the target is carried out by shortening the pulse
length or increasing the pulse energy within the limits of the components of the
system. For the given laser parameters, the final maximum intensity on target

produced is % 4.4 x 10'° W/cm? giving a normalised vector potential a, = 4.5.

6.2.2 Targets and techniques
The schematic experimental setup is displayed in Fig. 6.1. The laser is
incident on the target at an angle of about 23°. Three different metal foils have
been chosen for the experiments, each consisting of standard isotopic
abundances:
* Gold: 8 pum with hydrogen implantation and 8 um without hydrogen
implantation.
» Copper: 7 um with hydrogen implantation and 10 um without hydrogen
implantation.
* Titanium: 10 pm with hydrogen implantation and 10 pm without

hydrogen implantation.

The foils have been prepared using the following method: each foil is placed
in a vacuum (2 x 107 atm) that is then filled with hydrogen (2 atm) and left
under these condition for three weeks. This was considered to be sufficient time
for hydrogen migration into the bulk material in each foil to saturate.

In addition, one has to take care of parasitic proton contributions from
surrounding contamination layers such as oil or water vapour, which can be
removed by controlled laser ablation of the target back side (see Fig. 6.1). By
removing the proton source the screening effect caused by the protons can be
suppressed and enhance maximum energy of heavier ions [7, 8]. In this
technique a low intensity laser, pulsed or continuous, is focused onto the target
back surface. The vacuum must be sufficiently high such that the rate of ablation
is above the rate of contaminant recombination on the surface. The laser fluence
on target of the cleaning pulse has to be high enough to ablate contaminants

from the surface while not ionising the surface or melting the target. The
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observed fluence threshold corresponds to typical values for the ablation of

contaminant layers from surfaces of ~ (1.2 + 0.3) J/cm? [2].

Thomson parabola
Accelerated

protons
..3+
@

Inci
las

I~ 4x10¥W/em*

Pre-plasma CR39 detector

Laser for ablation

Foil with hydrogen
implantation

Figure 6.1: Experimental arrangement for laser proton and ion acceleration from hydride
targets. A TW-laser pulse is focused to an intensity of I~ 4.4 x 101°W/cm? onto a thin metal foil
implanted with hydrogen. A second laser, which is incident on the target rear surface, is used to
remove hydrocarbon contaminations. The protons and ions accelerated from the target are
dispersed with respect to energy and charge-mass ratio in a Thomson parabola and then
detected by nuclear track detector plastics (CR39). The aperture in front of the Thomson

parabola serves as a pinhole for the Thomson spectrometer.

In this experiment, a frequency-doubled Nd:YAG ablation laser (532 nm,
5 ns pulse duration) is incident on the target rear side at an angle of 23° and co-
centred with the JETI incidence laser position. The laser is weakly focused on
the target to cover the whole proton source area and was attenuated with a
variable set of density filters to apply a well-defined ablation fluence. Both with
and without hydrogen present, the results were measured for each foil without
ablation and for 10 s ablation time. Comparing the results of ions generated
from both ablated and unablated targets, it is possible to determine whether the
implanted protons are concentrated in the bulk structure or on the surface of
the target. To have sufficient yield, a total of 5 shots of ~1 ] have been fired at
each of the targets.
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Many different diagnostic techniques are used to study laser-accelerated
protons and heavy ions [9-11]. The only technique used in the experiment
described here that is able to distinguish between ion species having different
charge-to-mass ratios and record their energy spectra separately is a:

®* Thomson parabola spectrometer based on parallel electric and magnetic

fields to distinguish the ions by their charge-to-mass ratio and energy
and

® (CR39 detector (nuclear track detector) which is attached to a base

behind the Thomson spectrometer.

The following sections describe these two detectors.

6.2.3 Thomson parabola spectrometer

A Thomson parabola spectrometer is the ideal spectrometer for common
experimental conditions in laser-solid target interaction experiments [12]. It
determines the energy distributions of the particles in a single shot and consists
of a superposition of electric and magnetic fields. The field lines are parallel to
each other but perpendicular to the initial direction of motion of the particles.
The electric field is produced by a potential difference between two electrodes
and the magnetic field is produced by two permanent magnets. A schematic of a
Thomson parabola ion spectrometer is presented in Fig. 6.2.

It is assumed that an ion with charge, g, and mass, m, propagating in the z
direction with velocity, v, enters a homogeneous electric (E) and magnetic field
(B) distribution. After the ion has moved through the field, it is deflected
perpendicular to the magnetic field and parallel to electric field depending on

particle parameters. The deflection is given by

b qEld 6.2
=2 (6:2)
and
qBld
Dy = , (6.3)

mv
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where [, d are the length of the field and distance from the middle of the fields to
the plane of the detector. Combining these equations a parabolic equation is

obtained

(Dy)?. (6.4)

Clearly this equation shows that the particles with the same charge-to-mass
ratio and different energies are deflected on the same parabola but the particles
with different charge-to-mass ratio are deflected on separate parabolas at the

detector plane as shown later by the example in Fig. 6.5.

Magnet and
electric plates
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/ /,x
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"
'
e

#

Ion beam

Figure 6.2: Schematic of a Thomson parabola spectrometer. Particles pass through a region
with electric and magnetic fields that are parallel to each other. The particles are deflected with

respect to their charge-to-mass ratio.

