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Abstract

This thesis presents the experimental investigation of Raman amplification of ultra-
short laser pulses by a counter propagating chirped pump pulse through resonant ex-
citation of a plasma density wave. Since plasma is a gain medium able to withstand
very high intensities, this scheme is proposed as the basis of a new generation of laser
amplifiers capable of replacing Chirped Pulse Amplification (CPA) systems, which are
limited by the damage threshold of solid state gain media.

In this experiment, both the pump and the probe beams are generated from a 30
TW Ti:Sapphire CPA laser system. The chirped pump pulse is 250 ps long and cen-
tered at 805 nm. The probe pulse, compressed to minimum 70 fs and then frequency
downshifted before the interaction with the pump pulse in the plasma, contains max-
imum 1 mJ of energy on target. The plasma is generated by striking a high voltage
discharge across a hydrogen gas filled capillary waveguide with the electron plasma

density controlled around 1 x 10'8cm™3.

In addition to a CCD camera and a spec-
trometer, a self-built Frequency-Resolved Optical Gating (FROG) system is employed
as a real time detector to fully reconstruct the probe pulse amplitude and phase.

The experiment is performed in two stages, firstly with low pump energies, about
400 mJ, allowing the verification of chirped pulse Raman amplification mechanisms
in the linear regime. In these conditions the energy gain grows exponentially with the
pump energy and increases with backing pressure. The theoretical predictions showing
that the probe pulse duration should be preserved when using a chirped pump pulse
are confirmed. Maximum energy gain is 450%. The second stage is implemented with
pump energies up to 950 mJ. Initially the Raman process develops in the linear regime.
With the amplification of the probe pulse, the amplification mechanism can transit to a
nonlinear process. The highest energy gain is 650%. Obvious bandwidth broadening
mainly on the high frequency side and gain saturation with either increasing pump or
probe energy are observed. Assisted by 1D aPIC simulations, the transition from the

Raman linear regime to the nonlinear regime is analysed.
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Chapter 1

Introduction

1.1 The development of the laser

Lasers (Light Amplification by Stimulated Emission of Radiation) are sources of very
intense, highly coherent electromagnetic radiation with narrow spectrum bandwidth
and high directionality. These advantages make lasers ideal tools for a wide range of
applications such as nonlinear optics, communications, data storage, high-precision
metrology, high-resolution spectroscopy, manipulation of atoms and molecules as well
as industrial and medical applications. There is no doubt that lasers are one of the
greatest inventions of the last century.

The theoretical foundations of lasers was established in 1917 by Albert Einstein,
who proposed that photons could stimulate the emission of identical photons from ex-
cited atoms [1]. Rudolf Ladenburg reported indirect evidence of stimulated emission in
1928 [2]. However, physicists of the time considered it of little practical importance,
because according to the Boltzmann population distribution, for a system at thermal
equilibrium higher energy states must be less populated than lower levels. Since the
reverse processes of absorption and stimulated emission proceed at rates proportional
to the population number of atoms in the lower and upper states, population inver-

sion must be achieved in order to get net stimulated emission during photons passing
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Figure 1.1: Route map of maximum focused laser intensity and the associated physi-
cal regimes that become accessible. Image is from http://www.engin.umich.edu/
research/cuos/ResearchGroups/HFS/what_is_hfs.html.
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through the medium. Therefore, to develop a proper laser, two questions needed to be
answered: how to excite a population inversion and what to use as an active medium.

The first working laser was realised in 1960 by Theodore Maiman [3] who chose
ruby as the gain medium and used optical pumping to raise the chromium atoms in ruby
to the excited laser level. The development of the first functioning laser inspired other
researchers and several new types of lasers were demonstrated in the early 1960s, such
as the helium-neon gas laser, the neodymium-doped solid state laser and the gallium
arsenide diode laser, etc.

In the following years several new technologies which are of great importance to
the quick growth of the laser peak power were developed. As shown in Fig. 1.1, the
invention of Q-switching [4] and mode-locking [5, 6, 7] enabled the increase of the
power density by concentrating the energy into ever shorter pulses.

Q-switching allows the production of pulsed laser beams by putting a variable at-
tenuator in an optical resonator in order to increase the laser peak intensity. The at-
tenuator can act actively by using shutters, rotating mirrors, acousto-optic modulators,
electro-optic modulators or passively by means of saturable absorbers. It works by
stopping lasing until enough energy is accumulated in the gain medium and can reduce
the pulse duration to nanoseconds with energies typically higher than the saturation en-
ergy of the gain medium.

Mode-locking is a technique that made it possible for lasers to operate at extremely
short duration, on the order of femtoseconds. It consists of the application of a peri-
odic amplitude modulation to the excited resonator modes to induce a fixed phase re-
lationship between them. This leads to constructive interference between these modes
and therefore to very short and intense laser pulses. Mode-locking can be realised by
adding external signals from acousto-optic or electro-optic modulators (active mode-
locking) or by using saturable absorbing elements (passive mode-locking). The pas-
sive mode-locking can either be achieved by using semiconductor saturable absorber

mirrors (SESAM) or an artificial saturable absorber, such as Kerr lens mode locking
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(KLM). For KLLM there are two mechanisms, (a) hard aperture KLLM, in which the Kerr
lens effect in gain medium reduces optical loss on aperture and (b) soft aperture KLM,
in which the Kerr lens leads to better overlap of laser with pump lasers. Moreover,
combining SESAM and KLLM, mode-locking can occur spontaneously (i.e. self-mode-
locking) [7]. In self-mode-locking, the resonator is aligned only for the intense part of
the beam that experience Kerr lensing effect in the gain medium, while the low inten-
sity beam will propagate in a detuned resonator and get attenuated. The mode-locking
technique has enabled the generation of the shortest pulses with durations down to ~
5 fs in Ti:sapphire lasers.

The invention of these two techniques pushed the laser peak powers to GW range
and allowed the investigation of some basic nonlinear optical effects such as nonlinear
ionisation processes, harmonics generation, nonlinear Raman and Brillouin scattering,
4-wave mixing, self-focusing etc.

Compared with Q-switching, mode-locking produces much higher pulse repetition
rates, much lower pulse energies and much shorter pulse durations. These character-
istics determine how the two techniques are applied in the different stages of a laser
chain. Q-switching is mainly employed in main amplifiers to increase the pulse en-
ergy while mode-locking is used in short pulse oscillators to produce low energy seed
pulses for further amplification.

From the late 1960s and for almost 20 years, the laser peak power was limited
to GW-level, due to the risk of damaging the gain media and optical elements. A
breakthrough came in the mid-1980s with the invention of Chirped Pulse Amplification
(CPA), a technique that promoted the development of ultra-intense femtosecond lasers
and pushed the peak power up to the PW-level [8].

The CPA technique generates short duration, high intensity laser pulses by stretch-
ing, amplification and recompression of short duration, low intensity laser pulses. Be-
tween stretching and recompression, the laser pulse, with a time dependent instanta-

neous frequency, is known as a chirped laser pulse. The schematic diagram of CPA
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Figure 1.2: Schematic of chirped pulse amplification laser system. Image
is from http://www.engin.umich.edu/research/cuos/ResearchGroups/HFS/
ExperimentalfacilitiesChirped_Pulse_Amp.html.

laser systems is shown in Fig. 1.2.

Femtosecond pulses from an oscillator are stretched to several hundreds of picosec-
onds to reduce the intensity in the main amplification chain to prevent damage to the
optical components. After amplification, pulses are recompressed obtaining short du-
rations and high power levels. The stretching and recompression are realised with a
dispersive system like a pair of gratings or prisms. The first dispersive element pro-
vides a frequency-dependent angular dispersion of an incident beam in order to create
different optical path lengths for different wavelengths. The second element com-
pensates this angular dispersion so that different wavelength components of the pulse
recombine with a phase shift.

Ti:sapphire lasers are the most widely used solid-state lasers nowadays, replacing
ultrafast dye lasers thanks to the properties of their amplifying medium. Ti:sapphire
crystals have a broad gain bandwidth from 660 nm to 1180 nm and are therefore able to
sustain short pulse durations. The pump absorption frequency of Ti:sapphire crystals

peaks at 490 nm and with a range from 400 nm to 630 nm. Therefore, frequency
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doubled Nd:YAG, Nd:YLF or Nd:YVOy lasers at 532 nm are usually used to pump
Ti:sapphire crystals.

By coupling Ti:sapphire oscillators and amplifiers with the CPA technique, multi
TW tabletop laser systems are widely available in university scale laboratories and
have become the fundamental tool for the study of ultrafast physics. The experiment
described in this thesis has been carried out with such a laser system at the Terahertz
to Optical Pulse Source (TOPS) laboratory at the University of Strathclyde [9].

Furthermore, laser peak powers up to the PW-level were firstly achieved in 1996.
Currently several laser facilities around the world have PW lasers, such as Vulcan laser
at RAL, Titan laser at LLNL, Texas Petawatt at the University of Texas, HERCULES
at the University of Michigan, etc.

The development of TW and PW lasers has paved the way to numerous new appli-
cations like laser wakefield acceleration [10], high harmonic generation [11], compact

X-ray lasers [12], compact terahertz sources [13, 14], fast inertial fusion [15], etc.

1.2 History of plasma based Raman amplifier

High-power ultra-short pulse lasers have become valuable tools for scientists, and in-
teresting physics is bound to emerge with the increase of the laser intensity. However,
at the current stage of development, as shown in Fig. 1.1, the growth is slowing down.
The main obstacle in the way towards achieving higher intensities is the need for large
and expensive optical components. In particular, the size of the gratings for recom-
pression has almost reached the manufacture limit with areas about 1 m?. To overcome
this limitation, one needs to be able to amplify the laser pulses without prior stretching.

Based on this requirement, the concept of a plasma based Raman amplifier was
firstly proposed by G. Shvets in 1998 [16]. This concept, as shown in Fig. 1.3, in-
cludes: (a) transfer of energy from a long pump pulse to a counter-propagating probe

pulse through resonant excitation of a plasma wave, (b) plasmas as a gain medium can
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Figure 1.3: Schematics of Raman amplification of laser pulses in plasma.
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withstand extremely high power densities and can offer high efficiencies over short
distances. Raman amplification in plasma could lead to significant reductions in both
size and cost of high power laser systems.

Laser amplification based on Raman backscattering was originally developed in
gases and liquids. In 1966 Maier, Kaier and Giordmaine reported the observation of an
intense light burst by shooting a ruby laser beam into a cell filled with CS, [17]. In this
experiment, the amplified pulse duration was of the order of ps from a ns input pulse
and the intensity increased by a factor of 10. Further investigations related to features
of Raman and Brillouin scattering were reported experimentally [18] and theoretically
[19, 20, 21] during the following years. A backward Raman laser system for practical
applications was firstly designed by Glass in 1967 [22]. These studies are reviewed in
detail by Kachen in his thesis in 1975 [23].

With increasing laser intensities, the breakdown of the gaseous gain medium be-
came unavoidable. Capable of bearing high power densities, plasma was firstly pro-
posed as a laser amplifier gain medium by Milroy [24] in 1979.

Amplification of a long pulse (ps) growing from thermal noise in plasma was firstly
investigated both theoretically [25, 26, 27] and experimentally [28, 29] in the linear
regime of Raman backscattering (RBS). In the following years, the geometry of a
three-wave interaction between a long pump pulse, a short (fs) counter-propagating
electromagnetic wave and a plasma wave was suggested [26].

Due to the gain bandwidth limitations in the linear regime, more interest was drawn
to the advantages of plasma nonlinearities, namely the Compton scattering regime and
the pump depletion regime [16, 30], in which it is possible not only to amplify but
also to compress the laser pulses. The effects of an optical chirped pump pulse on the
Raman amplification scheme was analyzed by B. Ersfeld [31], indicating that with
a chirped pump pulse some similarities with features commonly associated with the
nonlinear stages of Raman amplification are observed.

Experimentally, several groups have been actively investigating these schemes with
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plasma from micro-capillaries [32, 33] and gas jets [34, 35, 36]. These experiments
have all been performed at high plasma densities and low probe energies. Although
high gain values have been achieved, the reported energy transfer efficiency is low due
to the small input signal.

At the University of Strathclyde, gas-filled capillaries were designed and manu-
factured in the TOPS laboratory with the objective of guiding pump and probe pulses
through a preformed discharge plasma channel to extend the interaction length of the
two beams in plasma. Experimental investigations of the pump pulse chirp effects on
the amplification process have been carried out systematically obtaining results consis-
tent with the theoretical predictions [37]. On the basis of utilising low plasma densities,
long interaction lengths and high probe intensities, the experiment described in this
thesis aims to achieve the transition from the linear regime of Raman amplification to
the Compton regime, in which energy transfer efficiency is high, and most importantly,

pulse compression can be achieved simultaneously with broadband amplification.

1.3 Thesis outline

This thesis presents experimental work aiming to explore the possibility of a plasma
based Raman and Compton amplification for ultra-short laser pulses. The thesis is
divided into 6 chapters and organised as follows:

In Chapter 2, the basic theory of plasma physics and laser-plasma interactions is
reviewed including wave propagation in plasma, optical heating of plasma and an intro-
duction to parametric instabilities. Laser guiding mechanisms, in particular the theory
of guiding in gas-filled capillary discharge waveguides, is also presented.

Chapter 3 concentrates on the theory of Raman amplification of laser pulses in
plasma, in both linear and nonlinear regimes, together with a discussion on possible
limitations of this scheme.

Chapter 4 provides a description of the experimental setup and diagnostics, in par-

10
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ticular the Frequency-Resolved Optical Gating (FROG) system which is used to di-
agnose the pulse length and phase change. Actual experimental implementation is
discussed in details including the production of two laser beams, the generation and
control of the plasma channel and the guiding of the two laser beams.

The experimental results with systematic analysis are reported in Chapter 5. En-
ergy and spectrum gain measurements as a function of various parameters are studied.
Interesting features associated with high energy gain measurements are observed and
investigated with assistance of numerical simulations.

A summary and outlook is given in Chapter 6.

11



Chapter 2

Theoretical background

This chapter introduces the concepts and theories behind the experiment of stimulated
Raman backscattering (SRBS) in plasma. It starts with the mathematical description
of plasma in Section 2.1, followed by an introduction of laser-electron interaction and
propagation of waves in plasma, in Sections 2.2 and 2.3, respectively. Finally, impor-
tant laser-plasma interaction phenomena, including plasma heating, guiding, filamen-

tation and related parametric instabilities are discussed in Sections 2.4 to 2.7.

2.1 Basic concepts and description of plasma

Plasma, known as the fourth state of matter, is an ionised gas which consists of two
components: electrons and ions. On one hand, a space charge separation between elec-
trons and ions gives rise to electric fields while a flow of charged particles gives rise
to magnetic fields. On the other hand, these fields dominate the motion of particles.
Therefore, in plasmas, the motion of charged particles and the evolution of electro-
magnetic fields are tightly coupled together, which gives plasmas unique properties.
Space charges are screened in the interior of a plasma by the way the charged
particles arrange themselves. This arrangement assures effective shielding of any elec-
trostatic fields within a characteristic distance known as the Debye length (assuming

T. > T)) [38]

12
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Ap = \/eoks T/ (¢*ne), @1

where T, = m,v? /kp is the electron plasma temperature in Kelvin, with m, the electron
mass, v the electron thermal velocity and kg the Boltzmann constant. &, ¢ and n, are
the vacuum permittivity, the electron charge and electron number density, respectively.
This means that when a charge Q is inserted into a plasma, the electric field and the
potential produced by this charge will be modified by the re-arrangement of particles
around the charge. The Coulomb potential of the charge is then reduced by an expo-
nential factor due to the cloud of charges surrounding it. Therefore, if the considered
plasma scale is larger than Ap, it can generally be described as an electrically neutral
medium, otherwise, it can be charged.

Plasma is also a good conductor. It responds to electric and magnetic fields collec-
tively. For example, when a small charge separation is induced in an initially uniform
plasma, an electric field created by the charge separation will force the electrons to
return to their initial positions and restore the charge neutrality. However, electrons
will not stop but overshoot the equilibrium position due to inertia and a new electric
field in the opposite direction will pull them back. This electron movement repeats

periodically and will result in a collective oscillation with an angular frequency

2

nedq
0y, = , 2.2
» Vmeeo (2.2)

known as the electron plasma frequency, which only depends on the electron density

n.. Similarly, the ion oscillation frequency is:

| Z*niq?
W, = , 2.3
pi p_—— (2.3)

where n; and m; are the ion density and mass respectively. In a quasi-neutral plasma

n; = ne/Z, where Z is the charge state. The characteristic response time for elec-

tron plasma waves is T, = cop_e1 while for ion acoustic waves is T,; = a);il. Since

13



CHAPTER 2. THEORETICAL BACKGROUND

Wp; K Ope, then 7,; > 7,,. The different timescales involved in the plasma collective
motions are results of the difference in mass between the electrons and ions. When
electron plasma waves are considered, the heavy ions are usually regarded as a static
homogeneous background. The electron plasma wave is the fastest collective phe-
nomenon in a plasma and plays a key role in our experimental study. When acoustic
waves are considered, the fast electron oscillations create an effective radiation pres-

sure which induces ion motion on slow timescales.