In these experiments, the entrance window of the Thomson spectrometer is
1 mm in diameter while the distance from the entrance window to the exit is
10 cm and the CR39 track detector is placed a further 4 cm behind. The plates of
the Thomson spectrometer are separated by a 25 mm, the voltage across the
copper plates is set to 7 kV and the magnets produce an average magnetic field

strength of 525 mT.
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6.2.4 Nuclear track detector CR39

“California Resin No. 39” (CR39) is widely used as a particle detector for
ultra-high intensity laser plasma experiments to obtain beam spatial and
spectral information [13-15]. The CR39 plastic track detector is formed by
a C12H1807 polymer that has a density of 1.3 g/cm3, which is exposed to nuclear
radiation (charged particles, neutrons and gamma-rays). In the experiments
described here, CR39 of typically (85 x 50 x 1) mm? size, which is sensitive to
all heavy ions currently emitted from laser-thin foil interactions and that can
detect protons up to 18 MeV [16], has been used. The main advantage of CR39
as a detector in these application areas is its insensitivity to electromagnetic

radiation and lightly ionising particles such as electrons.

6.2.4.1 Track formation mechanisms and track etching

A charged particle passing through CR39 interacts with electrons and nuclei,
and also with the medium as a whole (Cerenkov radiation, bremsstrahlung)
through electromagnetic interaction and internuclear scattering. When the
particle is highly relativistic, ionisation is the main electromagnetic contribution
to energy loss. For ions with energies greater than 1 MeV, nuclear losses are
small compared with electronic energy losses. On the other hand, heavy ions
predominantly lose energy through Coulomb interactions with orbital electrons
of the target atoms. These interactions are described in the Bethe-Bloch formula

[17]

dE C.Z*? Wi2 ox
— ) = l —-2p%-6-U|, 6.5

(dx) B? [n < I? g (6.5
where, C; = 2nn.e*/mc?, n, is electron density, m is electron mass, Wmay is
maximum of the energy transfer, Z is the charge, f = v/c, v ision velocity, I is
mean ionisation potential, § iS a correction for the polarisation effect of the

media for relativistic velocities and U is a correction for small velocities.
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The track formation depends on the total amount of energy deposited per
unit path length by the incident particle. Total energy losses (dE/dx) in
interactions with electrons are a function of particle energy and have a
characteristic shape as shown in Fig. 6.3(a). This shape is directly related to the
empirically observed critical value of (dE/dx).. When (dE/dx) exceeds this
critical value, tracks are formed. Also, the total energy loss of the particle

depends on its range, R, in CR39 material which is defined by

0 0 1
f ax Lmax dE/dxd

Emax

(6.6)

From this equation and Fig. 6.3(b), it can be seen that the highest energy loss
occurs at low energies and at the end of the particle range. This means that
particles stopping in the matter will leave the most visible tracks and, from that,

information on particle species and energy can be obtained from the observed

tracks.
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Figure 6.3: Energy loss dE/dx for heavy ion particles in CR39 (a) as a function of energy and (b)
as a function of particle range [18]. The highest energy loss occurs at the end of the range at low

energies, shortly before the particle is stopped.

The most common method to render the individual tracks visible is chemical
etching in a suitable etchant. The etchant removes material in a very narrow
region around the track at rate V;, while it also removes material from

undamaged regions at bulk etch rate V},. As a consequence of chemical etching,
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a conical etch pit appears in the CR39, as shown in Fig. 6.4(a). The track

sensitivity, S, is defined as the ratio of etch rates

S=V./V, -1, (6.7)
which is thought to be a function of the restricted energy loss, REL, of the
incident charged particle [19]. REL is defined as the energy loss rate along the
track core region near the particle trajectory. Using the measurable parameters,
that is the cone length, L, of the etch pit and amount of bulk etch, B, the track

sensitivity is obtained as

S=L/B-1. (6.8)
A damaged surface, such as an ion track, scratches, dust, dirt, etc., acts as a
scattering centre that absorbs, reflects and scatters any incident light. How the
light is scattered at a single etch crater depends strongly on the form of the
crater as is shown, for example, in Fig. 6.4(b). Cone-shaped tracks will appear
almost black since the light is not scattered back to source while, with bowl-
shaped ends, tracks will develop a very bright spot in the middle which
increases with increasing bowl-diameter. Tracks that have no cone walls left
and consist entirely of a rounded bowl appear light and with a weak contrast
with respect to an unperturbed surface.

In the experiments presented in this work, 6N NaOH solution was used at
~80°C as an etchant. Etching times were ~3 h for ions and protons analysis.
After etching, charged particle tracks become visible, as is illustrated in
Fig. 6.5 (a). By using an automated scanning and high-precision optical
microscope, the traces can be analysed with single impact resolution, as shown
in Fig. 6.5(b) and Fig. 6.5(c) for both protons and carbon ions, respectively. This
system identifies and records the pits positions, lengths and other information
on the pits. This information depends on particle species, its energy and angle of

incidence and etching parameters.
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Figure 6.4: Schematic cross-sectional view of etch pit geometry. (a) An etch pit grows along the
track with length L at etch rate V; for the amount of bulk etch B at rate V,. (b) Different track

shapes show different appearances depending on how they reflect the light.

Zero deflection point

Figure 6.5: (a) Irradiated and processed piece of CR39 showing several ion traces in addition to
the strong proton track (long top trace). Microscope image showing the difference between ion

and proton tracks which is shown in (b) for the case of protons and in (c) for carbon ions.
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The experimental data is analysed further after the scan is completed. For
processing the scanning data the Software Package Plotlt was used and the
Thomson parabola images obtained. The individual parabolic traces are used to
determine the energy spectra. A particular example of a scanned CR39 track
detector measuring protons and ions emitted from a hydride copper target is

presented in Fig. 6.6.
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Figure 6.6: Scanned CR39 image for copper doped with hydrogen. Different ion species ( Cu **, O**
,C, c*, c*, c*, 0% and protons) are clearly visible and have been labelled. X-axis depends on ion

energy and Y-axis depends on charge to mass ratio.

6.3 Experimental results

In this section the results of experiments obtained from the hydride and non
hydride targets (gold, copper and titanium) are presented and the important
trends highlighted. The protons and carbon ions peak yields without ablation
are measured for all target metals and are compared with the measured protons
and carbon ion peak yields with a 10 second ablation time. Also, to determine
the enhancement of the proton and ion yields from hydride targets, their yields
are compared with those of normal targets with and without a 10 second

ablation period.
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The spectral shape of each proton and ion energy distribution is generally
continuous up to the cut-off energy, in agreement with the observations in

similar experiments [20, 21].

6.3.1 Proton production with no ablation and with

10 second ablation

Before presenting the results of accelerated protons, the question of where
the accelerated protons come from will be investigated. Measurements have
shown that the accelerated protons result from contaminantes present on the
target surface. As an example, the composition for a gold target can be a 12 A
thick layer consisting of 27% gold, 60.5% hydrocarbons (CHz), and 12.2% water
vapour (H20) [22]. Protons can also originate from prepared layers [8] or from
the hydrogen implantation layers that are used here.

As will be shown next, when the high intensity laser is incident on the front
surface of a foil target, it will always accelerate protons, independent of the
target material type. The number of protons accelerated without ablation is
expected to be reasonably high due to organic matter contaminants
(hydrocarbons) present on the surface. After ablation, the number of these
protons is expected to be lower due to the reduction of matter contaminants on
the surface [8, 23, 24]. This effect has clearly been seen in the experiment using
gold and copper targets for both cases with and without diffused hydrogen
through the target, as shown in Fig. 6.7. The proton spectra also show an
increase in the proton maximum energy with decreasing ablation time for all
gold and copper targets.

For both cases with and without diffused hydrogen through the target, it has
been observed that the maximum proton energy is 2.2 MeV from the hydride
gold target and 1.9 MeV from the hydride copper target. The proton yield from

the gold was about a factor of two lower than the proton yield from the copper.
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Figure 6.7: Proton spectra from the targets and hydride targets. The black open squares
represent the proton production without ablation and the red open squares represent proton
production with 10 s ablation. The spectra from gold and hydride gold foils are illustrated

by (a,b) and the spectra from copper and hydride copper foils are illustrated by (c,d).

The effect of ablation on the number and energy of protons has been
investigated for the titanium target with and without diffused hydrogen through
it. From the data presented in Fig. 6.8, it can be noticed that without diffused
hydrogen through the target, the number of protons and their energy decreases
when contaminants on the surface are removed by 10 second period of ablation,
as expected and as observed in the gold and copper targets, but with diffused
hydrogen through the titanium, a decrease in the yield is not observed. The

proton yield from hydride titanium did not exhibit the expected decrease while
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the proton yield from hydride gold and copper did, suggesting that the effect

could be related to specific properties of the metals.
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Figure 6.8: Proton spectra from the targets for two different cases, with and without ablation.
The black open squares represent proton production without ablation while the red open
squares represent proton production with 10 second ablation. (a) Shows proton spectra from

titanium and (b) shows proton spectra from hydride titanium.

6.3.2 Proton production from hydride foils

To determine whether implantation of hydrogen results in an enhancement
of the proton yield, yields from all targets with diffused hydrogen through them
have been compared with the proton yields from normal targets.

The comparison between the proton production from hydride targets (gold,
copper and titanium) and proton production from normal targets without
ablation is shown in Fig. 6.9. In this figure, hydride gold and copper targets
without ablation have been shown to give an increase both in proton yield and
maximum energy [Fig. 6.9 (a, b)]. Both hydride gold and copper targets produce
a proton yield of approximately 3 times higher than proton yield from normal
targets. Hydride copper produces proton energy of approximately 2 times
higher than proton energy from normal copper target while no proton energy
increase from hydride gold target has been observed.

For the same condition, the titanium targets showed an inversion of the

proton yields and energy behaviour [Fig. 6.9 (c)]. Normal titanium targets
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produce proton yields and proton energy of approximately 2 times and 1.3,
respectively, higher than proton yields and proton energies from hydride
titanium.

The considerably increased proton yield in the hydride gold and copper
targets indicates that the implanted protons are not affecting the structure of
the metal and they are easily realised. While the reduced protons yield in the
hydride titanium indicates that either the implanted protons are affecting the
metal structure or are binding to it in a manner not previously realised.

With the addition of laser ablation on the rear surface of the targets, the
expected overall increase in proton yield from hydride targets is not observed
as shown in Fig. 6.10 (a, b). The figure shows that the yield from the hydride
gold and copper is now smaller than from the normal targets. Here the
reduction in the proton yield from hydride targets is not significant compared
with the difference between the yields from the hydride and normal targets
without ablation. This could suggest that implanted hydrogen is fairly evenly
distributed within the target and more abundant on the surface than the bulk
structure of the target.

Again, in contrast to the gold and copper targets, the titanium target showed
an inversion of the proton yields after an ablation period, such that the hydride
targets produced more protons than their normal equivalents. The maximum
proton energy measured in the experiment was about 3 MeV which was
obtained from normal titanium without ablation.