2.1.1 Plasma generation

Ionisation occurs when electrons gain sufficient energy to escape the Coulomb poten-
tial of the ions. Here, we will first focus on laser-induced ionisation followed by a
discussion on ionisation by electrical discharge.

When a laser beam of sufficiently high intensity impinges on a medium, the atoms
of the medium will be ionised. This ionisation process, generating electrons and ions
directly by the optical field and not by electron collisions, is called Optical Field Ionisa-
tion (OFI) which can be further divided into three regimes depending on the intensity
and frequency of the laser field: multiphoton ionisation, tunnel ionisation and over-
the-barrier ionisation. The multiphoton ionisation is the first process to occur while
the tunnel ionisation starts at higher intensities. These two regimes are delineated by

the Keldysh parameter [39]:

w
Yeel = q_E\/ 2Ipme: (2.4)

where @ and E are the angular frequency and electric field amplitude of the laser
beam. I, is the ionisation potential of a single atom. When ¥,; > 1, an electron will
successively absorb a number of photons and rise to higher energy states, enabling it
to leave the atom. This is the so-called multiphoton ionisation, as shown in Fig. 2.1

(a). On the other hand, when ¥;,; < 1 the electric field of the laser pulse is high enough

14



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: Schematic description of: (a) multiphoton (b) tunnel and (c) over-the-
barrier ionisation.

and becomes comparable to the Coulomb binding potential and hence the field has the
ability to distort the atomic potential, creating a potential barrier as shown in Fig. 2.1
(b). Under these circumstances, there is a possibility that the electron is able to tunnel
through the potential barrier and escape from the atom. The tunnelling process is a
pure quantum mechanical concept with no classical counterpart.

At even higher intensities, the potential barrier is further suppressed to the extent
that the ground state electrons are no longer bound and hence escape over the barrier.
This phenomenon is known as over the barrier ionisation (OTBI) and is schematically
shown in Fig. 2.1 (c). The intensity required for over the barrier ionisation for an
atomic level with jonisation potential 1,[eV] can be derived as [40]
el

P 97472
g S 102 2.5)

IOTBI [Wcm_z] =

An alternative way of achieving gas ionisation is to apply a DC electric field across
the gas. Different types of discharges and plasmas can be obtained depending on the
applied voltage and the discharge current. Since a gas-filled capillary discharge waveg-
uide (Section 5.1) is employed in this experiment, the plasma is generated by a high
voltage discharge across the capillary. A current pulse passes through a capillary, free
electrons strike atoms and transfer sufficient energy to bound electrons for them to es-
cape the Coulomb potential of the ions. This is known as impact ionisation. In the case

of a high electric field, avalanche breakdown will occur and form plasma.

15
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2.1.2 Plasma description

We start by writing down the Maxwell’s equations governing the electric field E and

magnetic field B:

P
V.E=E 2.
&’ (2.6)
V-B=0, (2.7)
VXE=—"— 2.
X 5 (2.8)
VXB= IJOJ+HOEOW, (2.9)

where p = gn and J = qn¥ are the charge and current density, and Up is the vacuum
permeability. The electromagnetic fields can be expressed by introducing scalar and

vector potentials ¢ and A:
E=-V¢—0A/dt, B=VxA,

so that the homogenous Eqgs. (2.7) and (2.8) are satisfied.
Choosing the Coulomb gauge (V A = 0), Maxwell’s equations can be expressed

as:

VZip =—p/ey, (Poisson’s equation) (2.10)
R I N

Localised time-varying charge and current densities can act as sources of electro-
magnetic waves in a vacuum. Taking the curl of Maxwell’s equation (2.8) (Faraday’s
Law), a wave equation for the electric (similar for magnetic) field with source terms

can be readily derived.

I’E  , . 19J
W—i—c Vx(VxE)——gE. (2.12)
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The addition of sources to the wave equations makes the partial differential equations
inhomogeneous. Note that the dependence of the current density on the field must be
known to find solutions.

Maxwell’s equations not only describe the evolution of the electromagnetic fields
but also the interaction of the plasma particles.

For plasma characterisation, fluid or kinetic models are usually applied to describe
the motion and distribution of electrons and ions depending on the state of the plasma.
The fluid model is based on the assumption that with sufficient collisions a plasma can
stay in a state of thermodynamic equilibrium, i.e. the phase velocity of an electron
plasma wave is much larger than the thermal velocity. It treats the electrons and ions
separately as charged fluids with Maxwell-Boltzmann velocity distributions '. These
two-fluids penetrate each other and interact by thermal pressure and electromagnetic
forces. The fluid model is suitable to describe collective effects as in Sections 2.2, 2.3
and Chapter 3.

The two-fluid description is based on the electron and ion phase space distribution
functions f, ;(7,V,t), which characterise the particle density at a given position 7 and
velocity vV as a function of time [41]. The indices e and i for the electrons and ions will
now be dropped for simplicity. The spatial density of particles n(7,¢) can be obtained

from the distribution function as

n(7,1) = /m f(7V,0)d>v. (2.13)

—o0

The density n(7,t) is the zeroth order moment of f(7,v,t). The average velocity is
given by the first order moment of the distribution function:
u(r,t) = —/vf(r,v,t)d V. (2.14)

n

'The Maxwell-Boltzmann velocity distribution is a description of the velocity probability density
of electrons, when the plasma system is in equilibrium. The distribution density of the velocity is

v m, 3/2 —mev?
f(V):<2nk2T) emeV /2T
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The second order moment describing the momentum flux in the laboratory frame, is

called the pressure tensor, and denoted by

P=m / (F— i) (T— i) f (7, 7,0)d, (2.15)

if ionisation and recombination need not be considered.

Particles are neither created nor destroyed. From this fact, the phase space distri-
bution function is constant along a trajectory, which can be expressed mathematically
by the collisionless Boltzmann equation:

df _of dF of dv df Of F of

= LA 9 gy D9 2.1
o ta o gy o Va0 (2.16)

This is an equation for noncolliding particles in electric and magnetic fields. It de-
scribes the motion of each element of the distribution through phase space according

to the rates of change of position and velocity. The force F applied on the particles is

the Lorentz force:

F=gq(E+VxB). (2.17)

By substituting Eq. (2.17) into the Boltzmann equation, we obtain the Vlasov equation:

%+‘7.vf+1(ﬁ+‘7><3)._:0_ (2.18)
dt m

To account for collisions, the Vlasov equation must be completed with a collision
term 0 f/dt |, on the right hand side (r. h. s.). This term describes changes in
the distribution due to the accumulated effects of collisions, which are short range
interactions between individual particles and will lead to instantaneous changes in the
particle velocities. The fields E and B on the r. h. s. of Eq. (2.17) can be determined
by solving Maxwell’s equations. That is, the plasma is completely described by the

Vlasov and Maxwell’s equations.
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Furthermore, the equations describing the measurable macroscopic variables of a
collective plasma can be derived by taking the different moments of the Vlasov equa-
tions. Inserting Eqs. (2.13) and (2.14) to the zeroth order moment of the Vlasov
equation (i.e. integrating the Vlasov equation over the entire velocity space) yields the
continuity equation for the particle density, which expresses the change in density with
time

dn

§+V-(n\7) =0. (2.19)

The first order moment of the Vlasov equation is the force equation or fluid equa-
tion of motion Eq.(2.20), describing the average force on one species due to collisions
with particles of other species.

%: {g%—(?-V)V} :%(E+\7><B)—1V-16 (2.20)

The derivative of each moment of the Vlasov equation requires a moment of the
next order. To obtain a closed set of equations, it is necessary to express these in terms
of the lower order moments. For example, this can be realised by an approximation of
the heat flow included in the second order moment of the Vlasov equation.

When @/k > vy, the particle movement, as well as the heat flow, are negligible
during the characteristic time of the wave (~ 1/®). In this fast process, there is no
exchange of heat. Therefore, the adiabatic equation of state p/n? = const holds, where
Y= (N +2)/N, with N the number of degrees of freedom. This assumption is well
suited to our case where an under-dense, cold plasma is considered.

For the slow processes, i.e. ®/k < vy, there is enough time for the plasma to
thermalise, causing a consistent temperature and validating the isothermal equation of
state P/n = kgT = const, where P, n, kg and T are the pressure in Pascals, number

density, Boltzmann constant and temperature in kelvin.
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Applying Egs. (2.19), (2.20) and the equation of state for the species composing
the plasma, i.e. electrons and ions, constitute the two-fluid model. Together with
Maxwell’s equations, which describe the evolution of electromagnetic fields, including
the laser radiation and those from the charges and currents in the plasma, it provides a
complete description of the collective effects in the plasma.

However, with the advent of ultrahigh intensity femtosecond lasers, plasmas can
be excited out of the state of thermodynamic equilibrium. Single particle effects arise
among electrons and ions. There are two common approaches for the kinetic theory to
handle these non-equilibrium plasmas. One is by tracking the distributions functions
f(¥,v,t) at each point of the complete phase space of all species. The other is known
as the particle-in-cell (PIC) technique which includes kinetic information by following
the trajectories of a large number of individual particles. PIC simulations are per-
formed for the experiment described in this thesis and the results will be discussed in

Chapter 6.

2.2 Laser-electron interaction

After the introduction of the basic concepts and the description of plasma, laser-electron
interaction will be considered in the framework of the fluid description of plasmas.
With an electromagnetic wave propagating in a plasma, the single electron response

and the collective effect will be discussed in this section.

2.2.1 Electron quiver motion

In an ideal case, when a plane wave propagates in plasma, the electrons will oscillate
at the laser frequency in response to the electric field of the laser. This motion is called
the quiver motion. The driving force from the light wave is the Lorenz force therefore

the equation of motion for a single electron in an electromagnetic wave is:
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d_‘ - -
9P _ J(E+7vxB), (2.21)
dt

where = m,¥ is the momentum of the electron. On ther. h. s., E = —9A/dt and

B =V x A denote the electric and magnetic fields of the light wave (¢ = 0). Neglecting
the relativistic effects for the laser intensities used in the experiment described in this

thesis, the oscillatory velocity is:

Vos = — = dc, (2.22)
me

where 4 is the normalised vector potential, which offers a criterion to distinguish be-
tween different regimes of laser plasma interaction. When |d| < 1, as the case for this
experiment, the relativistic effects can be neglected. In terms of laser pulse intensity
Iy, for linearly polarised laser pulse, the expression for the amplitude of the normalised
vector potential is given by: |d@| ~ 8.5 x 10710 A [um] Ié/ 2 [Wem—2]. In this thesis only
intensities in the range of 1013 ~ 10'5 Wem—2 will be considered, and thus relativistic

effects will be neglected. When |d| > 1, the plasma electron motion is relativistic and

nonlinear, therefore Eq. (2.22) does not apply in this case.

2.2.2 Ponderomotive force

In the previous section, a plane wave was assumed. However, spatial inhomogeneities
will give rise to another non-linear effect that plays a key role in the laser plasma
interaction. In the non-relativistic case (|@| < 1), consider a single electron oscillating
in an electromagnetic field E = Ey(7) cos wr. Neglecting the ¥ x B term, the first order
of the equation of motion Eq. (2.21) can be written as Eq. (2.23) at the initial position
o [42]:

dvi

m— = qE (o). (2.23)

21



CHAPTER 2. THEORETICAL BACKGROUND

The first order of ¥ and ¥ can be evaluated as:

| = VosSinwt ; O] = %cos wt, (2.24)
where Vg, = gEy /m has been described in Eq.(2.22). Applying Taylor expansion to

the electric field, we get:
E(r) 2 E(R) + (07 - V)E|j—py + ... (2.25)

The second order part of the equation of motion can be deduced as expressed in

Eq. (2.26) using Eq. (2.25):

d_’ - —
m=2 = q|(97i -V)E +i < B, (2.26)

where B 1 can be obtained from Maxwell Faraday equation (2.8)

— 1 -
By = _BV X E|,—, sinot. (2.27)

Substituting Eqs. (2.24) and (2.27) back into Eq. (2.26) and averaging over a laser
cycle (such that (cos? (@t)) = <sin2 (1)) = % ) gives the ponderomotive force on an

electron

m<d—‘72> LG Y (2.28)
dt [ won/e Ame? 0P

The ponderomotive force is proportional to the electric field intensity gradient. It
expels the electrons to the region where the electromagnetic field is less intense. One of
the most important effects of the ponderomotive force is the introduction of a charge
separation between electrons and ions, which will eventually give rise to collective

plasma oscillations. Protons and ions are considerably heavier therefore are treated as

stationary when considering the ponderomotive force for short laser pulses (fs-ps).
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2.3 Propagation of waves in plasma

Plasma can sustain many types of waves, such as transverse electromagnetic waves
and longitudinal electrostatic waves. Ignoring magnetised plasmas, an introduction to
wave propagation will be presented with the two-fluid description. The propagation of
electromagnetic wave in plasma will be considered first, followed by the description

of the longitudinal electron and ion plasma waves.

2.3.1 Electromagnetic wave

When a laser beam enters a plasma, electrons quiver in the electromagnetic field. They
oscillate and radiate at the laser frequency with phase shifted relative to the laser ra-
diation field. The dispersion relation of an electromagnetic wave of frequency @ and

wave number k is given by

o*(k) = @y, + K. (2.29)

From this equation, it is easy to see that an electromagnetic wave with frequency @ <
pe cannot propagate in the plasma but is reflected from the boundary of the plasma.
This phenomenon can be explained by the characteristic time of plasma electrons to
shield out the field of the light wave, a)[;el. The electron plasma density at which
the plasma frequency equals the frequency of the incident light is called the critical
density n, = ®*m, &y / e2. At the laser wavelength of 800 nm, the critical density is
1.7 x 10*! em 3.
When light propagates in plasma, the refractive index can be derived from Eq. (2.29)
c ck (DI%e

n:—:—: 1— .
Vop O w?

(2.30)

The refractive index is smaller than 1 therefore the phase velocity v,;, = ¢/n is greater

than the speed of light, while the group velocity is v, = c1.
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2.3.2 Electron plasma wave

Electron plasma waves are also called Langmuir waves. They are longitudinal waves
formed by the electron density oscillations. The electric field is generated by charge
displacement and the energy oscillates between the kinetic energy of the electrons and
the potential energy of the electrostatic field. They are the most common and the fastest

collective phenomena in a plasma. The electron plasma wave dispersion relation is

W; = W}, + 3k vy, (2.31)

This equation is also known as Bohm-Gross dispersion relation [43]. The dominant
term in this equation is a)ge while the 3k62vt2h is a thermal correction, where v;, is the
electron thermal velocity and k. is the wave number of the longitudinal wave. For
our experiment, the electron plasma wave frequency depends mainly on the electron

density and weakly on the wave vector and temperature.

2.3.3 Ion acoustic wave

The ion acoustic wave is driven by both the ion pressure and the electron pressure.
Electrons and ions oscillate together. Its frequency @; is low compared with the elec-
tron plasma wave since the ion mass is much larger than the electron mass. The dis-

persion relation of ion acoustic waves is

; = vsk;, (2.32)

where v = /(ZkgT, + YikgT;) /m; is the sound velocity, 7; the ion temperature and ¥;
the adiabatic coefficient of the ions.

We can see from the dispersion relation that this wave propagates in a plasma in a
similar way to an ordinary sound wave in a neutral gas. There are two differences:
first, unlike sound waves, ion acoustic waves can also propagate in a collisionless

medium, because the charged ions interact over long distances via the electrostatic
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field; second, a plasma also contains electrons which contribute to the wave dispersion
equation which can be seen from the first term (ZkpT,) in the equation for the sound

velocity.

2.4 Plasma heating

When an electromagnetic wave propagates in a plasma, a number of phenomena are re-
sponsible for plasma heating. The most important mechanisms related to the situation

considered in this thesis are inverse bremsstrahlung heating and Landau damping.

2.4.1 Inverse bremsstrahlung

Bremsstrahlung is radiation originating from particle deceleration due to collisions
between charged particles. In plasma, bremsstrahlung mainly arises from electron-
ion collisions. Since the ions are much heavier than the electrons, the bremsstrahlung
radiation comes mostly from electron deceleration. The electrons are in free states
before and after the emission of bremsstrahlung radiation, therefore the process is also
referred as free-free radiation.

When a laser beam propagates in a plasma, the electrons can also absorb energy
from the laser beam. From a classical viewpoint, the electron oscillates in the electric
field of the laser beam. During a collision with an ion, the electron is knocked out of
phase with the electric field, and oscillatory energy of the electron is converted to ran-
dom thermal energy. This process is called inverse bremsstrahlung or sometimes free-
free absorption. As a result of the inverse bremsstrahlung, laser energy is transferred
to electrons in the form of thermal velocity. Therefore, the inverse Bremsstrahlung
process is believed to play an important role in the heating of plasma electrons by
laser radiation. The attenuation of laser intensity due to inverse bremsstrahlung occurs

3/2

at the rate v, = %(ne /n¢)Ve; where V,; ~ Zn,T, '~ is the electron-ion collision rate

[44]. The absorption rate decreases very quickly with increasing temperature. For cold
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plasma, the collision rate is higher thus the laser attenuation is more severe. With a
1 x 10" cm™3, 5 eV and 4 cm plasma, corresponding to the plasma used in the exper-

iment described in this thesis, a maximum of 25% attenuation is expected.