Taking all the results into account, it is clear that hydrogen implantation
in targets can lead to an increase in the proton yield and maximum energy but it
is not the case for all target materials. Table 6.1 presents a summary of the
proton production results. There is a strong correlation between the gold and
copper targets. Both hydride targets showing an increase in proton yield of
about a factor of 3. Titanium shows no similarities with the gold and copper

targets and, for the hydride target, the proton yield is reduced.
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Figure 6.9: The difference between proton yield and energy from the targets with diffused
hydrogen through them and from normal targets without ablation. The pink open squares
represent proton production from hydride targets and the blue open squares represent proton
production from normal targets. The proton spectra are from (a) gold, (b) copper and (c)

titanium, respectively.
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titanium, respectively.
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proton yield proton energy proton yield proton energy
Target (no ablation) (no ablation) (10 s ablation) | (10 s ablation)
[protons/MeV/sr] | [protons/MeV/sr] | [protons/MeV/sr] [MeV]
gold 4230+ 60 1.9 600+ 60 1.28
hydride gold 14600+ 120 2.17 560+ 40 1.17
copper 9600+ 100 0.8 4000+£120 0.7
hydrid
yeree 25500 + 150 1.9 3360 + 100 1.75
copper
titanium 18500 + 140 3 7330+90 2.4
hydrid
.y r.1 ¢ 10000+ 100 2.2 820090 2.4
titanium

Table 6.1: Proton peak yield measured from all targets metals used in the experiment. The

uncertainties given are the standard deviations.

This observation could be interpreted by considering that the higher mass
number metals could be less porous for the hydrogen to move through, thus
preventing it from penetrating into the bulk material and leaving high numbers
of protons on the surface. Data from the gold and copper targets indicate that
this could be a reasonable explanation for the increase in yield of protons from
hydride targets. Here it may be that the mass number plays an important role
for proton emission from the target. The crucial mass number where the proton
yields from hydride and normal targets are the same should be seen in one of
the metals with masses between titanium (Z=22) and copper (Z=29). Metals
such as iron, cobalt and nickel would need to be tested to support this

explanation.

6.3.3 Ion production from hydride foils

Throughout the experiment, due to their relatively large charge-to-mass
ratio, protons are accelerated more efficiently and outrun other ion species
thereby screening the accelerating fields for the latter. By removing the

hydrogenous surface contaminants, the field coupling to heavier ions could
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therefore be increased, enabling these ions to be efficiently accelerated. Using
the Thomson-parabola detector, energy spectra of different ion species and
charge states have been obtained and the most common of these are carbon
ions due to the uncontrollable organic matter contamination on the target
surfaces. Thus, carbon ions spectra were obtained from all targets with and
without hydrogen.

Without ablation on the rear surface of the target, four carbon ion charge
states were visible in CR39, corresponding to the C*1 to C** charge states. The
four carbon ion charge states are observed from all hydride and normal targets.
As with the proton spectra, when studying the carbon ions emerging from the
hydride gold without ablation, it is possible to see a clear increase in the yield
and maximum energy of carbon ions emitted from gold with diffused hydrogen.
This increase is clearly visible when comparing Fig. 6.11(a) and (b) for hydride
and normal gold respectively. As an example from these figures, it is clear that
hydride gold has a carbon C*# ion yield approaching 6 times that of the normal
gold target and extending up to twice the energy.

The copper target again behaves similarly to the gold target and a larger
number and higher energy ion species are observed from the hydride copper, as
presented in Fig. 6.11(c) and (d). This observation confirms that hydrogen
diffused through the target has a significant effect on the yield and energy of
ions.

Figure 6.12(a, b) shows the carbon ion spectra with charge states 1+ to 4+ for
both the natural and hydride titanium targets. Again, the titanium target shows
no similarities to the gold and copper targets. Normal titanium shows a larger
number and higher energy carbon ion species. By comparing carbon C*# ion
yields in Fig. 6.12(a, b), it can be seen that normal titanium has a carbon C*# ion
yield approaching 5 times that of the hydride target and extending up to one

and a half times the energy.
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Figure 6.11: Carbon ion spectra with charge states 1+ to 4+ emitted from gold and copper foils

with and without diffused hydrogen through them without ablation. (a,b) show carbon ions

from gold and hydride gold respectively and (c,d) show carbon ions from copper and hydride

copper respectively.

After 10 second ablation, the carbon ion spectra with charge states 1+ to 4+

for both the copper and hydride copper targets were visible [Fig. 6.13(a, b)].

From the data of carbon ions emitted from normal copper targets with and

without 10 s ablation, it can be seen that the yield and maximum energy of

carbon ions increase with increasing ablation time, as expected after the

removal of the organic matter from the surface. This increase in both the yield

and the energy is clearly visible when comparing Fig. 6.11(c) and Fig. 6.13(a),

where the highest charge state (carbon C*4) yield increases by a factor of ~2 and

the energy increases by factor 1.5 from a copper target after 10 second ablation.
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This could be interpreted by protons screening the ions from the accelerating
field. By removing the contamination layer by ablation, efficient acceleration of

heavier ions is facilitated [7, 8, 25].
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Figure 6.12: Carbon ion spectra with charge states 1+ to 4+ emitted from titanium foils with
and without diffused hydrogen through them without ablation. (a) shows carbon ions from

titanium and (b) shows carbon ions from hydride titanium.

Also, in Fig. 6.13(a, b), it can be clearly seen that for the hydride copper
target, the increased yield and maximum energy are observed in carbon ions.
This enhancement is evident by comparing the spectra in Fig. 6.13(a) and (b).
From Fig. 6.13(b), it is interesting to note that for hydride copper foil there is
clearly a change in the spectral shape of the ions at low energy and this change
increases with increasing the ion charge as shown for the spectra C*3 and C**.
This could be due to the fact that, for a hydride copper target, there is a
difference between the mechanism to accelerate higher charge ions at low
energy and the mechanism to accelerate higher charge ions at high energy. At
present this explanation is not very clear and would require further
experimental work on materials physics, which is out with the scope of this
thesis.

In contrast to the copper target, ae different behaviour was noticed for
carbon ion spectra emitted from hydride titanium, and again there is an
increase of the yield and the energy of carbon ions emitted from normal

titanium compared with the yield and the energy of carbon ions emitted from
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hydride titanium. Table 6.2 shows a summary of the results of yields and

energies of carbon ions produced from the applied targets.
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Figure 6.13: Carbon ion spectra with charge states 1+ to 4+ emitted from copper with 10

second ablation. Carbon ions from (a) copper and (b) hydride copper.

Highest carbon ion yield Highest carbon ion yield
Target without ablation with 10 second ablation
[ions/MeV /sr] [ions/MeV/sr]
gold 100+10 -
hydride gold 590+30 -
copper 580+30 1000+ 70
hydride copper 3700+ 100 1800+ 100
titanium 1000+40 400+ 30
hydride titanium 200+ 25 40+ 8

Table 6.2: Highest carbonion yield measured from all targets metals used in the experiment. No
carbon ions were measured from gold and hydride gold after 10 second ablation. The

uncertainties given are the standard deviations.

In this experiment, measured copper ions show a higher yield observed from
the hydride target compared with the copper ions yield observed from the

normal target. The measured titanium ions show little difference in total yield
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between the normal and hydride targets. Gold ions were not observed due to
insufficient energy per pulse to ionise and accelerate them.

Analysing all the results of the carbon ions produced from all targets
indicates that the hydride gold target has a thicker contaminant layer than
normal gold, which produces a lower carbon ion yield. Comparing the proton
yields from gold and copper targets after 10 second ablation indicates that the
implanted protons and contaminant layers on the gold are much thinner than
on copper. It may be for this reason that there were no observable carbon ions
from both gold and hydride gold targets after 10 second ablation.

The hydride copper has an increased carbon ion yield over its normal target
and this increase is still present after 10 second ablation. This indicates a higher
carbon ion concentration in the contaminant layer. The titanium has increased
carbon ion yield over its hydride target with and without 10 second ablation,
which indicates a lower carbon ion concentration in the contaminant layer in

this case.

6.4 Conclusions

It has been demonstrated from these experiments (the first of their kind),
that changing the target surface properties by diffusing hydrogen into the metal
foil leads to a significant increase in the yield and maximum energy of protons
and ions, but these accelerated protons and ions depend strongly on the target
properties.

Measurements from the copper and gold targets show a strong correlation,
both hydride targets show an increase in the maximum energy and yield of
protons and ions. Titanium shows no similarities with the gold and copper
targets. The yield and energy of protons and ions decrease for the hydride
titanium target.

The overall effect of the presence of the hydrogen in the metals remains
unclear, though it is clear that it is not as simple as was originally believed. The

data in these experiments should be extended with future experiments to
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investigate the effect of hydride targetry in the laser proton acceleration process

in more depth.
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CHAPTER 7

Conclusions

The implementation of laser-plasma accelerators to drive sources of
energetic particle (electrons, protons and ions), as well as the experimental
investigation of the optimisation of the properties of these beams presented in
this thesis, represent a significant contribution to the research in this field. It
has been demonstrated that laser plasma accelerators are, in principle, capable
of producing efficiently high quality beams of either relativistic electrons or fast
ions.

After the important progress made for the field, the demonstration that
monoenergetic particle beams from laser-plasma acceleration will open the
door to a variety of applications as discussed in chapter 1. Some aspects of
future work for the advancement of laser-driven particle acceleration will be

discussed in this final chapter.

7.1 Summary of the main results

7.1.1 Electron acceleration

Many applications of laser systems require the pulses to be focused onto a
small area in order to achieve a high intensity. In such cases the length over
which the laser remains intense is fundamentally limited by diffraction. The
output accelerated electrons of the laser-plasma interaction can be greatly
enhanced if diffraction can be overcome by propagation in a capillary discharge
waveguide. This optical guiding of the drive pulse allows acceleration over
much longer distances possible and could allow the full potential of these ultra-

high gradient accelerators to be realised. It has been theoretically predicted that
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employing the tapered capillary discharge waveguide, as described in [1], yields
increased energy gain in a single accelerator stage limited by dephasing and
electron beams with multi-GeV energy could be produced for a wide range of
possible applications.

In chapter 3, the production of straight and tapered hydrogen-filled capillary
discharge waveguides suitable for LWFA experiments was described.
Waveguides have been successfully tested for producing stable plasma. It has
been demonstrated that femtosecond laser micromachining is an effective
technique for producing channels and appropriate acceleration of the scanning
machining laser enables the formation of a linear tapered capillary cross-
section. A strong taper of mean diameter 305 um to 183 um over a length of
40 mm shows that the range of diameters used in LWFA can be met by this
technique.