24.2 Landau damping

Landau damping is named after Lev Landau who first realised this phenomenon in
1946 [45, 46]. Compared with inverse bremsstrahlung heating, Landau damping
is a mechanism that can transfer energy between plasma wave and electrons collis-
sionlessly. At high plasma temperature, strong Landau damping occurs and electron
plasma waves can be strongly damped.

To have a simple physical explanation for this effect we start with the motion of

kx—ot)]

a charged particle situated in a one-dimensional electric field Epelil can be de-

scribed as

d? .
é — 9, pitke—on) (2.33)

If the particle starts with velocity ug at position xg, then we may substitute x =
X0 + uot in the electric field term which presents the position of the particle on its

unperturbed trajectory

% _ ﬁEoei(kxo‘Fkuol*(l)t) (234)

dd m ’

which gives

q ei(kxo-i—ku()t—a)t) _ eikxo
—ug = —F, 2.35
“—Ho m 0 i(kup — @) ( )
When kug — o — 0, Eq. (2.35) reduces to
u—up = LEgeo. (2.36)
m
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showing that particles with ugy close to @/k, have velocity perturbations changes in
time. These so-called resonant particles gain energy from, or lose energy to, the wave,
and are responsible for the damping.

The physics of Landau damping is that if an electron moves much slower or faster
than the phase velocity of the plasma wave, the net wave-electron energy exchange
is null, however, when the electron moves with approximately the same speed as the
wave, i.e. the electron is in phase with the wave, it is exposed to a nearly constant
electrostatic field, therefore the energy exchange is not zero anymore. As shown in
Fig. 2.2, when an electron is slightly slower than the phase velocity of the wave, it
will get accelerated and gain energy from the wave. A slightly faster electron will
be caught in the electrostatic field and, at the same time, give energy to the wave.
When the particle velocity is Maxwellian distribution function, the number of particles
with velocities slightly less than the wave phase velocity is larger than the number of
particles with velocities slightly greater. Hence the overall result is the plasma wave
will lose energy to particles. This processes of the plasma wave and electrons exchange

energy without collision is called Landau damping.

JwA fw)A

Slower particle
Gain energy

Faster particle
Lose energy

(a) (b)

Figure 2.2: Schematic of Landau damping. (a) Due to Maxwellian distribution func-
tion of the particle velocity, there are more particles gaining energy from the wave than
losing to the wave. (b) Deformation of the electron velocity in the region v ~ v, after
the energy exchange.
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N
Lens

Figure 2.3: Focusing of a laser beam.

2.5 Guiding of laser beams

High laser intensities are required in a wide range of applications. They can be obtained
simply by focusing a laser beam to a small spot. The focusing of a perfect Gaussian
radial profile laser beam is illustrated in Fig. 2.3. The minimum beam radius along the

propagation direction is called the beam waist wg and the laser intensity at wy is Ip.

_A

4 (2.37)
w

wo

where w is the original radius of a laser beam, A the laser wavelength and f the focal
length of the focusing element. Here the beam radius is defined as the distance from
the beam axis to where the optical intensity drops to 1/e*(= 13.5%) of the value on
the beam axis.

With further propagation (assumed in z direction) the laser spot size w(z) increases

and the laser /(z) intensity drops as:

2
w(z) = w 1+(—) : (2.38)

I(z)=—2 (2.39)

where zz = w2 /A is the Rayleigh length which is defined as the distance from the
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beam waist along the propagation direction to where the beam radius is increased to
v/2wq and the laser intensity drops to %Io. When z is much larger than the Rayleigh

length, the beam divergence half-angle is defined as:

6 =Ztan = —. (2.40)

When high laser intensities need to be sustained over distances longer than the
Rayleigh length, different techniques can be employed to extend the laser high intensity

region.

2.5.1 Introduction of different guiding mechanisms
1. Step refractive index guiding

The waveguide consists of two kinds of materials combined as a core surrounded by a
cladding, as shown in Fig. 2.4 (a). When the refractive index of the core is larger than
the cladding (1core > Nelaa)s it can be seen from Fresnel equations when the incidence
angle 0 satisfies 0 < 0y, (nsin By, = \/ngm —ngl 4g» 1 18 the refractive index of
the medium where the ray is incident from), then a incident ray will experience total

internal reflection (TIR).

Cladding Core Plasma channel
\ }
a) b)

Figure 2.4: Two guiding mechanisms: (a) Step refractive index guiding (b) Gradient
refractive index guiding.

However, the guiding of high intensity laser beams by structures with Ncore > Neiad
is limited by the damage threshold of the core material. When the laser intensity is
greater than 10'* Wem™2, the characteristic of the core material will be changed by

the laser pulse. To avoid any damage, vacuum or a gas can be chosen as the core ma-
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terial. Consequently, with any solid cladding, 1core > Nciaq Will not be satisfied so that
the propagation losses are unavoidable. However, with grazing incidence and due to
the fact that close to the focus the beam divergence is small, the losses can be sustained
at an acceptable range. This type of waveguide is called grazing incidence waveguide
[47]. Since the intensity at the wall is approximately 10~* of that on axis, in princi-
ple, it should be possible to guide pulses with a peak intensity up to 10'® Wem™2. In
practice, fluctuations may reduce the damaging threshold by one to two orders of mag-
nitude. A monomode guiding of a 120 fs laser pulse at an intensity up to 10'® Wem ™2

in hollow dielectric capillary tubes as long as 10 cm was achieved experimentally [48].

2. Gradient refractive index guiding

Waveguides with smoothly changing refractive index in the radial direction can also
be used to counteract beam diffraction, as shown in Fig. 2.4 (b). The refractive in-
dex decreases with the distance from the axis and leads to the wavefront of the laser
beam bending towards the axis of the beam. When applying this mechanism to guide
high intensity laser beams, plasma is always chosen as the guiding medium to avoid
destroying solid materials.

It has been found that a refractive index profile suitable for guiding can be created
in plasma in many ways, e.g. using igniter-heater technique, or ablating capillaries
with a discharge, relying on the ponderomotive force from the laser pulse, or utilising
the electron mass change when relativistic intensities are used.

- Igniter-heater

The igniter-heater technique is based on delivering two consecutive laser pulses
into a gas jet or gas cell. The igniter pulse (< 100 fs, ~ 5 x 10'* Wem™2) is used to
generate the plasma by optical field ionisation of the gas and then a long heater pulse
(~ 100 ps) to further ionise and heat the plasma. The shock wave driven by inverse
bremsstrahlung heating propagates away from the axis and hydrodynamic expansion

results in an electron density with a minimum value on axis, which corresponds to a
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maximum value of the refractive index.

- Ponderomotive guiding

When the power of the laser pulse is sufficiently high, ponderomotive guiding can
occur. As explained in Section 2.2.2, the ponderomotive force pushes plasma particles
away from regions of high field intensity. Particle motion causes a change in the plasma
density with a higher value away from the laser beam. Such a density profile leads to a
refractive index change that acts as a convex lens which focuses the beam to a smaller
diameter.

- Relativistic guiding

When the laser intensity is of the order of 10'® Wem™2, the electron quiver motion
becomes relativistic and the Lorentz factor y = (1 — v2/ c2) ~1/2 affecting the electron
mass cannot be neglected. Assuming the laser pulse propagating in the plasma has
a Gaussian radial profile, the Lorentz factor and the electron mass are maximum on
axis and decrease as the laser intensity decreases. This results in a lower on axis
plasma frequency. Thus, the radial profile of the refractive index peaks on axis and
the gradient of the refractive index guides the laser beam. This guiding mechanism is
known as relativistic guiding [49, 50] and has been obtained experimentally in several
laboratories [51, 52]. The critical power for a laser pulse with ideal Gaussian radial
profile to achieve the relativistic self-focusing in a uniform plasma is given by [53]

2
Pou[GW] ~ 17.4 (@> . (2.41)

Op
There are three points worth noting: (1) the power required for relativistic self-
focusing is lower for higher plasma densities; (2) ponderomotive guiding does not
occur for pulses shorter than the plasma wavelength [53, 54]; (3) ponderomotive and
relativistic guiding usually occur together. The ponderomotive force can increase the
self-focusing effect and reduce the power required to cancel diffraction to P,.,;;[GW] ~
16.2 (wo/@p)* [55, 56].

- Capillary
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Another method of forming the plasma channel is the discharge ablated capillary
waveguide. This method employs a high voltage discharge to ablate the capillary wall
and ionise this material to form the plasma. Since the temperature profile across the
capillary has its peak on axis, and the plasma pressure is uniform, this results in a
plasma density minimum on axis which will overcome the laser beam divergence [50].
This technique was initially investigated by Zigler et. al. [57, 58, 59]

One drawback of this technique is that carbon impurities will give rise to distortion,
and further ionisation will result in defocusing and blue-shift of the laser spectrum.
Furthermore, the lifetime of the device is usually limited to less than 1000 shots due
to ablation of the capillary wall. To overcome these drawbacks, an alternative way
of forming the plasma in capillary has been developed by using a discharge to ionise
pre-filled gas in the capillary. The guiding principle will be described in detail in the

following section since it is the method used in the experiment described in this thesis.

2.5.2 Guiding of laser beams in gas-filled discharge capillary

Inspired by Zigler’s work, Spence and Hooker developed the gas-filled capillary dis-
charge waveguide [60]. Among all the guiding techniques, this method offers a number
of advantages: high transmission efficiency, plasma density tunability and long device
lifetime. However, it also comes with some disadvantages, which will be discussed in
the experimental chapter.

The guiding process of the gas-filled capillary can be divided into three steps. First,
the application of a high voltage along the capillary, pre-forming plasma by ionisation
of H,. Second, the formation of a radial density profile. At the time when the ionisation
is almost complete, the current from the HV power supply is still rising. The thermal
conduction becomes significant and the radial temperature distribution becomes inho-

mogeneous. Based on the ideal gas law

P = nkgT, (2.42)
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assuming the pressure P inside the capillary is constant, the plasma density is inversely
proportional to the temperature. Since the plasma close to the wall is colder, the elec-
tron density increases with the radial distance from the axis. Finally, a quasi-steady-
state equilibrium is achieved and the plasma temperature is maximum on axis corre-
sponding to an axial minimum in the electron density profile. According to Eq. (2.2)
and (2.30), the refractive index depends on the plasma density. Thus, it has a maximum
value on axis. The transverse profile of the refractive index and the electron density

are shown in Fig. 2.5.

— — Plasma density
A — Refractive index

Radial distance

Figure 2.5: Ideal plasma density and refractive index distribution in a gas-filled capil-
lary.

Efficient guiding of a Gaussian laser pulse in an ideal plasma channel requires a

parabolic plasma density profile, as described by

n(r) =n(0) + Angy, (L)z, (2.43)

Ten

where n(0) and n(r) are the electron density on axis and at radius r of the plasma chan-
nel, r.y is the radius of the channel wall and An.;, corresponds to the density increase
from the axis to the wall of the channel which is to be determined experimentally.
Considering a Gaussian laser pulse focused at the entrance of the plasma channel, the

evolution of the spot size w(z) can be derived from the differential equation [50]:
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Figure 2.6: Propagation of laser beams in a plasma channel with wg = wy;, wo < wy
and wo > wyy.

d*w(z) 4 w(z)*
dz2  Kw(z)? <1_ Wiy ) (244)

Assuming dw/dz = 0 at z = 0, w(z) can be calculated from

2 4 2 4
) W5 Wiy wy o Wy 27z
— 0 _ "M 2.45
W=t wd ( 2 2wg> o (Zosc) ’ —

where wy is the waist of the laser beam at z = 0, and wy, is the matched beam waist, as

expressed in Eq. (2.46), in which r, = €2 /(mc?) is the classical electron radius.

2 1/4
wM:< ch ) (2.46)

TreAngy,

When wg = wj, the laser pulse propagates in the plasma channel with a constant spot
size. However, when the beam waist is not matched, i.e. wy # wyy, the spot size will

oscillate between two values with a period of oscillation given by

(2.47)

For a capillary with radius of 150 um and plasma density of 1 x 10'® cm™3, wy,

is calculated to be 55 um and Z,,. is 40 mm. Fig. 2.6 shows the propagation of laser

beams with wy = wyy, wog < wyr and wgy > wyy.
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2.6 Filamentation

When an intense laser pulse is propagating in a dielectric medium, a combination of
two counteracting nonlinear optical effects (one focusing and one defocusing) can lead
to the formation of a dynamic structure during propagation. When the two contri-
butions are of equal strength, the radius of the structure is relatively constant. As a
result, a focused laser pulse maintains a tight focus over a distance much longer than
the diffraction length without the help of any external guiding mechanism. This phe-
nomenon is known as filamentation.

There are many optical effects contributing to the formation of filament. For solid
media or gasses, primarily it is the result of an intricate competition between self-
focusing by optical Kerr effect (OKE) and defocusing by ionisation of the medium and
diffraction. It is generally characterised by the following three steps:

1. For the range of laser intensities considered here, the dominant nonlinearity
is the optical Kerr effect. The refractive index of the medium depends on the laser

intensity which is described by

n)=no+ml+---, (2.48)

where 1) is the linear refractive index of the medium and 1), is the nonlinear refractive
index (1, > 0 for a neutral gas). A Gaussian profile laser beam with higher intensity in
the center induces a refractive index curve with maximum on axis. The laser pulse self-
focuses when the laser power exceeds the nonlinear focusing power Py = A2/27n0n;
[61, 62].

2. As the pulse self-focuses, the peak intensity increases above the ionisation
threshold of the medium. Under-dense plasma is created via multiphoton ionisation

or tunnel ionisation. The presence of the plasma decreases the local refractive index

N:(r) = no+ M (r) — w3 (r) /2007, (2.49)
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where the last term on the r. h. s. is proportional to the local plasma density, a)g(r) ~
n(r). The effect of the plasma is similar to a diverging lens, causing beam defocusing,
which assures no saturation of the process [50, 63, 64]. With decreasing intensity, the
ionisation process is reduced.

3. If the two processes are properly balanced, the laser beam can self-guide and
propagate over many vacuum Rayleigh lengths as a filament, as shown in Fig. 2.7, until

it loses too much energy to produce ionisation. When the diffraction is not compen-

sated, the filament breaks.

- .
Defocusing  Self-focusing

Figure 2.7: Evolution of filament by focusing-defocusing cycles.

Filamentation is accompanied by many effects, such as spectral broadening (white
light generation) [65], pulse compression [66], intensity clamping [67], T-ray (Tera-
hertz radiation) emission [68] and harmonic generation [69] etc. Some of them are
beneficial to our experimental study whereas some are known to be harmful. In this
experiment, spectral broadening caused by self-phase-modulation and ionisation, is
utilised to generate a frequency shifted probe beam that satisfies Eq. (2.50). The ex-
perimental methods will be described in detail in Chapter 4.

Filamentation in plasma usually refers to an instability where spatial fluctuations
in laser intensity grow due to self-focusing at the intensity maxima, leading to breakup

of broad pulses.
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2.7 Parametric instabilities in laser-plasma interactions

Parametric instabilities are a kind of energy transfer processes, in which a pump wave
deposits energy to coupled daughter waves. In laser-plasma interactions, the pump
wave and the daughter waves of parametric instabilities can be electromagnetic as well
as plasma waves. The energy and momentum conservation relations must be satisfied:

— — —

0 =+ 03, ki =k +ks, (2.50)

where @, and k; are the frequency and wave number of the incident pump wave,
whereas @, 3 and k; 3 represent the frequencies and wave numbers of the excited
waves.

To trigger the instability the amplitude of the pump wave needs to exceed a thresh-
old. In the amplification process the daughter waves first experience an exponential
gain in the linear stage and the growth rate is proportional to the pump amplitude.
There are four main parametric instabilities in laser-plasma interactions: the decay of
an electromagnetic pump wave into (1) two electron plasma waves, (2) an electron
and an ion plasma wave, (3) an electron plasma wave and a second electromagnetic
wave, and (4) an ion plasma wave and a second electromagnetic wave. The first two
types of instabilities can only occur for electron densities n, ~ ng./4 and n, ~ ni,
respectively. Those plasma density values are much higher than what we use in our
experiment. The third type is known as Raman scattering, the most relevant instability
to this work, and the fourth type is Brillouin scattering. The last two instabilities will
be discussed in detail.

In addition to the four mentioned instabilities, other types of parametric insta-
bilities exist. For example, laser radiation can decay into a scattered wave and an
electron-acoustic wave, which is called stimulated electron-acoustic decay instability
[70]. Since the amplitude of the acoustic wave is three orders of magnitude smaller

than that of the electron plasma wave, this is not an important mechanism.
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2.7.1 Stimulated Raman scattering

Raman scattering, is named after Indian physicist Sir Chandrasekhara Venkata Raman,
who first published observations of the effect in 1928 [71]. Austrian physicist Adolf
Smekal theoretically described the effect in 1923. When photons are scattered from
an atom or molecule, most photons are elastically scattered (Rayleigh scattering), such
that the scattered photons have the same frequency as the incident photons. However,
it is also possible for the incident photons to interact with the molecules in such a way
that energy is either gained or lost so that the scattered photons are shifted in frequency
to Stokes (down-shift) or anti-Stokes (up-shift) frequencies. However, the anti-Stokes
scattering is usually weak. Such inelastic scattering is called Raman scattering which
can happen in a Raman-active medium such as some type of gas, liquid, crystals or
plasma. The energy difference between the absorbed and emitted photon corresponds
to the energy difference between two resonant states of the material and is independent
of the absolute energy of the photon.

Raman scattering can also happens in plasma. When to see this phenomenon with
the classical wave interpretation, it can simply be characterised as the resonant decay
of an incident electromagnetic pump wave into a frequency shifted scattered electro-
magnetic wave and an electron plasma wave and this process satisfies the energy and
momentum conservation relation as expected [72]. Raman scattering can grow spon-
taneously from noise or can be stimulated by a probe wave at the Stokes frequency
(®w — wp,), leading to its amplification. The latter case, known as stimulated Raman
back scattering (SRBS), offers the potential of amplifying laser pulses to powers ex-
ceeding the damage threshold of current state-of-the-art solid state amplifiers. The
amplification mechanism will be studied in Chapter 3.

The Raman instability has been investigated thoroughly in various situations and
the growth rates are calculated depending on the direction of the scattered electro-
magnetic wave, i.e. Raman backscattering, Raman forward scattering and Raman side

scattering. The relationship between the frequencies and wave numbers of the light
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Scattering Type Resonance Conditions Growth Rate

Stimulated Raman W) = O + Ope Y ﬁ (Zﬁ(’f a0
. W,
forward scattering k===
Stimulated Raman Wy = O + Wpe Y= % Wpe Do
backscattering k= ko+ % 1— 22))(,),6

Table 2.1: Resonance conditions and growth rate of forward and backward Raman
scattering [26].

waves and plasma wave, and the growth rate for Raman scattering are listed in Ta-
ble 2.1 [26]. Although the growth rate of the Raman side scattering is in between of
the Raman backscattering and forward scattering, it is of little importance in the am-
plification process as the side scattered light leaves the pump source immediately, i.e.
the duration of interaction is very short. As shown in Table 2.1, the growth rate for
forward Raman scattering is much less than for backward Raman scattering. Taking
the parameters used in the experiment described in this thesis for example (plasma
density: 1x 10'® cm™3, pump beam energy: 500 mJ, pulse duration: 250 ps, focal
spot size: 60 um, wave length: 800 nm), the growth rate for forward Raman scattering
is Y~ 1.4 x 10° s~!, while for Raman backscattering is 7~ 5.2 x 10'! s~!. But the
forward instability has much more time to develop as the scattered wave travels in the
same direction as the incident wave. It can diminish the gain and therefore should be

suppressed in the experiment.

2.7.2 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a resonant decay of a laser wave into a scat-
tered electromagnetic wave and an ion acoustic wave. The ion acoustic waves have
very low frequency, but a significant wave vector of the order of the laser’s wave vec-
tor ko, therefore a significant portion of the energy can be transferred to the scattered
light which has almost the same wavelength as the laser light. (For backscattering:

Wp; K @, therefore @y ~ wy, k1 ~ —ko,kp; = 2ko) Due to the long time period of the
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ion acoustic waves, typically in ps scale, SBS can become important with a long and
intense pump pulse. For Brillouin scattering, the dispersion relations of the sound and
electromagnetic waves in a plasma only allow backward scattering. The growth rate

for the stimulated Brillouin backscattering is:

1 c
= — w0, 2.51
’y 2\/5 Vg pao ( )

where vy is the sound velocity in the plasma. The electrostatic fields are much smaller
for 1on acoustic waves, therefore in SBS, the saturation occurs at higher wave ampli-
tudes comparing with the SRS. For our experimental parameters, the growth rate of

SBSis y~1.4x 10" s,
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Chapter 3

Raman amplification of laser pulses in

plasma

A comprehensive review of Raman and Compton amplification of laser pulses in plasma
is presented in this chapter. The amplification mechanism is explained first. Follow-
ing this, different regimes are introduced, including the linear regime and the pump
depletion regime of Raman amplification as well as the superradiant amplification (i.e.
the Compton regime). The distinctions of Raman and superradiant amplification are
then discussed. Finally, factors that could limit the laser energy gain in the Raman

amplification process are described and discussed.

3.1 Basic theory of Raman amplification

3.1.1 Raman amplification mechanism

The physics of the Raman scattering can be described in two ways. From a macro-
scopic point of view, we consider a laser pulse propagating in a plasma with uniform
density and constant temperature. An initial density modulation due to the thermal
fluctuations backscatters the laser pulse. The scattered radiation interferes with the

incident radiation and produces a beatwave. If the beatwave frequency is close to
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the plasma frequency, the ponderomotive force associated with the beatwave excites
a plasma wave which is equivalent to a phase grating leading to the Bragg reflection
of the laser pulse. It reinforces the beatwave and thus the plasma wave. Finally, this
feedback loop results in an exponential growth of the scattered radiation.

The amplification mechanism can also be explained from a microscopic picture. A
single electron emits dipole radiation while it is oscillating in the plasma. When a laser
pulse propagates in a homogeneous plasma, neglecting the magnetic field, electrons os-
cillate in the electric field of the laser pulse transversely with the velocity v = —qE /mo
and form a transverse current dJ = dn.qV. The radiated dipole field from the electrons
are incoherent for some directions and cancel out. However, if the plasma density is
modulated in a way that Eq. (2.50) is approximately satisfied, in which the excited
waves are electromagnetic wave and plasma wave, the emission from single electron
dipoles superimposes constructively. Backscattering is preferably used for amplifica-
tion since it has the highest growth rate, and the counter propagating pump wave can

continually deliver energy to the probe.

3.1.2 Coupled equations for the Raman three-wave interaction

Knowing the amplification mechanism, the coupled equations describing the three-
wave interaction of the Raman instability will be derived. We address the case of a
weak scattered field and consider a transverse incident pump wave with vector potential
Ay scattered into A by a small electron density perturbation on.

The current density J can be separated into a transverse part and a longitudinal part.
The transverse current J_; = neqVv,s 1s associated with the light wave, while the longi-
tudinal current fl is related to the Poisson’s equation Eq. (2.10) via the space charge
force, which is the reaction to the ponderomotive force, and satisfies the equation for
charge conservation dp/dt +V - J_E = 0 (a variation of Eq.(2.19)). Combining these

two equations, we have:
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V. (Va(j) +£> =0. 3.1

ot &0

Substituting Eq. (3.1) into Eq. (2.11), we obtain the relation between the transverse

current J; and the light wave vector potential A:

2’ 20z Ji
——cV )|A=—. 3.2
( o012 & (3-2)
Substituting the electron oscillatory velocity into the transverse current, J = —qzne;f /m.

Then, substituting J; into Eq. (3.2) gives a Klein-Gordon type equation for the vector
potential:

i 22y @2 VA =0 (3.3)
8t2 ¢ pn() e '

The radiation wave amplitude is decomposed into pump and probe, the plasma density

into an uniform background and a density fluctuation:

— — —

A=Ag+A;, n.=ny+on. (3.4)

First consider the case where A and 8n are small perturbations, |A;| < |Ag| and |6n| <
no. Substituting Eq. (3.4) into Eq. (3.3), we obtain the wave equations for the pump
and the probe waves. The r.h.s of Eq. (3.5) is then second order in the perturbation and

can be neglected.

9? - on -
(W—czvz+w§) A= —a)l%n—OAl ~ 0, (3.5)
d? - on -
(W—CZVZ—F(DI%) A= —w,%n—OAO. (3.6)

Now we derive the equation to characterise the evolution of the density pertur-
bations of the longitudinal plasma wave. First, we substitute n, = ng + on into the

continuity equation Eq.(2.19) and the second order term < 8nv; is neglected. Then
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taking the time derivative of it and combining it with the equation of motion Eq. (2.20)

we have

T = —ny~V-(E+VxB). 3.7)

The electron velocity can be split into longitudinal and transverse parts, i.e. Vv =
vy + ;. Using A and ¢ to express B and E, the longitudinal component can be derived
from Eq. (2.20).

dii @7 oox, qx_ Lo (PAT) | gz

=L A VA+LIE =__V —E 3.8

dt m? + m 2 m? + m ! (3-8)
In Eq. (3.8), the first term on the r. h. s. (1/2)V(¢2A%/m?) describes the pondero-

motive force. Substituting A =Ay+A; into this term and neglecting the zero and the

second order terms, it can be simplified as follows:

S S
L V(Ag+A1) =~ LV(ApA)).
527 (Ao tA) = -5V (AoAr)

Finally, combining Eq. (3.7) and (3.8), the following equation is derived, which

describes the generation of an electron density fluctuation by variation of the intensity

of the electromagnetic field.

d? on 2
(W + (D[%) n_() = %Vz(AoAl) 3.9)

So now we have the three-wave equations Eq. (3.5), (3.6) and (3.9) to describe the

Raman scattering in plasma.

3.1.3 Slowly-varying envelope approximation

Reduction of the second order equations to first order envelope equations is a simpli-
fication to help find solutions, even if the probe amplitude is not small compared to

that of the pump. Assuming the propagation is along the z direction, and applying the
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slowly-varying envelope approximation, the vector potential of the laser pulses and the

density modulations can be written as

- me ,
Ao =i 2€ £)ei 1 1 c.c.
0,1 Lt(zq)cz(u(z7 )e'Pol +c.c.,

on B neiA®

no 2

(3.10)

+c.c.,

where @y | = wp 17 ko, 12, AQ = @y — Q1 = Awt + Akz and Aw = @y — @1, Ak = ko +k;.
Here i is a unit vector (for linear polarisation # = i, and for circular polarisation i =
(iiy + iiy) /+/2) and c.c. denotes the complex conjugate of the preceding expression.
With the assumption that the variation of the envelopes with time and position is
much slower than that of the corresponding phases, the second derivative of Ao with

respect to time is

822\'0 L{mc\ ; . day
praiadl (2_q> o (21&)0? — w§a0> +c.c., (3.11)

and with respect to position is

. , d
V2A0 ~ U (%) P <2ik0izo — k%ao) ~+c.c., (3.12)

Similar expressions apply for A}. The second time derivative of &n /ng is

92 (%) 1 d
—0 ~ — —iAQ 27 _n — 2
372 26 ( 2iA® Y Aw n) +c.c.. (3.13)

After substituting these expressions into the coupled equations Eq. (3.3), choosing
Aw = w, and applying the approximations cko ~ ck; ~ | ~ @y, finally we have the

reduced three-wave equations

2 9 o
(E —ca—z) ag = z—won ai, (3.14)
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d 9 o)
9 Ll =i 1
(8t+caz) aj l4a)0nao, (3.15)
on 0 .
= = —lw—iaoal, (3.16)

where the asterisk denotes the complex conjugate.

3.2 Raman amplification in different regimes

3.2.1 Raman amplification in the linear regime
- Growth rate

To derive the growth rate of the RBS instability, we first write the wave amplitude
A = A7+ 8A, where Aj is the pump pulse field amplitude and A is the scattered field
amplitude. Substitute it and n, = ny + o6n into Eq. (3.6) and (3.9). Then, Fourier
transform them to the frequency domain and choose A L= ffo cos(wpt — %ox) (where
@ and ko satisfy the plasma dispersion relation D | (750, wy) = a)g — c2%g — (01% =0).
Finally, the dispersion relation for the frequency of the density perturbation can be
expressed as:
(kopvos)? (11

D”((U) :(L)z—(i)ezk: T (D_++D_) y (3.17)

where ,; is the electron Bohm-Gross frequency [43], k is the wave vector of the
ponderomotive force, thus of the plasma wave. v, is the electron oscillatory velocity
amplitude, and Dy = D (k+, @) correspond to waves with up and down shifted fre-
quencies (0L = wy + o, 7{} = %0 iié). Considering the case when the Stokes wave can
propagate, i.e. D_ is small and 1/D_ can be neglected, Eq. (3.17) becomes

(kwpvos)?

) (3.18)

Dy(®)D, (k-,0-) = (0* — 0%)(0* — *K* — 0}) =
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Now introducing a small imaginary component ¥ to @ as ® = @, + iY, substituting this
expression into Eq. (3.18) and solving the equation by separating the real and imagi-

nary parts, the maximum linear growth rate at the plasma resonance can be obtained:

_ kagc Wy

O p—
4 wek(w()_wek)

. (3.19)

The growth rate is highest for Raman backscattering. The wave number k for

backscattering is given by [26]:
20\ /2
k:k0+99< —-—E) ~ 2ko. (3.20)
c @

Typically in experiments, @y > @,; and ko ~ @y/c. With linearly polarised laser

pulses, the growth rate for Raman backscattering is

ao
0= 5B, (3.21)

Similarly, the growth rate for the Raman forward scattering for linear laser polari-

sation is
2
ap a)p

(3.22)

- The accepted resonance detuning for Raman amplification

In the previous section, the growth rate has been derived with the assumption that the
laser beams are monochromatic. However, experiments are carried out using laser
beams with a finite bandwidth. As a result, the Raman scattering process becomes
more complicated than the monochromatic case. The gain bandwidth of Raman am-
plification, i.e. the spectral width over which we can expect growth is given by 2. For
detuning within the bandwidth 47y, the system exhibits an instability with exponential

growth at the rate
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Y(A) =1\ ——. (3.23)

- Raman amplification with a monochromatic pump pulse

When energy transfer from the pump to the probe is small and pump depletion is
negligible i.e. ap =~ const, we are in the Raman linear regime. In this regime, the
collective plasma oscillations govern the electron dynamics. If the resonance condition
for RBS is satisfied, the probe pulse can be quickly amplified with an exponential
growth ae™’, which is an approximation of the Bessel functions that solve Egs. (3.15)
and (3.16) for a constant ay.

When using a monochromatic pump pulse, several disadvantages are associated
with this regime. First, the resonance conditions have to be strictly satisfied due to
the narrow gain bandwidth Ay = 29. Second, because the plasma wave persists after
the interaction has taken place, the long pump pulse can still be backscattered and
add up at the back of the probe pulse. This leads to temporal stretching of the probe
and, as a result, limits the utility of this scheme for the amplification of short laser
pulses. Furthermore, although the gain can be significant, it can be diminished by
several concurrent phenomena, such as spontaneous Raman backscattering and Raman
forward scattering, which lead to pump depletion. However, as will be discussed in
the following sections, different possibilities and regimes exist to amplify short laser

pulses with Raman amplification in plasma.

- Raman amplification with a chirped pump pulse

Raman amplification of laser pulses in plasma has been studied by different research
groups using different approaches. One common feature of all of these experiments
is that the long pump pulse is temporally stretched by frequency chirping, sometimes
directly from the CPA laser chain without compression and sometimes with partial

compression. The impact of the pump frequency chirp on the Raman amplification in
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the linear regime will be explored in this section.

The chirp-induced frequency detuning will limit the duration of interaction be-
tween the resonant frequencies of the pump and the probe pulses, as a result limit-
ing the amplification efficiency. When the pump pulse has a linear frequency chirp
such that a range of frequencies A® are contained in the pulse duration AT, the chirp
rate is defined as o0 = \/m /AT . If the pulse is far from Fourier-limited,

o = Aw/AT. The phase of the pump pulse can be written as follows:

o = wo(t +2/¢) + Qch, (3.24)

where @, = o(t +2z/c)?/2. The chirp determines the longitudinal position at which
each frequency component of the probe will be amplified. In other words, it has the
effects of distributing the gain in both frequency and position. To quantify the effect
of frequency detuning, the interval for the plasma wave to grow is given by the time
when the local detuning of the pump and probe wave remains within the resonance
bandwidth. The amplification of the plasma wave amplitude is thus given by the inte-
gral of the growth rate Eq. (3.23) during this time: [dty(A(t)) = ny5/2a. As aresult,
the RBS gain with a chirped pump pulse is presented in Eq. (3.25), which can be used

to calculate the amplification of each probe spectral component.
G = ™0/, (3.25)

This result is of great importance, as for the case of a monochromatic pump the gain
is exponentially dependent on the interaction duration (or propagation distance), while
with a frequency chirped pump pulse, the gain is independent of the total interaction
length.