The development of the pulsed power supply unit to apply plasma channels
in experiments was also described in Chapter 3. The new all solid-state pulser
with TLT was successfully tested in a high voltage test chamber and it provided
a stable breakdown performance, which was suitable for successful application
in LWFA experiments. This is because such experiments require stable plasma
for consistent synchronisation with the high-power laser pulses arriving at the
waveguide entrance. Plasma generation in both straight and tapered capillaries
has been shown to be comparable. Low temporal jitter in the current pulse was
highly advantageous for these experiments where stable synchronisation
between the formation of the plasma channel and the arrival time of the laser
pulse is crucial. The temporal window for stable electron beam generation in
the LWFA, for example, was as narrow as 25ns. The pulser is relatively
inexpensive, with the major costs being the high-voltage DC supply and the high
voltage switch.

From the experimental data presented in chapter 4 for both straight and
tapered capillaries, it can be concluded that the spectroscopic method using the
Stark broadening effect is one of the most promising ways of measuring the

density. The experimental data showed that the Stark broadening of the
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hydrogen line H, is a very successful diagnostic for plasma densities in the
range of 1017-1019 cm3. At these high densities, the plasma temperature can
also be obtained by measuring the ratio of the two line intensities Hg/H,. The
data showed that the density increases with increasing gas pressure, while
increasing the charging voltage increases the amount of light emitted, which is
attributed to the increase of the temperature and not due to an increase of the
plasma density. The density also increases linearly with decreased capillary
diameter due to the higher current density at the smaller radius end of the
capillary. From on-axis plasma density measurements, density profiles have
reasonable parabolic fits, showing a radially increasing plasma density and
centred on-axis with the density dropping off close to the walls. The
experimental data using the tapered capillary show that measurements of the
Stark-broadened Balmer line spectra confirm the existence of a longitudinal
plasma density gradient, which is required in LWFA experiments exploiting a
longitudinal plasma density gradient.

With a constant plasma density of ~2.0 x 1018 cm™3 and an internal diameter

of 280 um over a distance of 40 mm, the experimental data, obtained at laser

intensity ~1012 W/cm2, show that guiding with an average energy transmission

of (85 + 5)% is suitable for LWFA driven by a laser intensity ~1018 W/cm?2. The
tapered capillary guided a laser pulse from an internal diameter of 325 pm to

274 um along an increasing plasma density gradient from (1.0 + 0.1) x 1018 cm-3

and (1.6 = 0.1) x 1018 ¢cm™3 for the wide and narrow ends respectively over
40 mm resulting in an average energy transmission of (80 + 10)% (measured at
low intensity). This transmission should increase to close to 100% at higher
intensities [2, 3] where absorption due to inverse bremsstrahlung heating is
reduced. However, at relativistic intensities, the transmission typically drops to
~30%-40% for ultra-short duration laser pulses due to driving a plasma
wake [2-4]. Interferometric techniques that are used to measure the plasma
density [5] require a square capillary cross-section with optical quality sides.

However, capillaries that are usually used for energetic electron production in
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LWFA experiments have circular cross-sections, which preclude the use of
interferometric techniques. For this reason, the spectroscopic method using the
Stark broadening effect is an alternative method for direct measurement of the
capillary plasma density in LWFAs.

The experiments described in Chapter 5 aimed to investigate the tapered
capillary as a medium for laser-wakefield acceleration in which electron beams
with higher energy and narrower energy spread can be generated. The results
from these experiments showed several important achievements. Firstly, the
hydrogen-filled tapered capillary discharge waveguides has good quality
guiding of laser pulses with peak input intensities of the order of 1018 W/cm?,
which is achieved for the first time, and some improved LWFA performance.
This is also the longest distance over which laser pulses with this intensity have
been guided in any type of waveguide. For example, the waveguide is a factor of
2.6 longer than in the hydrogen-filled capillary discharge straight waveguides
experiments performed by [6].

The performance of the capillary discharge channel guided accelerator
strongly depends on capillary diameter, discharge delay and peak power of the
laser pulses. The tapered waveguide with the laser guided from the 280 pm
large end to 230 pum small end enabled electrons to reach around 2.2 times
higher energy than electrons accelerated by the same laser in a gas jet [7] and
around 1.5 times higher energy than electrons accelerated by the same laser in
straight capillary used here.

A comparison of the electron energy from all capillaries used in our
experiment finds that the positive tapered capillary TP1 produces the electrons
with the highest energy (320 MeV). There is uncertainty about the longitudinal
position at which electron injection and acceleration takes place, given the
complicated interaction between laser self-focusing and waveguiding effects.
Hence, it remains unclear if the higher energies observed in the TP1 capillary
(and the lower energies observed in the TN capillary) are influenced by the

respective density tapers.
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Higher electron energies could be reached in the positively tapered
waveguide if the maximum electron energy is determined by dephasing, which
also sets the maximum length of the accelerator. The dephasing also scales
inversely with ne, i.e.,, higher energies can be achieved by lowering the density
since the dephasing increases. In the TP1 capillary, where the density increasing
along the accelerator results in contracting the size of the wake, the effect is of
continually advancing the dephasing point. This would lead to the electron
being in the accelerating region for a longer distance than in the straight
capillary, thereby increasing the maximum achievable electron energy.

These experiments are in agreement with other work that demonstrated no
or very weak electron beam generation by using a 300 um diameter capillary
with laser peak power of 21 TW [2]. Through the statistical analysis for electron
beam generation, regarding the electron energy, beam pointing and divergence,
it was found that the control of the discharge delay and input energy were
critical for stable operation. A change of less than 20 ns in the discharge delay
and of less than about 15% in the input energy significantly affected capillary
performance. From the comparison of characteristics of the electron bunches
produced by straight and capillaries it is noted that:

Using a negative tapered capillary with the laser guided from the 206 pm
small end to 270 um large end, the highest beam quality is observed with low
energy spread and low beam divergence with lower charge of electron beams. It
was shown from this capillary that good shot-to-shot stability in the pointing of
the electron beam was obtained with pointing angles 0.3-0.4 mrad in both
horizontal and vertical axes.