Apart from limiting the gain, the pump frequency chirp also plays a role in the
probe pulse evolution. The backscattered radiation superposes coherently just behind

the probe, but dephases at longer distances. Analytical theory shows that the probe
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pulse duration stretches at the beginning and then shrinks at a rate inversely propor-
tional to the interaction time ¢ until the original length, which contrasts with the con-
tinuing stretching of the probe profile expected for a monochromatic pump. Moreover,
the scattered fields effectively carry out a Fourier transform of the probe “on the fly”,
which leads to self-similar growth and an overall amplitude increase proportional to ¢.
The probe evolution shows the characteristics of superradiant scaling which are usu-
ally associated with the nonlinear Raman and Compton regimes. In addition, a chirped
pump pulse can also suppress the unwanted spontaneous scattering by distributing the
gain in both frequency and position [31, 73, 74].

Fig. 3.1 shows the longitudinal profile of the probe pulse at different times using a
chirped pump pulse. In this plot, the probe pulse is moving to the negative z direction
and { = z/c. It can be seen that with time the probe profile gets modulated in the
form of a multispiked wave train. The probe duration increases at the earlier stage of

interaction and then compresses.
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Figure 3.1: Profile of the probe pulse vector potential envelope at different times with
chirped pump pulse.

Therefore, if we want to amplify a short probe pulse, we can either use a chirped
pump pulse to match the resonant conditions for every probe frequency and get each
frequency amplified by a different region of the pump, or make use of the nonlinear

regimes where the probe pulse is amplified and compressed at the same time. The
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latter case of nonlinear regimes will be discussed in the following sections.

3.2.2 Raman pump depletion regime

In the linear stage of Raman backscattering, the amplitude of the pump pulse is ap-
proximately constant. With sufficiently high amplitude of the probe pulse, i.e. a; ~
(w,/4ap)3/?, substantial energy is transferred from the pump to the probe. The pump
will be depleted by the front of the probe pulse, and therefore the growth at the rear
is suppressed. Due to Burnham-Chiao ringing [75], energy can transfer both ways be-
tween the pump and probe and the probe evolves into a series of short pulses. Thus,
the amplification process reaches the nonlinear stage, i.e. the Raman pump depletion
regime [30].

Applying the three-wave equations Eq. (3.14), (3.15) and (3.16) to the description
of Raman amplification of a short probe pulse in the nonlinear regime, we will find a
self-similar solution of a sine-Gordon type of equation [76] for the envelopes of the
scattered wave, the pump wave and the plasma density. Such a solution for the scat-
tered wave firstly shows an amplitude increase from its initial value and then oscillates
with a period of 1/ }/3. Fig. 3.2 shows the evolution of the probe pulse’s envelope at

different times in the pump depletion regime.
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Figure 3.2: Evolution of the probe pulse vector potential envelope at different times in
the pump depletion regime.
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To understand the pump depletion regime, we need to look at the interaction pro-
cess in detail. At the beginning of the amplification process, the probe pulse absorbs
almost all the energy of the pump pulse it encounters. When the pump is depleted, the
energy flow reverses and the probe pulse is backscattered into the pump and depleted
as well. The zeros of the pump and probe pulses take turns. Each time one pulse is
depleted the carrier wave shifts its phase by 7 and the energy transfer reverses. Con-
sequentially the output probe becomes a pulse train which is the so called “z-pulse”,
with the first spike containing about 50% of its energy. The peak of the amplified probe
pulse grows proportional to the interaction time and it approaches the pulse front with
superluminal speed. The pulse duration of the first spike shrinks and is inversely pro-
portional to the interaction time. This regime is expected to be accessed when the
pump pulse has a rather low intensity Iy = 10'? ~ 10'> Wem™2 and the plasma density
is high enough n, /n.; = 0.01 ~0.1.

For the amplified probe pulse, a non-negligible fraction of the pump pulse energy
is absorbed in the secondary peaks of the pulse train. To overcome this problem,
theoretical results for a monochromatic pump pulse with normalised vector potential
larger than the wave breaking limit (ap, ~ 1/4(w),/ ®)3/2) show that the plasma wave
breaks close to the leading maximum of the amplified pulse. This will prevent the
reverse scattering from the probe to the pump pulse, so that all the secondary 7-pulses
can be suppressed [30, 73].

The parameters we used in the experiment are far from the requirements to reach
the pump depletion regime. Instead, with the Raman amplification in the linear stage,
when the ponderomotive force associated with the beatwave exceeds the electrostatic
force of the plasma wave and the Raman backscattering instability evolves into the

nonlinear regime.
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3.2.3 Compton regime - superradiant amplification

The Compton regime of laser amplification in plasma is the direct analogue of the free-
electron laser. Unlike in the case of the Raman instability where the electrons oscillate
at the plasma frequency, in the Compton regime, the ponderomotive force of the beat-
wave acting on a plasma electron is larger than the electrostatic force and the bunching
of the electrons is due to the dynamics of the single electrons rather than to the col-
lective motion of a plasma wave. Consequently, the frequency matching condition for
Raman scattering need not be satisfied precisely. Due to this advantage, the Compton
regime has aroused great interest and has been investigated both theoretically [16] and
experimentally [35].

The threshold condition for entering the Compton regime is derived from its defi-
nition that the ponderomotive force is larger than the electrostatic force (i.e. Fpong >
Fyar). Assuming a single electron is trapped in a well of the ponderomotive force
potential, after solving the equation of motion i.e. md?z/dt> = Fponqa and changing
to the co-moving frame, the bounce frequency is derived: w, = /apa;(wy + @) =
2ay+/apay [77]. Therefore, the electron oscillates in the ponderomotive potential

bucket if

4wgagar > . (3.26)

It is worth noting again that the threshold just indicates an estimate of the transition
between the two regimes. Features of the Compton regime can appear both below or

above the threshold.

- Plasma electron dynamics in the Compton regime

When entering the Compton regime with initial amplification in the linear regime,
the plasma electron dynamics will change from the collective motion of the plasma

wave to the electron oscillations in the ponderomotive potential. The evolution from

53



CHAPTER 3. RAMAN AMPLIFICATION OF LASER PULSES IN PLASMA

the stimulated Raman scattering into the Compton scattering has been experimentally
observed through the wave breaking phenomenon, using spontaneous scattering from
a single laser beam in a plasma [78]. Here we will briefly review the transition process
and the electron oscillation in the ponderomotive potential.

First, the electrons are evenly distributed in the longitudinal direction before the
arrival of the laser pulses. Then, a beatwave is generated by the interference of the two
laser beams and, as a window, selects a slab of plasma electrons. When the pondero-
motive potential of the beatwave builds up, electrons with less energy than the crest of
the potential structure will get trapped and start oscillating in the potential well. On
the other hand, electrons with more energy can surmount the crest and pass on to the
adjacent well. Assuming the plasma density remains the same, the stronger the beat-
wave becomes, the more electrons will be trapped. When the motion of most electrons
is dominated by the ponderomotive potential, the Raman interaction evolves into the
Compton regime. In the meantime, the nonlinear wave-particle interaction (such as the
electron trapping) will cause modification of the electron velocity distribution function
and downshift the resonant frequency [25, 79].

Looking at the motion of trapped electrons in the time domain can enable us to
see how the independent electrons get bunched by the oscillation in the ponderomo-
tive potential. Once the electrons are trapped in the potential well, they will start a
synchrotron oscillation with period 7, = 27/ wj. At Tj/4, the electrons get bunched
in space for the first time at one edge of the well. The bunching is a consequence of
their small velocity near the return points, which allows the late electrons to catch up
with the early ones. As the electron distribution becomes discrete, a density grating
is formed. At the half oscillation cycle (i.e. T;/2), the electron dispersion becomes
roughly uniform again, which means the density grating degrades. At 37,/4, the elec-
trons bunch again at the opposite edge of the potential well and form another density
grating with a 7 shift in phase. At the end of this cycle, electrons go back to their initial

positions and evenly distribute again. In this process, similar to the Raman instability,

54



CHAPTER 3. RAMAN AMPLIFICATION OF LASER PULSES IN PLASMA

the electron density perturbations reflect the laser beam like an optical grating. Details

of the evolution of the laser pulses will be discussed in the following section.

- Evolution of laser pulses in the Compton regime

In the Compton regime, laser pulses dominate the dynamics of the electrons and in
turn react to the effects of electron motion. This self-consistent process is the reason
why the Compton regime is ideal for laser amplification.

As discussed previously, at 7, /4 an electron density grating is formed, photons
in the pump pulse are backscattered into the probe and the momentum difference is
transferred into the plasma. The ratio of the energy gained by the probe pulse to the
momentum transferred to the plasma is AU /AP = —ay/2kq [16]. Hence, as the probe
pulse gets amplified, in the meantime, an efficient and localised momentum transfer is
achieved for the plasma.

After half an oscillation cycle of the trapped electrons from 7}, /4 to 37, /4, the den-
sity grating formed with a 7 phase shift will scatter the probe back into the pump. The
direction of the energy flow is determined by the position of the electron density peak
within the ponderomotive potential well, in other words, it is determined by the phase
relation between the two laser waves at the position of the scattering electrons. To
prevent the probe pulse attenuation, the ideal probe pulse duration is shorter than 7;,/2,
so that no energy can be transferred back to the pump pulse. Otherwise, the energy at
the rear part of the probe will be diminished and as a result the pulse duration will be
constricted to 7, /2 = 7/, ultimately while its front gets continuously amplified. In
both cases, with the probe pulse getting more intense, the bounce frequency increases
and therefore the pulse duration will become even shorter.

As a consequence of the pulse duration shrinking, its bandwidth has to increase.
An intuitive way to understand the bandwidth broadening is to look at the velocity
spread of the electrons when they are bunched at the edge of the potential well. When

a photon is backscattered by an electron, its frequency is Doppler shifted due to the
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electron velocity. As a feedback loop, with the increase of the laser pulse intensity,
electrons with larger velocity spread will get trapped in the deeper potential well which
can provide a broader laser bandwidth.

A simple qualitative estimate of the pulse evolution is given by

4,
3Ty

lai| ~ pZlao, (3.27)

from which we can see that the intensity of the spike grows proportionally to (1.z)?

i.e. the total number of plasma electrons encountered by the pulse. This equation
shows the feature of superradiance according to the classic definition by Dicke [80].

Therefore the Compton regime is also called the superradiant regime.

- Analogy to free-electron lasers

The physics of free-electron lasers (FEL) [81, 82] has been investigated intensively,
both experimentally and theoretically. Raman amplification of laser pulses in plasma
shares a similar mechanism with the FEL, perticularly the laser amplification in Comp-
ton regime with the FEL in superidiant Compton regime [83] . Reviewing the princi-
ples of FEL can help us to better understand the theory of the laser amplification in
plasma.

A FEL consists of a periodic magnetostatic structure called undulator or wiggler,
which generates a spatially alternating magnetic field. A relativistic electron beam
is sent through this structure and the Lorentz force makes the electrons oscillate and
radiate. As the electrons move at a velocity close to the speed of light, the radiation
is confined to the forward direction, as shown in Fig. 3.3. When the electrons are
uniformly distributed, the radiation superimposes incoherently. The ponderomotive
potential of the undulator field and the radiation field can give rise to bunching of
the electrons, which increases their coherence and thus leads to an amplification of the

radiation field. The bunching can be described by the bunching parameter which ranges

56



CHAPTER 3. RAMAN AMPLIFICATION OF LASER PULSES IN PLASMA

Electron source
and accelerator

Magnetic structure

Electron trap

Light beam

Experiment

Figure 3.3: Schematic of FEL (http://hasylab.desy.de/facilities/sr_and_
fel_basics/fel_basics/index_eng.html).

from O to 1, where 0 indicates uniformly distributed electrons radiating incoherently
and 1 indicates perfectly bunched electrons radiating coherently. A better bunched
electron beam will generate more coherent radiation and stronger radiation with larger
ponderomotive potential will improve the electron bunching. Such a feedback loop can
result in exponential growth in the small signal regime.

The similarity between FEL and laser amplification in plasma can become more
apparent by a Lorentz transformation to the reference frame of the relativistic electron
beam. The electron beam in the FEL corresponds to the plasma in the laser amplifier,
while the FEL undulator magnetostatic field is transformed into the electromagnetic
pump wave propagating in the opposite direction.

In the FEL Raman regime, electrons experience collective motion dominated by the
electrostatic force which is equivalent to the laser amplification in the Raman regime.
And the self-amplification of spontaneous emission (SASE) [84] is a mode of FEL op-
eration which has no initial radiation field to seed the emission and the lasing starts up

from the random microbunching on the electron beam. It is similar to the spontaneous
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Raman scattering which needs to have a considerably large gain to achieve a notable
output. In the superradiant Compton regime of the FEL described by Bonifacio et
al. [83, 85, 86] the common ponderomotive force of the laser pulse and the wiggler
field is larger than the electrostatic force between the electrons, hence the electrons are
trapped and get bunched efficiently and results as supperradiant gain, which is exactly
equivalent to the Compton regime of the laser amplification in plasma, therefore it is

also known as the supperradiant regime.

3.2.4 Distinction between Raman linear regime and Compton regime

Different amplification regimes have been discussed individually and it can be seen
that the Compton regime and the Raman amplification with a chirped pump pulse,
although with different principles, experimentally both exhibit laser amplitude growth
and pulse shortening. Being able to distinguish between these two regimes is a must
in the analysis of experimental results.

First of all, it should be noted that the Compton regime may not be reached imme-
diately. Amplification can start in the Raman regime and then evolve to the Compton
regime when the probe amplitude grows sufficiently large to satisfy the threshold con-
dition. If the transition from Raman to Compton regime occurs gradually, it will be
difficult to define a clear amplification regime. Section 3.2.5 will focus on the transi-
tion between the two regimes.

Secondly, we should be aware that although the two amplification regimes can
be clearly distinguished theoretically, it is not easy to determine from the experiment
whether the Compton regime is reached. The measurable parameters are: the energy,
spectrum and pulse duration of the probe pulse. In the transition, the intensity gain goes
from exponential to quadratic which is observed by a slower saturation. Combined
with the change in pulse duration and profile, it’s nearly impossible to judge in which
regime the amplification is. The most convincing criteria would be the strong spectral

broadening combined with the pulse shortening.
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3.2.5 Transition from Raman to Compton regime

The aim of this work is to realise the transition from Raman to Compton regime of short
laser amplification in plasma. As stated previously, when the bounce frequency wy, is
greater than the plasma frequency ®,, the Compton regime will be reached. In this
section, we investigate the transition between Raman scattering, where the electron
behaviour is dominated by collective plasma wave effects and the Compton regime,
where the electron behaviour is determined by single particle dynamics. In order to do
so, Cairns sets up a simple model of electron dynamics to look at electron displace-
ments & with parameter b = 7/ a)I% and Q = (wy — o)/ @, [87]. Normalising time
and distances to 1/, and 1/k. Although that model is just an approximation which
is only valid for small amplitude waves, it can give us an idea of how the two regimes

merge.
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Figure 3.4: Displacement as a function of time with Q =1 and (a) » = 0.02, (b) b = 50.

Fig. 3.4(a) and 3.4(b) show the displacement as a function of time with b = 0.02
and b = 50 respectively when Q = 1 i.e. we are in resonance. With small and large b
values, respectively, Fig. 3.4(a) depicts the case of Raman scattering, while Fig. 3.4(b)
presents the solution for the Compton regime, where we can see that electron motion
is governed by the much faster time scale of the oscillations within the potential wells
and there is an occasional jump when the particle escapes from one potential well and

gets trapped by the one behind. Similar features are found when Q # 1, since in the

59



CHAPTER 3. RAMAN AMPLIFICATION OF LASER PULSES IN PLASMA

Compton regime the natural frequency is not so important.

However, to see what happens in the transition region between them, the situations
when b = 0.5 and b = 1.5 are also studied, as shown in Fig. 3.5(a) and 3.5(b) respec-
tively. In Fig. 3.5(a) no obvious sign of the bounce frequency is observed. For the first
few period the growth is linear, however, when the wave amplitude becomes sufficient
to carry the particle to a distance comparable to the spatial period of the driving force
the linear growth will saturate. When b = 1.5, as shown in Fig. 3.5(b), no clear sign of
trapping is seen but the resonant particle oscillation is disturbed. When b goes up to 35,

clear indication of trapping can be seen at the starting point for most of the cases.
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Figure 3.5: Displacement as a function of time with Q =1 and (a) »=0.5, (b) b= 1.5.

For the extreme cases when b is either small or large, the particle response is well
understood. However, in the transition regime, when b is around 1, it is still not clear
how the transition is realised, i.e. whether Compton regime is entered smoothly or if
a barrier has to be overcome. Further investigation will rely on the more complicated

PIC simulation.

3.3 Limitation of the laser energy gain

Just as the output intensities of the CPA scheme are limited by the size and damage

threshold of the optics, the Raman amplification scheme has its own limitations. Var-
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ious instabilities can develop during the interaction between the intense laser pulses
and plasmas. The fastest growing instability will set the limitation of the amplification
[74]. The probe pulse must be directed out of the plasma before it degrades due to any

of the instabilities.