The data indicate that the contribution of the waveguide for extending the
interaction length is not fully understood. These trends are demonstrated by a
strong dependence of electron acceleration on capillary entrance diameter. The
poor performance of 300 um diameter straight capillary and strong tapered
capillary with entrance diameter of 305 um might have come from a greater
difference between the spot size of the input laser pulse and the matched spot

size of the plasma channel.
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From the scaling laws discussed in Section 2.2, the dephasing limited energy
gain with laser parameters used in the experiments can be estimated for
comparison with the measured energy gain obtained from S1. With laser
intensity of 4.2 x 10® Wem™ and a, = 1.4 (at the capillary plane with the self
focusing effect), the dephasing limited energy gain shown in Eq.2.47
AE ;[MeV] = 295.5 MeV using averaged plasma density of 5.7 x 10'® cm™. This
is a factor 1.4 higher than observed maximum measured central energy (211
MeV), which indicates that an accurate estimation of full plasma channel
properties has been performed.

Electron bunches generated from LWFA show excellent stability upon
applying the negative tapered capillary. Finally it is clear that the potential of
plasma accelerators is being realised and the tapered hydrogen-filled capillary
discharge waveguide developed in this thesis is opening a path to compact
accelerators up to multi-GeV level. It is hoped that in the near future the
electron beams from these compact device could have a significant impact for

applications such as free-electron lasers [8].

7.1.2 Proton and heavy ion acceleration

Experimental investigations of laser-driven acceleration of protons and
heavy ions from thin solid foil targets with hydrogen implantation using high
intensity (4.4 x 10! W/cm?) were studied and described in chapter 6. The
effect of the ablation on the rear surface of the targets on the number of
produced protons and heavy ions was also tested for all targets both with and
without hydrogen implantation. The aim was to discover if it is possible to
enhance the number the proton and heavy ions obtained from targets by proton
implantation. Such an experiment is the first of its kind in this field.

It was believed that the resulting increase in the number of protons within
the target would lead to a significant rise in yield of the accelerated proton [9].
The results obtained from this experiment indicate that the hydrogen
implantation in the targets is not consistently applicable to all target materials

and the behaviour of the protons within the metals is very difficult to fully
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understand. Both gold and copper targets with higher mass number produced
the predicted increase in the proton and heavy ion yield, but the titanium target
with lower mass number produced unexpected yields of proton and heavy ions.
The hydrogen implantation in the targets has another important effect on the
observed protons and ions energy, where the hydride gold and copper targets
produced higher proton and ion energy than the energy of the observed proton
and ion from normal targets. The observation from titanium, however, was not

the same which should be further studied.

7.2 Future work

7.2.1 Time-resolved plasma density

For the study of the plasma channel density profile and the effects of the
capillary geometry on the plasma density and temperature, presented in the
chapter 4, an optical spectrometer was used with 1.1 nm resolution and 2 ms
integration time. Since the integration time is much longer than the discharge
duration (900 ns), it records the time-integrated plasma light spectrum. The
time-integrated measurements presented are expected to yield a smaller
plasma density than the actual one (when the laser pulse is present) because the
peak of the discharge is averaged out. Indeed, the peak density is expected to be
approximately double the time-averaged value. Although this technique still
serves well for characterising the plasma density, in many cases such as in
LWFA, the exact plasma density ideally needs to be resolved in time.

The time-resolved plasma density could be obtained by using a fast gated
camera to record the amplitude of the light as a function of time for each
wavelength setting. The time-dependent spectrum is then retrieved by grouping

the data from each wavelength for each point in time [10].

7.2.2 Guiding with matched spot size
In a fully ionised plasma, optical guiding is affected by plasma density
channels, relativistic self focusing, ponderomotive forces and plasma wave

generation. When considering a non-relativistic laser pulse (ay < 1), its
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propagation is affected only by the radial density profile of the plasma channel.
Monomode guiding is achieved when the beam waist, is matched to the channel

2
dimension as : n, =n,(0) + An, (TL) . A mismatched beam waist leads to
ch

oscillations of the spot size along the propagation direction (beam scalloping)

with an oscillation period nZWMZ/A.

When the beam intensity is high enough (ay = 1) (such as the intensity
used for LWFA experiments presented in chapter 5) to change the mass of
electrons through relativistic effects, self-focusing will occur when the laser
power P exceeds the critical power P.. If the plasma density is too low, the
condition is not met and relativistic self-focusing is ineffective in preventing
pulse diffraction. This certainly explains why no electrons were obtained for the
widest capillaries (S2, TP2), where mismatching is stronger.

The improvement for the LWFA at Strathclyde will be to match the laser
spot size to the plasma channel and higher laser transmission with high quality

electron beam could be achieved.

7.2.3 Modified discharge for LWFA

The LWFA experiment was performed using the new high voltage pulser
based on a transmission line transformer. It was successfully applied for the
plasma density measurements and guiding experiments presented in chapter 4
and it also provides stable plasma for consistent synchronisation with the high-
power laser pulses arriving in the waveguide but there are some difficulties
regarding the use of this pulser. The main difficulty was that it produces a large
amount of heat leading to damage/blocking of the capillary and its perspex
housing. This could be the result of the relatively long current pulse duration
(900 ns). Also the discharge could easily find paths outside the main channel,
possibly due to the nature of the electrode polarity (large negative cathode
potential, zero anode potential).