3.3.1 Energy flow between the three waves

When two laser pulses collide in plasma, they may exchange photons. The direction
of the energy flow between the pulses during this process is governed by the Manley-
Rowe relations [88]. Those relations were originally derived to describe the average
power flow in inductors and capacitors. Applied to the Raman process, the Manley-
Rowe relations indicate that the energy flows from the higher frequency wave to the
lower frequency wave, and the fraction of pump energy that is transferred to the plasma
wave is the ratio of the plasma frequency to the laser frequency. For the parameters
used in this experiment, this ratio is about 0.02 which means almost all the energy
of the pump can be consumed by the probe. However, until now no experiment with
energy transfer efficiency (i.e. the ratio between the laser transferred energy and the
total energy) larger than 10% has been reported. Here, we will study the possible

mechanisms which could limit the efficiency of this scheme.

3.3.2 Limitation mechanisms

Theoretical studies suggest a number of mechanisms may limit the efficiency of the
Raman backscattering, including Raman forward scattering, modulational instabili-
ties, thermal effects, plasma wave breaking, resonance detuning, the amplification of
precursors and etc. Here, we will discuss some likely limiting effects of the experiment

presented in this thesis.
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- Raman forward scattering

Traditional Raman amplification was plagued by parasitic Raman forward scattering
(RFS) [89] of noise, which has a higher growth rate than the backward scattering in
gases, liquids, and solids. In plasma, the growth of Raman backscattering is faster than
forward scattering, however, this problem still exists because the forward scattered
signal propagates along with the parent laser and therefore has more time to grow
which is known as a convective instability.

A way of suppressing the parasitic RFS of the pump pulse is to detune the res-
onance appropriately, for example by using a chirped pulse or a frequency detuned
plasma [90]. Therefore, in this experiment, seeding the RFS of the pump pulse with
an intense probe can be tolerated in the Raman backscattering amplification process

without being significantly amplified.

- Modulational instability

Modulational instability [91, 92] arises as the electrons are accelerated by the in-
tense probe pulse to relativistic velocities. This causes a nonlinear refractive index
for the plasma, which will lead to transverse self-focusing and longitudinal self-phase-
modulation. For an amplified probe with normalised vector potential ajand frequency
o1, the growth rate for the modulational instability ¥, in a plasma with frequency ®,
is:

O

2 2
V”l = —d1. 3. 8
2(1)1 ! ( )

Using our experimental parameters (plasma density: 1 x 10'8 cm™3, probe beam
energy: 1 mJ, pulse duration: 60 fs, focal spot size: 60 um, wave length: 825 nm), the
growth rate for the modulational instability is estimated 7, = 4.67 x 107 s~ which is
4 orders of magnitude smaller than the Raman backscattering instability, therefore it is

not important in our case.
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- Thermal effects

Thermal effects on RBS in plasma at finite temperature have been widely studied ex-
perimentally, analytically, and numerically [44]. The main consideration includes Lan-
dau damping of the resonant Langmuir wave, inverse bremsstrahlung of the pump and
probe laser pulses and plasma heating through these effects.

For plasmas at low temperature (as for the case in this experiment 7, ~ 5¢eV ini-
tially), the collisional damping of the plasma wave and the laser radiation absorp-
tion through inverse bremsstrahlung may have a significant impact on RBS. Since
the electron-ion collision rate decreases very quickly with increasing temperature, the
pump energy transfer efficiency can be improved by preheating the plasma in order to
diminish the wave damping and minimise the laser absorption.

Moreover, the inverse bremsstrahlung heating can also build up a thermal chirp
of the resonance frequency over time by the Bohm-Gross shift due to the different
interaction time between the plasma and the long pump pulse. The shift in plasma
resonance may cause a reduction of the Raman gain with a monochromatic pump.
However, in the scheme of using a chirped pump pulse, it can be used to compensate
for the thermal chirp.

For high temperature plasmas, Landau damping is significant, which could sup-
press the plasma wave excitation and therefore restrain Raman amplification. It was
found by numerical simulations that Landau damping could delay the onset of pump
depletion and weaken the secondary spikes of the amplified laser pulses [93].

The effects of a spatially and temporally varying plasma temperature on Raman
amplification are very complex and subtly depend on the plasma density, temperature

and laser parameters. Therefore they will not be addressed quantitatively here.

- Plasma wave breaking

Plasma wave breaking occurs when the oscillation velocity of electrons in the plasma

wave is approaching the phase velocity of the plasma wave. Many more electrons can
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resonantly interact with the wave than in the case of Landau damping. These elec-
trons are efficiently accelerated by the wave which causes a strong nonlinear damping
and eventually breaking of the plasma wave [94]. The plasma wave breaking will dra-
matically reduce the coupling of the pump and probe pulses hence reduce the gain
of Raman amplification. For cold plasma, the wave breaking limit due to the energy
transfer from the pump pulse can be estimated as:

©p _ (4ag)?3, (3.29)

which shows that the critical pump intensity increases with the plasma density. This
limit is valid in the steady-state situation of full pump depletion. Calculations using
the “water-bag” model [95] show that this wave breaking threshold can be reduced
significantly for plasmas at finite temperature.

Using a low density plasma can increase the interaction time for Raman amplifica-
tion by delaying the onset of deleterious instabilities. However, wave breaking sets a
lower limit for the plasma density. The ideal condition for Raman amplification is hav-
ing a plasma density slightly above the wave breaking limit and with a relatively short
plasma so that the laser-plasma interaction ends before significant destructive instabil-

ities occur. The optimised parameters are investigated through numerical simulations.

- Resonance detuning

Resonance detuning is one of the main factors that can prevent pump depletion and
limit the efficiency of Raman amplification. It can be caused by a pump chirp, a plasma
density gradient or plasma heating. Analytical calculations indicate that with a chirped
pump pulse the overall Raman amplitude gain for the probe pulse is linear with the in-
teraction time [31]. By contrast, when using a monochromatic pump with no resonance
detuning, the probe pulse grows exponentially with the interaction time. The detuning
caused by the pump chirp can in principle compensate for the detuning caused by a

plasma density gradient or thermal chirp.
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Experimental, analytical and numerical results show an interplay between these
limitation mechanisms. However, it has not been identified which effects play the
dominant role. Those factors should all be taken into account for both planning and

analysis of Raman amplification experiments.
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Chapter 4

Introduction of the experimental setup

The Raman amplification experiment consists of three major components: the pump
pulse, the counter-propagating probe pulse and the preformed plasma. This chapter
describes the production and interaction of these three components and is organised
as follows. First, the terawatt laser system will be briefly described, followed by a
discussion of the methods used to produce the pump and probe pulses. Then the ex-
perimental setup will be presented, including details on the laser beam geometry, the
capillary alignment procedure, the timing settings and the discharge control. In addi-
tion, the diagnostics used to characterise ultra-short laser pulses will also be described.

The general layout of this experiment is given in Fig. 4.1.

4.1 Description of the terawatt laser system

This experiment is carried out using the TOPS 10 Hz laser system at the University
of Strathclyde. The laser system is based on the CPA scheme where pulses generated
by a Ti:sapphire oscillator are stretched prior to amplification. The amplification stage
includes one regenerative amplifier and three multi-pass amplifiers (two main ampli-
fiers plus one final amplifier), in which the laser pulses are amplified from several nJ
to a maximum of 1.6 J. Finally the high energy laser pulse is compressed from around

250 ps to a minimum of 35 fs. The laser pulse spectrum has a bandwidth of 35 nm
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Figure 4.1: Schematic of the general experimental layout.
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(intensity FWHM), with a central wavelength at 800 nm. In this experiment, the laser

pulse is used uncompressed. Fig. 4.2 shows the diagram of the configuration and the

laser parameters at each stage throughout the CPA laser system.
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Mode-locked 800nm, 4nJ Pulse 800nm
Ti:Sapphire Lase———>| Stretcher
2W,40mJ, \' .
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Laser Laser
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Figure 4.2: Schematic diagram of the laser system.

The Raman amplification experiment is implemented with two pump energy levels.
At the low energy level, the on target energy is about 200 mJ, and at the high energy
level, the on target energy is maximum 850 mJ. To carry out the Raman experiment

with two energy levels and produce the pump and the probe beams, some modifications

need to be made to the the TOPS 10 Hz laser system.
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- For the low pump energy experiment

A 9 : 1 beam splitter is inserted before the final amplifier where the laser pulse
is 250 ps long and has a maximum energy of 350 mJ. 10% of the pulse energy is
delivered directly to the Raman setup as the probe pulse. The pump pulse with the
remaining 90% of the energy first propagates through a spatial filter made of a short
glass capillary in vacuum to clean the transverse laser modes and is then sent to the
Raman setup.

- For the high pump energy experiment

Due to the optics arrangement in the laser system, only 90% of the laser beam (i.e.
the pump beam of the low energy experiment) is used while the other 10% energy is
wasted on a beam block. A Pockels cell is installed after the spatial filter to protect
the laser system from damage by the returning pulse in this collinearly colliding ex-
periment (details will be given in Section 4.7.1). A new 9 : 1 beam splitter is set up
after the spatial filter and Pockels cell. As before, the probe pulse is directly sent to
the Raman setup after the beam splitter, whereas the pump beam will go through the
final amplifier and get amplified to different energy levels depending on how many
and which of the pump lasers are used. Another spatial filter is placed after the final
amplifier to clean the pump beam and also to prevent the probe beam from going back
into the final amplifier and being amplified.

After the description of how the pump and the probe beams are delivered from
the laser chain to the Raman setup, details of the Raman experimental setup will be

introduced in the following sections.

4.2 Generation of the probe pulse

The probe beam obtained from the 10 Hz laser system cannot be directly used in the
Raman experiment. There are two additional requirements for a proper probe signal:

(1) a short pulse duration of the order of 100 fs for ultra-short pulse Raman amplifi-
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Figure 4.3: Schematic of the compressor setup with different optical paths for short
(blue) and long (red) wavelengths.
cation. (2) a central frequency downshifted by @), to match the resonance condition
dictated by Eq. (2.50), in order to maximise the amplification.

- Compression

To compress the probe pulse, a small purpose-built compressor is employed. It in-
cludes one grating and four mirrors (two of them are fixed on a micrometer translation
stage to adjust the laser path length and the other two are fixed in position and used
as a periscope), as shown in Fig. 4.3. The elements are arranged in a way to pro-
vide a double-pass geometry and introduce a negative group velocity dispersion (i.e.
shorter wavelengths will go through a shorter path length) to compensate for the posi-
tive chirp introduced by the laser stretcher. The minimum compressed pulse duration
is 60 fs, limited by the size of the grating. Adjusting the distance between the grating
and the mirror pair on the translation stage allows us to produce a not fully compressed
probe pulse with either positive or negative chirp rate and pulse length up to several
picoseconds. The efficiency of this compressor is tested about 40%.

- Frequency shift
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In comparison with the pulse compression, it is more difficult to provide a central
frequency shift. Several methods have been tried and employed in this experiment and

they will be discussed here.

4.2.1 Laser spectrum modification through self-phase modulation

As one of the consequences of filamentation (introduced in Section 2.6, the laser spec-
trum modification through nonlinear optical processes can be used together with a

low-pass filter to generate the probe pulse with downshifted frequency.

1. Selection of gas

To obtain a broad spectrum with high energy transmission from the filamentation, the
right gas needs to be selected. When the laser intensity is very close to the ionisation
threshold, ionisation blue-shifting [96, 97] tends to dominate the change of the spec-
trum. To shift the probe spectrum towards lower frequencies and explore the Raman
amplification of a strong signal, gases with higher ionisation thresholds are preferable.
According to the parameters shown in Table 4.1, a lighter gas has a higher ionisation
threshold making it more suitable for this experiment. However, to get a significant
spectral broadening, a fairly large nonlinear refractive index and a short nonlinear in-
teraction length are required. Again, according to Table 4.1, a heavier gas has a larger
nonlinear refractive index and a shorter nonlinear interaction length. To make a com-

promise, A; is chosen for this experiment.

I; [Wem™?]  np [em?/W] Ly [m]

He 12x10"% 036x 1072 1.078
N 7x 10 0.65x107%*  0.599
A 22x10%  85x1072%  0.046
K, Ix10%  23x107%  0.017

0.7x 10"  68x1072* 0.0057

&

Table 4.1: The ionisation threshold /;, nonlinear refractive index n, and nonlinear in-
teraction length Lyy of noble gases. ny and Ly, are given for 7 =295 K, p = 1 bar.
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2. Filamentation experiment

Argasinlet
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length lens
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Figure 4.4: Layout of the filamentation experiment.

In the compressor, the probe pulse is compressed from 250 ps to a minimum of
60 fs. It is then directed into a 1 m long sealed transparent plastic tube with 18 mm
inner diameter. A vacuum pump and a gas pipe are connected to this tube to evacuate
air and insert A, gas respectively. After the compressor, an aperture is used to change
the spot size, then a lens with a 1 m focal length focuses the beam inside the tube. A
spectrometer is used for characterising the modified light spectrum. The setup of the
filamentation experiment is shown in Fig. 4.4. To generate filaments, the laser beam
should not be focused very tightly, otherwise it will just diverge. To pursue the balance
between self-focusing and plasma defocussing of a smoothly focused laser beam, a
lens with a long focal length is required, as the one used in this experiment. The focal
spot diameter is about 100 um.

As stated previously, the probe pulse is picked up after the main amplifier which
is pumped by two Nd:YAG pump lasers SAGA1 and SAGA?2 (see Fig. 4.2). Energies
of the probe pulse are measured at different positions with different pump lasers (as
shown in Table 4.2).

In order to test the possibility of using filament generation to shift the probe fre-
quency, a single Nd:YAG pump laser for the main amplifier is used. The intensity at
the focal spot is made slightly above the ionisation threshold by adjusting the pulse

duration using the probe’s compressor and/or changing the size of the beam size using
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Before compressor  After compressor  After gas tube

No pump laser 0.68 mJ 0.24 mJ 0.14 mJ
With one pump laser 5.3 mJ 1.9 mJ 1.0 mJ
With two pump laser 15m] 5.5m] 1.8 mJ

Table 4.2: Probe pulse energy at different stages with different pump lasers.
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Figure 4.5: The original probe pulse spectrum.

the aperture placed before the focusing lens. After being evacuated by the vacuum
pump, the tube is filled with A; gas. The laser pulse, after propagating through the
tube, is directed into a spectrometer, which records the output laser spectra (refer to
Fig. 4.4).

The modified spectrum is very sensitive to the laser pulse characteristics as well
as the gas pressure inside the tube. In order to maximise the bandwidth, the laser
pulse can be adjusted with the compressor and the aperture. As to the gas pressure,
the higher the pressure, the more severe the nonlinear effects are. But the filament is
more unstable. Therefore, a compromise needs to be found. During the experiment,
the pressure is kept between 0.7 and 1 atmosphere.

The laser spectrum after compressor is shown in Fig. 4.5 as a reference. The spec-

tra after the filament generator are presented in Fig. 4.6 from which we can see that
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the frequency modulations are quite severe and very sensitive to the input laser pulse
parameters. In addition to pulse duration and spot size, the chirp direction also plays
an important role on the self-modulation process [98].

The new generated frequencies appear on both sides of the spectrum, but it is pref-
erentially added to the short wavelength side. Although it is possible to make the
red-shift dominant, it is not easy to get it stable. A small alignment change can trigger
the spectrum to shift to the other side. To ensure that the spectrum does not contain
frequencies that could transfer energy to the pump pulse, filters are added to remove
the high frequency components. A set of coloured glass filters is used for this purpose.
The transmission curves are shown in Fig. 4.7, from which it can be seen that RG-830
and RG-850 filters are the most appropriate. The modified spectrum after propaga-
tion through the combination of RG-830 and RG-850 filters is shown in Fig 4.8. The
central frequency is shifted to 835 nm and the FWHM bandwidth is 28 nm.

By adjusting the compressor to change the pulse length, the central frequency of
the modified spectrum can change from 835 nm to 858 nm (shown on Fig. 4.9) which

gives enough allowance to match the plasma frequency and thus the plasma density.
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Figure 4.7: The transmission curve of a set of coloured glass filters.
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Figure 4.8: Probe pulse spectrum modified through self-phase modulation and filtered
by RG-830 and RG-850. The spectrum is centred at 835 nm and has 28 nm bandwidth
at FWHM

With the central wavelength of the pump beam at 800 nm, the plasma density required
for the parametric energy conservation is calculated and plotted in Fig. 4.10 as function
of the probe wavelength. In this calculation, the Bohm-Gross shift is taken into account
and the temperature is assumed to be 5 eV.

The focal spot of the probe pulse after the filament generator is imaged with a CCD

camera to test the focusability. An image of the focus is shown in Fig. 4.11.

3. Problems impeding the use of filament generation

Although the filament generation experiment to downshift the probe frequency is gen-
erally successful, it comes with some operational difficulties when doing the Raman
amplification experiment. Firstly, the aperture before the gas tube can not be freely
adjusted to get a proper probe spectrum since it will also change the focal spot size
which needs to match the size of plasma channel for mono mode guiding through the

capillary. Second, the beam quality degrades after the self-phase modulation, which
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Figure 4.9: Smoothed modified probe spectra (after glass filters) change due to the
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Figure 4.10: Assuming the pump central wavelength is at 800 nm, with different
plasma density thus the plasma frequency, the probe central wavelength which sat-
isfy the parametric energy conservation equation is plotted. The Bohm-Gross shift is
taken into account and the temperature is assumed to be 5 eV.
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Figure 4.11: Focal spot of the probe pulse after the filament generator.

generates unavoidable hot spots that will affect the amplification process and the us-
ability of the amplified pulse. Third, to enter the Compton regime, an intense probe
pulse is preferable, however, the self-phase modulation through filament generation is
very sensitive to the pulse intensity and works well only with moderate probe energies.

Due to the practical problems stated above, an alternative way of shifting the central

wavelength of the probe pulse is demanded.

4.2.2 Making use of the grating in the probe’s compressor

The alternative way of getting the probe central frequency downshifted is to “misalign”
the compressor by making the high frequency components in the spatially dispersed
spectrum miss the grating. With the narrower spectrum bandwidth, the shortest pulse
duration increases to 120 fs.

The advantages of this method are as follows: (1) pulse-to-pulse stability is im-
proved, (2) higher probe intensities become possible, (3) the experimental complexity
is decreased. The disadvantage is the longer duration of the probe pulse as result of the
smaller bandwidth, but this is not an essential problem that will prevent the investiga-

tion of the physics involved in the amplification process.

78



CHAPTER 4. INTRODUCTION OF THE EXPERIMENTAL SETUP

&
—
Out In
—_— -
y t
Periscope /’ ot

4

/Delay stage

Figure 4.12: The compressor is “misaligned” to cut the high frequency components by
the edge of the grating.

4.2.3 Cut-off filter

In order to provide a sufficiently detuned probe pulse and reduce the energy of the
returning pump pulse, a cut-off filter is added before the probe pulse propagates into
the target chamber. A cut-off filter is an optical device which reflects a particular
range of frequencies which are higher than the cut-off frequency, while the remaining
frequencies are transmitted. The cut-off frequency varies with the angle between the
filter and the incident beam. With the angle increasing, the cut-off frequency increases
as well. In this experiment, the cut-off frequency is set to be around 800 nm to reduce
energy transfer from the high frequency probe pulse to the low frequency pump and in

the mean time to eject the high frequency pump after interaction.
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mzl

dis Figure 4.13: L; and L3 are converging
""""""""""""""""""""""""" lenses with focal length f while L, is di-
verging lens with focal length —xf. f’ is
the focal length of a virtual lens from the
f -xf f combined system of L; and L. The dis-
N tance between L; and L, is d|;, between L,

fl and L3 is d13.

4.3 Focusing system

To guide the laser beam through a capillary, a matching spot size is mandatory. The
initial spot size at the output of the main amplifier is 20 mm. In order to focus it down
to 50 um at the entrance of the capillary, according to Eq. (2.37), a focusing element
with a 1.5 m focal length is required. However, since the divergence of the beam may
change slightly from day to day, fine adjustment of the focal spot size and its position
is essential for this experiment. For this reason, a zoom lens system is employed in
both arms.

As shown in Fig. 4.13, it is designed with three lenses, including two converging
lenses (L; and L3 which have the same focal length f) and in between a diverging lens
(assuming L, has focal length —xf). The focal length f’ of the virtual lens (i.e. the

combination of L and L,) and the magnification M are given by

’ _xf2
P 0
:§:_Q1§:@. 4.2)

For a fixed x, the maximum magnification will be reached when lens L; is close
to Ly, i.e. djp =0, 0 Myax = —(1 —x)f/xf. Due to the symmetry of this system the
maximum reduction will occur when the laser beam propagate from the opposite di-

rection, in other words, when the lens L, is close to L3 we have M,,;, = —xf /(1 —x) f.

80



CHAPTER 4. INTRODUCTION OF THE EXPERIMENTAL SETUP

For this experiment, x is chosen to be 1/4. The focal length for L; and L3 is 1 m
while for L, is 0.25 m. Therefore, the magnification of the initial beam spot size is

between 1/3 and 3.

4.4 Capillary and power supply

In this experiment, plasma is generated in a hydrogen-filled capillary discharge waveg-
uide. It provides the amplifying medium and at the same time, guides the laser beam
through. The main components of the capillary waveguide system, including the cap-
illary, its housing, gas injection and the high voltage power supply, will be described

in this section.

4.4.1 Capillary design and micro-machining

The most important element in this experiment is the capillary. Extending the orig-
inal design by Hooker et al. [60], the capillary used in this experiment is designed
and micro-machined at the University of Strathclyde using femtosecond laser micro-
machining technique developed at Strathclyde [99, 100]. Since femtosecond lasers are
capable of manufacturing 3-D structures accurately, the femtosecond kHz laser in the
TOPS lab is used to machine the capillary.

- Capillary design

A gas-filled capillary for generating plasma and guiding laser pulses is essentially
a long and narrow cylindrical waveguide with gas inlets. To make it robust and easy to
use, the capillary waveguide is made of two identical sapphire or alumina plates with
dimensions of 40 mm x 10 mm x 5 mm. Each plate has a laser-machined groove in
the centre for laser propagation and two on the top for gas injection, as can be seen in
Fig. 4.14(a). The two identical plates glued together will form a 40 mm long, 300 um
diameter circular capillary channel with two gas injections with diameter of 500 um,

as shown in Fig. 4.14(b). Four silicon O-rings are attached between the capillary and
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its housing at the entrance of the gas inlets and on both sides of the capillary channel

to avoid gas leaks.

() (b)

Figure 4.14: (a) Half of the sapphire capillary (b) Sapphire capillary.

Sapphire (single crystal alumina) and alumina are similar with regard to hardness
and thermal conductivity. The main difference is that sapphire is transparent so that
the plasma glow can be observed from outside, which allows spectroscopic or interfer-
ometric measurements of the plasma density using Stark broadening of the hydrogen
lines or interferometry method. The other advantage of using a transparent capillary is
that the generation of plasma can be monitored outside the chamber. However, since
sapphire is much more expensive and the plasma behaviour can be detected indirectly
by looking at the current pulse profile striking through the capillary, most of this ex-
periment is conducted with the alumina capillary.

A new type of capillary has also been designed, where the gas inlets are drilled
through one plate, as presented in Fig. 4.15. This is to prevent the gas leaks through
the gap between the two glued plates and the o-ring if the two plates are not perfectly
aligned. The other advantage of this design is that the force from the screw (refer to
Section 4.4.2) pushing the capillary against the o-rings for gas injection will push the
two plates even closer. This new type of capillary is employed in the Raman experi-
ment with high pump energy.

- Micro-machining workstation

To machine the capillary, a sapphire or alumina plate is mounted on a X and Y
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Figure 4.15: Schematic diagram
\ showing how a new design of cap-

\ illary with gas injection channels
on one plate. The diagram is not to
scale. The gas injection slots are
\ hourglass-shaped with the cross-
\ section of 200 umx 700 pm at the
centre.

translation stage which is computer controlled through a LabVIEW program. The 50
fs, 1 kHz laser beam is focused onto the plate by a lens, which is fixed on a Z translation
stage allowing 3-D manufacturing. The focused laser spot size is wy =12 pum with the
energy of E =150 pJ, which corresponds to a laser intensity of / = 6.6 x 10'* Wem 2.
The high laser field leads to a rapid ionisation of the material and the hot plasma
expands away leaving a crater in the material. Scanning the laser on the plate with
speeds from 12 to 24 mm/s will allow 1 ~ 2w, between the centre of two adjacent
spots. The scanning speed is determined by the laser repetition rate and the focal spot
size. The space between each scanning line is set to be 5 um. The number of scan is

linearly dependent on the required depth of the groove [99].

4.4.2 Capillary housing

Figure 4.16: The capillary housing consist three parts. The central part holds the
capillary and attaches the gas inlet while the two parts on each side hold electrodes.
The three parts hold together by two long plastic screws.

The capillary housing that holds the capillary and provides the connections be-
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tween the capillary, the high voltage discharge and the gas injections is designed and
manufactured at the University of Strathclyde. It is designed to work in a vacuum en-
vironment and is composed of three parts, as can be seen in the Fig. 4.16. The central
part holds the capillary block and attaches the gas feeds to the channel for gas injec-
tion on the top of the capillary. The two end parts of the housing are identical. Each of
them holds one electrode that conducts the high voltage discharge through the capillary
channel. The three parts are firmly hold together by two long plastic screws.

The electrodes are made of copper with a cylindrical base of 1 cm diameter and
a funnel-shaped tip, as can be seen in Fig. 4.17. A hole is drilled in the centre of the
electrode for the laser propagation. A metal screw embedded in the cylinder base is
used to fix a high voltage wire connecting the high voltage from the vacuum chamber
port to the electrode. The electrode tip, with a hole of 0.7 mm in diameter, is in contact
with one end of the capillary. An O-ring is placed around the electrode tip to insulate
the capillary housing from the discharge and force the gas flow through the electrode
hole.

Two plastic tubes are used to supply gas to the capillary, which also offer the flexi-
bility of moving the capillary housing in the vacuum chamber. One end of the plastic
tube connects to a metal tube on a flange of the chamber and the other end is connected
on the top of the capillary housing by a simple push-through connector, as shown in

Fig. 4.16.

(b)

Figure 4.17: Electrode
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The capillary housing is mounted on a 5-axis stage, including X-Y-Z translation
stages, and a gimbal mount that provides the rotation axes. These vacuum compatible
stages are mounted on the base of the vacuum chamber. To facilitate the alignment
procedure, the probe pulse entrance of the capillary is placed in the fixed plane of the

gimbal mount.

4.4.3 High voltage power supply

The high voltage power supply produces a 15 kV discharge applied across the an-
ode and cathode electrodes of the gas-filled capillary. When the current of 250 A
strikes along the channel, the hydrogen is transformed into an under-dense plasma via
avalanche breakdown and plasma heating. This home-built, solid-state, high voltage
pulsed power supply is mainly composed of four parts: an external adjustable power
supply, a FET (Field Effect Transistors) driver, a main solid-state switch and a circuit

for the pulse compression. The structure of the power supply is presented in Fig. 4.18.

Power Supply

0~1kV
Discharge
Solid state Pulse _, 0~15kV
switch compressor Rising time
30ns
FET driver

Figure 4.18: Schematic diagram of the circuit of the high voltage power supply

The external adjustable DC power supply provides a maximum of 1 kV to charge
up the storage capacity in the solid-state switch. Once charged, it will switch into
the primary of a step-up transformer via six parallel IGBTs (Insulated Gate Bipolar
Transistors). The FET driver controls the switching of the IGBTs. Taking an external

trigger, the FET driver allows the first capacitor to discharge across the gate-drain
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junction of the IGBT. Then a high value capacitor slowly discharges across the gate-
drain junction to keep it open. The pulse compressor, built from a series of L-C circuit,
compresses the high voltage pulse after the transformer from a duration of 3 us to about
150 ns and reduces the voltage rise time to 30 ns. The hold-off time of the inductors
is equal to the charge up time of the capacitors, which enables a discharge rise time of
30 ns to appear along the capillary delivering about a 15 kV discharge with a current
of about 250 A, depending on the density inside the capillary.

The temporal jitter of the current pulse, which originally arises from the stochastic
nature of the avalanche ionisation process, seriously affects the synchronisation of
the laser pulse with the plasma production. This type of high voltage power supply,
which has a typical temporal jitter of 10 to 20 ns, induces a relatively large shot-to-
shot instability in the experimental results. To minimise the jitter, it is crucial to apply
a voltage pulse with minimal rise time.

A new design utilising fast IGBT circuitry as the high voltage switch and a wound
transmission line transformer (TLT) for voltage gain is made in order to generate cur-
rent pulses that suffer very little from the temporal jitter. The tested jitter in the leading
edge of the current pulse is reduced to 4 ns. Another desirable attribute of the power
supply is minimal applied voltage to reach full ionisation such that electrical noise in
the experimental environment is minimised [101]. This new development is planned

to be employed in future experiments.

4.4.4 Gas injection and barometers

The capillary is kept in vacuum to avoid any laser breakdown of air. One rotational
pump and one turbo-molecular pump are connected in series to form a two stage pump-
ing system to keep the pressure in the vacuum chamber below 10~ mbar. Thus, when
gas flows into the capillary the pressure remains less than 10~> mbar, which is suffi-
cient to avoid breakdown and ionisation-induced defocusing of the laser beam. One

barometer, connected to the vacuum chamber, monitors the pressure in the chamber.
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Gas injection is controlled by a pulse valve connected outside the vacuum chamber.
The pulse valve, taking an external trigger, is synchronised with the high voltage dis-
charge. The second barometer between the pulse valve and the capillary is to measure

the pressure which is taken as the gas backing pressure for the capillary.

4.5 Timing setting

Laserinternal clock

1—1 10Hz \—J

Delay generator High precision
timing card Stanford
<10Hz delay generator
Delay generator Stanford Pockels
timing card delay generator cell for
Raman
experiment
Single shot g IStanford
shutter driver elay generator
for Raman

experiment

Figure 4.19: Diagram of timing setting for Raman experiment

Timing setting is a crucial factor for this experiment since the two laser pulses, the
discharge and the pulse valve for gas injection need to be synchronised together. The
triggering system will be introduced first followed by the timing setting for the Raman
experiment.

The initial trigger signal is obtained from the laser internal clock at 10 Hz. A
computer controlled timing card takes the signal and reduces the repetition rate to less
than 10 Hz according to the experimental requirements. This timing card also triggers
a second timing card and a Stanford delay generator which triggers the Stanford delay
generater for the Raman experiment. The second timing card is used to trigger a single

shot shutter, which effectively reduces the laser repetition rate by blocking unwanted
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laser pulses before the main laser amplifier.

A high precision Stanford delay generator is triggered by the laser internal clock, in
parallel with the first timing card, and is used to trigger the Pockels cell protecting the
laser chain from possible back coming radiation from the Raman experiment. For this
purpose, the Stanford trigger generator is designed to have a temporal jitter less then
3 ns. To gain enough time for the trigger signal propagating to the Pockels cell and
the Pockels cell to respond, the trigger unit takes the timing signal from the previous
pulse. A schematic of the trigger system is shown in Fig. 4.19.

The synchronisation of the two laser pulses with the gas injection and the discharge
are controlled by the second Stanford delay generator. There are four channels giving
TTL signals. Channel A gives the general delay corresponding to the time taken by a
pulse to reach the Raman experimental setup from the laser system. The pulse valve
is gated by the rising edge of channel A and the falling edge of B with a delay of 210
ms which is the opening time for the gas. Channel B also triggers the discharge at
the same time, meaning that once the pulse valve is closed the high voltage discharge
strikes through the capillary. Channel C and D are set to trigger the CCD camera in

the imaging system and the time-resolved diagnostic system, respectively.

4.6 Time-resolved diagnostic system

With the development of the ultrafast laser technology, it becomes impossible to char-
acterise femtosecond laser pulses by just using electronic detectors, since their re-
sponse time is typically longer than 1 ns, many orders of magnitude longer than the
laser pulse duration. Even for the ultra-fast diode and streak camera, the best temporal
resolution is on the order of hundreds of fs.

Lacking fast detectors, the general idea is to use the pulse itself to provide a time
gate for high harmonic generation, encoding the temporal electric field of a short pulse

into a measurable signal and extracting the field from the data. In the following sec-
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tions, several experimental approaches employed in this experiment to characterise
ultra-short electromagnetic pulses will be introduced including autocorrelations, cross-
correlation, FROG (frequency-resolved optical gating) and SPIDER (spectral phase

interferometry for direct electric-field reconstruction).

4.6.1 Autocorrelation and cross-correlation

Beam Lens Nonlinear  Slit

splitter
5 p, @ crystal 2w Detector

T\\ Fil)::%fhath oy /{ I
pa— e

ta J\
N

Figure 4.20: Schematic of an autocorrelator setup

Autocorrelation and cross-correlation are techniques used most frequently to mea-
sure the temporal structure of ultra-short pulses. In an autocorrelator, one beam is split
into two. One travels through an optical path with a fixed length and the other through
a path with an optical delay line responsible for overlapping the two replicas in time.
Focusing the two pulses on a nonlinear crystal, such as BBO or KDP, a beam at the
second harmonic frequency is produced by mixing one photon from one replica and
one from the other.

For the intensity autocorrelation, the average power of the generated beam is recorded
as a function of the relative delay between the two pulses with an integrating detector,
as shown in Fig. 4.20. In such a setup, the translated distance of the delay line L cor-
responds directly to the relative time delay of T = 2L/c, in other words, the temporal
profile is encoded into a signal of electric field intensity versus distance. For example,
when L = 1 pym, 7 ~ 6.6 fs. The signal at the second harmonic as a function of time

has the form:
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Lic(t ‘% ‘/|E 0)di = ’/le Vo, (1 — T)dt, 4.3)

where )((2) is the second-order susceptibility of the nonlinear crystal, and I, and I,
are the replica’s intensity. The shape of the autocorrelation signal is a function of
the incoming pulses and the conversion factor depends on the pulse shape. A list of
relationships between the parameters of the autocorrelation and the input signals are
presented in Table 4.3. If the incoming pulse shape is unknown, one can use nonlinear

curve fitting to determine the pulse shape and then the corresponding conversion factor.