Refinement of the solid-state pulser for a floating point configuration (no
ground with —V/2 cathode potential and +V/2 anode potential for a total V

discharge potential) could be made to balance the electrode potentials while
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maintaining very low jitter. This could reduce the probability of breakdown
paths forming outside the main channel. Replacement high-voltage switches
could allow a shorter pulse duration (~100-200 ns is sufficient) thus reducing

heating effects.

7.2.4 Strongly tapered capillary

In longitudinally homogeneous plasma, the electron beam velocity is not
matched with the accelerating phase of the wake, resulting in electrons out-
running the accelerating phase of the wake. The energy gain in a laser plasma
accelerator can be limited by this dephasing between the accelerating field of
the plasma wave and the phase position of an electron beam in the wave. By
allowing the plasma density to increase along the propagation path (using
tapering of the plasma density) electron dephasing can be deferred, potentially
increasing the energy gain.

Experimentally employing the positive tapered plasma channel (TP1), as
described in chapter 5, yields increased energy gain in a single accelerator stage.
If the energy gain is due to the taper, then the energy enhancement obtained
(20-40%) for this capillary compares well with an analytical model [1]
predicting ~100-300% gain for a linearly tapered accelerator when one
compares the respective taper rates (0.33 x 1018 cm-3/cm in this experiment,
3.5 x 1018 cm=3/cm in the model).

Experimentally, therefore, a stronger positive tapered capillary, made by the
micromachining manufacturing process [11], could be investigated. In general,
more studies comparing straight and tapered capillaries at various densities are
required to determine the energy gain. Micromachining controllability suggests
that the final waveguide parameters can be tailor-made to suit particular
applications and this may extend, in the future, to non-linear capillary
structures for further enhancement of accelerator, where energy gain can be

significantly increased and multi-GeV energies could be achieved.
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7.2.5 Staging to higher electron energy

Another challenging technique for further increase in the electron energy to
go well beyond 1 GeV is staged acceleration. A possible way to this could be
injecting the electron beam from one laser-plasma accelerator into another.
Using this technique, TeV energies in metres instead of tens of kilometres could
be achieved. A proof-of-principle experiment on staged laser wakefield
acceleration was performed for the first time at the Naval Research Laboratory
[12]. Electrons of energy ~1 MeV from a 2 TW laser-driven nitrogen plasma
were injected in a second laser plasma accelerator driven by a 10 TW pulse in a
helium gas jet, and were accelerated to about 20 MeV in the second stage.

As a future study, a possible way to increase the energy obtained with
laser wakefield acceleration using a so-called two-stage laser wakefield
acceleration is described here. In this configuration, a two-stage LWFA
separates the electron beam formation and acceleration processes and enables
more efficient generation of higher quality electron beams at higher energies.

Using the ALPHA-X accelerator beam line (TOPS 30 TW, 10 Hz laser system),
the scheme considered is drawn schematically in Fig. 7.1. As the first stage,
consider that the laser pulse is focused into the entrance of a hydrogen-filled
capillary discharge (diameter 300 mm, length 10 mm) as the first accelerator to
generate an electron bunch of moderate kinetic energy (injector stage). For such
an accelerator, consider a typical bunch generated in the bubble regime,
assuming a mean energy of about 100 MeV and small absolute energy spread.
The bunch from the first accelerator is injected into a second stage (gas cell
which will be attached to the capillary) with self-guided laser wakefield-driven
acceleration.

The distance between the accelerating stages is kept as short as possible to
maintain the bunch quality. When the laser is tightly focused, it will be guided so
that it will have a good effect on the wakefield in the channel. The bunch from
the first accelerating stage is further accelerated in the self-guided laser

wakefield where the accelerator length is chosen to be considerably longer with
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a plasma of a lower density compared to that in the capillary. This leads to a

bunch with a high mean energy and very low relative energy spread.
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Figure 7.1: Scheme of a possible future experiment for a two-stage laser wakefield accelerator

with a short distance between the stages.

7.2.6 Effect of implanted protons on proton yields

From the work carried out in the experiment described in chapter 6, it can
be concluded that the presence of hydrogen in the metals remains unclear. Also,
it is known that metals such as titanium are very porous. In order to determine
this effect, it is necessary to acquire more data from similar experiments.

To prove that the mass is the crucial factor here, further experiments are
needed that apply a range of targets to see the point where the proton yields
from normal and hydride targets are the same. The target materials for
investigation should have the critical mass number with masses between the
lower mass tested target (titanium Z = 22) and higher mass tested target
(copper Z = 29). To provide evidence, the protons and ions produced from

targets such as iron, cobalt and nickel would need to be investigated.
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7.2.7 Radiation generation

The electron beams produced by the laser-driven accelerator described in this
thesis have a close-to-axis pointing angle (0.3-0.4 mrad in both axes), smallest
pointing fluctuations (just 1.3 mrad in the horizontal axis) and low energy
spread (1%).

These electron sources with more enhancements in the charge and energy
could offer exciting prospects, such as sources of femtosecond radiation pulses
ranging from terahertz frequencies to the X-ray region, offering the opportunity
to develop very compact XFEL instruments.

It is clear that the potential of tapered plasma channel accelerators
developed in this thesis is of key importance. In the near future, electrons and
radiation from these compact devices could have a significant impact on the
scientific and medical communities. Initial radiation studies could be carried out
using the stable electron beams from the tapered -capillary discharge

waveguides as the source.
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