1(t) K =Avt, Gi(7) T,/TG
Gaussian
I(t)=e" 0.4413 e 72 0.7071
Diffraction function
(1) = it 0.8859 53 (1-%12%) 07511
Hyperbolic sech
I(t) = sech®t 03148  ATemTU 6480
sinh“ T

Lorentzian

_ 1 1
I(t) = Sl 0.2206 ERCTEYE 0.5000

Table 4.3: Different mathematical descriptions of laser pulses and their time-
bandwidth products are given together with the second-order autocorrelation func-
tions and the conversion factors for determining the pulse duration (at FHWM). Av
is spectral width (FWHM)), 7, is pulse width (FWHM) and 7 is autocorrelation width
(FWHM) http://www.chem.gla.ac.uk/staff/wynne/p/Blue_Book.pdf

The multi-shot scanning operation by introducing different delays in the two laser
pulses is not practical in this experiment, therefore a single-shot autocorrelator is em-
ployed to characterise the probe temporal profile in the preparation process of the
experiment, such as characterising the probe pulse after compression and frequency

downshift. The difference between a single-shot and a multi-shot autocorrelator is that

in a single-shot autocorrelator the two beams need to overlap at an angle in a con-
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figuration which can provide a suitable temporal window and resolution, as shown in
Fig. 4.21 [102]. A cylindrical lens is a good way to increase the intensity in one axis
while keeping the temporal axis large and undistorted. The generated second harmonic
signal in the nonlinear crystal represents the time-integrated intensity product. Along
the x direction, the autocorrelation function is transformed into a spatial intensity dis-
tribution of second harmonic emission which can be recorded with a CCD camera. The
FWHM (1) of the spatial intensity distribution is related to the laser pulse duration as
7, = (K1gsin¢)/c, where ¢ is the half angle between the two beams (outside the crys-
tal) and K is a numerical factor governed by the laser pulse shape given in Table 4.3.
However, without knowing the phase information, there will be two main ambiguities:
the intensity profile is not uniquely related to the input pulse, and the chirp informa-
tion cannot be determined. Therefore, for probe pulse characterisation, advanced pulse

reconstruction methods are then applied, as described in Sections 4.6.2.

Nonlinear Crystal

Figure 4.21: Schematic of achieving single-shot autocorrelation of femtosecond laser
pulses from spatial intensity profile of second-harmonic beam generated in a nonlinear
crystal.

Similar to an autocorrelator, a cross-correlator is also based on a homodyne detec-
tion system. The difference is that cross-correlation uses a reference pulse of known
character to detect an unknown pulse. An ultra-short pulse is commonly applied to se-
lect a single point of the unknown pulse with a relatively long pulse duration. Varying

the delay line to make a scan and determine the waveform shape of the pulse under test
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Figure 4.22: Cross-correlation trace of the pump pulse. The pulse temporal waveform
has a flat-top and the duration at FWHM is 250 ps.
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Figure 4.23: Pump pulse spectrum with 38 nm bandwidth at FWHM.

directly from the intensity of the second harmonic signal.

A temporal waveform measurement of the pump pulse is carried out with the cross-
correlation technique. The compressed probe pulse is used as the selector and it is set
to pass a delay line. The second harmonic signal is recorded by a diode. A LabVIEW
program is written to control the motorised translation stage and to record measure-
ments every 0.2 mm. The cross-correlation trace of the pump pulse is shown in Fig.

4.22 together with the pump spectrum in Fig. 4.23.
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4.6.2 FROG

Currently, the most widely used devices to precisely characterise the electric field
of ultra-short laser pulses with no prior assumptions are the SPIDER [103] and the
FROG [104]. Both devices can measure the phase and amplitude of the laser electric
field, since they use at least one time-stationary and one frequency-stationary filter,
which is a necessary and sufficient condition to fully reconstruct a laser pulse temporal
profile [105].

SPIDER systems have the advantage of using a fast and simple algorithm to ex-
tract the phase information, in contrast with the complex and slow multiple iterative
algorithm required by FROG. Therefore, a SPIDER has been used as a diagnostic for
the Raman amplification experiment at first. However, due to the practical difficulty of
using SPIDER with weak input signals, it is later replaced by a SHG FROG due to its
high sensitivity.

FROG 1is another useful technique for characterising femtosecond pulses, with
which both the intensity and phase of a femtosecond pulse can be determined [106].
There are several versions of FROG with slightly different beam geometries, such as
polarisation gate (PG), self-diffraction (SD), transient-grating (TG), second-harmonic
generation (SHG), and third-harmonic generation (THG).

The geometry of SHG FROG is similar to the intensity autocorrelator, in which
one beam is split into two and then recombine in a nonlinear crystal. The difference
is that for the FROG the autocorrelation trace is sent to a spectrometer with a two-
dimensional detector attached, such as a CCD camera. The signal can be measured
with dependence on delay (time information) in one direction and frequency in the
other. Therefore, the time-frequency distribution is uniquely related to the input pulse
field. A diagram showing the FROG setup is presented in Fig. 4.24.

The SHG FROG trace is given by

oo 2
IlgllggG<w>T> o< ’/ Esio(t,T)exp(—iot)dt (4.4)

—o0
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Figure 4.24: Schematic diagram of a SHG FROG setup

and the signal field E;g(t, T) is
Eio(t,7) =E(t)E(t — 7). 4.5)

With a pulse retrieval algorithm described in Ref. [107], a Ej;,(¢, T) can be find which
satisfies both constraints: Eq. (4.4) and (4.5).

The advantages of this technique are: (a) it is a single-shot measurement, (b) it
is possible to measure pulses as weak as 10 nJ and (c) the feedback regarding the
validity of the measurement data allows to check and correct a trace for many types of
systematic error, even when the source of the error is unknown. The ambiguity is the
direction of time as E(¢) and E(—t) give the same SHG FROG trace. Practically, this
ambiguity can be removed by placing a piece of glass in the pulse which will induce a
small trailing satellite pulse. A photograph of the home made FROG setup is shown in

Fig. 4.25.

4.7 Experimental setup and alignment procedure

In the previous sections, we have described the laser system, the methods used to gen-
erate frequency downshifted and compressed probe pulses, the focusing system for
both beams, the gas-filled capillary waveguide together with gas injection and timing
control, as well as various techniques of time-resolved diagnostic systems, covering

most of the noteworthy details for this experiment. In this section the general experi-
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Figure 4.25: A photograph of the homemade FROG setup with the optical path dia-
gram.

mental layout and the detailed alignment procedure will be described.

4.7.1 Experimental setup

The general idea of this experiment is to focus two intense counter-propagating laser
beams into a pre-formed plasma channel, whose dual-purpose is to guide the laser
pulses over several centimetres and to act as the nonlinear medium for the Raman
instability. Stimulated Raman backscattering transfers energy between the frequency
components of the laser and plasma waves matching the resonant conditions. Fig. 4.26
illustrates the layout of this experiment with high pump energy level.

The laser beam exiting the main laser amplifier, contains up to 330 mJ of energy
and consists of S-polarised chirped pulses with 250 ps FWHM pulse duration, centred
at 800 nm with 35 to 40 nm FWHM bandwidth. The laser runs at 10 Hz during the
alignment procedure and can be operated at lower repetition rates by using a single
shot shutter. When doing the Raman amplification experiment, the laser fires every 5

seconds to allow the gas to be evacuated from the chamber by the vacuum pumps.
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Figure 4.26: Raman experimental layout with high pump energy.

As illustrated in Fig. 4.26, for the high energy level experiment, the laser beam pass
through a Pockels cell that is placed just after the main amplifier which has only 3 ns
opening time to prevent radiation from coming back to the main amplifier. After the
Pockels cell, a beam splitter produces the pump and probe beams with 90% and 10%
of the laser energy respectively. The pump and probe beam paths will be discussed in
detail in the following sections.

- The pump beam path

After the beam splitter, the pump beam is directed into the final amplifier crystal,
which has three pump lasers. The Raman pump beam can be amplified to different
energy levels using different combinations of pump lasers for the final amplifier. After
being amplified, the maximum output energy achievable is 1.2 J. The pump beam is
focused into a purpose made spatial filter to clean unwanted spatial frequencies and
add additional protection for the final amplifier from possible back coming radiation.
To avoid air breakdown, the spatial filter is mounted in a small vacuum chamber. This
chamber consists of a plastic tube and two metal bellows with end windows attached
at Brewster angle on each side. A small cone-shaped glass capillary is mounted in

the centre of the chamber with the larger radius side facing the beam. This pinhole is
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produced by stretching a glass tube and then cutting it in the middle. The laser beam
is focused into the narrow side, which has a diameter of 300 um. The cross section of

this stretched glass tube is shown in Fig. 4.27.

Focal

Figure 4.27: Cross section of a stretched glass capillary.

Two plano-convex lenses are placed before and after the spatial filter with 50 cm
and 80 cm focal lengths, respectively, to focus and recollimate the pump beam and
also to act as a beam expander. The cleaned and expanded pump beam then propagates
through a polariser and a quarter wave plate. The polariser transmits the S-Polarised
laser beam and the quarter wave plate changes its polarisation from S to circular. After
the first set of polariser and quarter wave plate, the pump beam is transmitted into the
vacuum chamber. The mirrors used after the wave plate are single stack layer coated
to avoid the change of polarisation of the beam.

The pump pulse is focused onto the entrance plane of the capillary in the vacuum
chamber by a spherical mirror with a 1.5 m focal length. After interaction, the beam
is passed out of the chamber following the probe beam path in the counter propaga-
tion direction. On exit, a periscope translates the beam height downwards and rotates
its direction by 90 degrees. The S and P components swap in this process, therefore
after propagation through a second quarter wave plate the polarisation is rotated to S
again. The following polariser, set to reflect S and transmit P polarised light, can dump
the out going pump to prevent feedback into the laser system. Due to the depolarisa-
tion induced by the lenses in the focusing system, a few percent of the pulse energy
propagates through the second wave plate and polariser. Considering the safety of the

laser chain, for the high energy experiment, the focusing system is removed and the
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adjustment of the pump focus relies on the lens pair before and after the spatial filter.

- The probe beam path

The probe beam, containing 10% of the energy of the main laser beam, first passes
through a periscope, which switches the beam polarisation from S to P. An optical de-
lay line is added to controls the relative time delay between the two pulses. The delay
line consists of two mirrors mounted on a translation stage controlled by a ‘Newport’
motion controller. A small compressor compresses the probe pulse down to 60 fs. The
pulse duration can be increased to several picoseconds by changing the distance be-
tween the grating and mirror (Section 4.2.1). This compressor is purpose-built and the
alignment is not straight forward to obtain a very good quality beam without introduc-
ing a spatial chirp.

To downshift the central frequency of the probe beam, two methods have been
used in this experiment: self-phase modulation in combination with glass filters to
downshift the probe frequency (Section 4.2.1) and detuning the compressor grating
(Section 4.2.2). In Fig. 4.26, the second method is used.

The compressed and downshifted probe pulse will then propagate through a zoom
lens system (Section 4.3) that can be used to adjust the focal spot size and its position.
Two cut-off filters just after the focusing system, are set to transmit only low frequency
radiation. Following the P polarised probe beam propagates through a polariser and a
quarter wave plate. The probe pulse polarisation is first cleaned and then changed to
circular before a periscope transmits it into the vacuum chamber. It is then focused
onto the other entrance of the capillary.

An optical wedge that has anti-reflective coating on one side to reduce energy loss
of the pump pulse, picks 4% of the output probe pulse and reflects it to the diagnostics,
a CCD camera and a spectrometer. The rest of the probe leaves the vacuum chamber
along the path of the pump beam. Its polarisation is changed to P after a periscope and
wave plate, and again ejected by the polariser in the pump path. The ejected probe is

transported to the FROG system (Section 4.6.2) for temporal measurements.
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Moreover, in order to obtain a left rotating and a right rotating circular polarised
beam at the interaction position for the pump and probe beam, respectively, it is nec-
essary to ensure that the number of reflective optics between the wave plate and the

capillary for pump and probe path must be an odd number.

4.7.2 Alignment procedure

The alignment procedure in this experiment, including the preliminary set up and the
daily alignment routine, is briefly introduced in this section.

- Equal path length check

For a two beam experiment, it is very important to obtain equal path lengths for the
pump and the probe pulses to ensure their temporal overlap inside the capillary. The
path length of each beam is about 18 m after the beam splitter. The pump pulse passes
through an extra amplifier, while the probe passes through a double pass compressor.
Since the pump path length is longer, a delay stage is added into the probe line. To
check the overlapping of the two pulses, a doubling crystal is placed at the position of
the capillary at a small angle. The reflection of the stronger beam and the transmission
of the other one propagate roughly colinealy in the crystal. Moving the delay stage
until a frequency doubled blue signal is observed indicates that the two pulses are
overlapping temporally and spatially in the crystal.

- Polarisation check

As a consequence of the collinear counter-propagating geometry of the two laser
beams, both beams will return to the laser chain and may be amplified and damage the
laser system. Protection relies on the two pairs of polarisers and quarter wave plates,
which have been introduced in Section 4.7.1.

To align the two pairs of polarisers and quarter wave plates, due to the symmetric
geometry of the two beams, only one beam is used. Take the pump for instance. The
first polariser is placed at an angle that will allow the S polarised input beam to trans-

mit through. To align the first wave plate, a polarising beamsplitter cube (Fig. 4.28)
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which separate S and P polarisation in two directions, is placed after the wave plate.
Rotating the wave plate and checking the two outgoing beam’s energies after the crys-
tal until they are equal will make the beam after the wave plate circular polarised. With
this circular polarisation, the pump pulse propagates through the chamber without the
capillary in place. Now the crystal is put after the second wave plate to check the ener-
gies of the S and P components and the second wave plate is rotated until the circular
polarisation is switched to linear, which is perpendicular to the input probe beam. The
second polariser is set to eject the output pump pulse. So far the two pairs of polarisers
and quarter wave plates are roughly aligned to dump the back coming radiation.

Since the polarisation is not perfectly maintained
after interaction with a series of optics between the
two wave plates, a pure linear polarisation can not be
obtained by the second wave plate. Therefore, minor
adjustments are needed to minimise the back coming
radiation.

- Beam and capillary alignment

Aligning the two laser beams from the laser chain
to the target chamber and focusing them from oppo-
site directions through the capillary in vacuum is one

Figure 4.28: Polarising beam-
of the greatest challenges of conducting the Raman

splitter cube.
experiment. A careful step by step beam alignment
procedure is developed for this purpose. This procedure will be briefly presented here.
When setting up the experiment, a series of apertures are placed to reference the
beam position before the target chamber. A diode laser is used to mark the axis along
which the capillary is placed. The alignment in the vacuum chamber starts from the
probe beam and without the capillary in place (it is moved off the beam path with one

of the translation stages). In the vacuum chamber, a small rectangular target mounted

on a motorised frame that can be remotely moved in and out of the beam path is placed
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close to the entrance of the capillary together with a CCD camera monitoring the target.
This is used to monitor the beam position and to overlap the probe beam with the diode
laser. After being aligned with the diode laser by adjusting the probe spherical mirror,
the coarse alignment of the probe beam is completed. The pump is stronger, so it is
aligned on the chamber axis using references marked behind the two spherical mirrors.

Part of the probe pulse is picked off and delivered to the diagnostics. The imaging
system is set up and calibrated with the CCD camera imaging the a 200 um slit placed
at the input and output planes of the capillary. The camera is translated back and forth
until a sharp image of the slit is obtained. With the CCD imaging the entrance, the
zoom lens system is adjusted to obtain a matching focal spot size. Then, by moving
the camera backward the probe beam at the exit plane of the capillary is imaged. The
capillary is finally moved in the beam line and aligned using the 5-axes stage until
the probe pulse is transmitted through and at the same position on the CCD camera
as without the capillary, which indicates that the capillary is collinear with the probe
beam. When the capillary is aligned with the probe, it is kept untouched and used as

the reference for fine alignment of the pump beam.

4.8 Conclusion

Laser pulse Raman amplification in capillary waveguide is a very difficult experiment
to implement due to the large number of components involved, the required synchro-
nisation and adjustment.

First of all, the laser system presented in Section 4.1 has to supply a high quality,
high energy and stable beam. Each step of the production of a suitable (short and
frequency downshifted) probe pulse, explained in Section 4.2, needs to be checked
to minimise distortion of the laser pulse. As the key component of this experiment,
the capillary has to be well designed and coupled to its power system (Section 4.4). To

guide the laser pulses through the capillary with high transmission efficiency, matching
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the focal spot size (Section 4.3) is also necessary. Timing setting is an other essential
requirement, which is described in Section 4.5. The synchronisation of two laser pulses
with the plasma, the trigger of the single shot shutter and diagnostic system need to
be precisely controlled. Moreover, the custom-built diagnostic system, especially the

FROG in Section 4.6 has to be aligned and calibrated.
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Chapter 5

Experimental results of Raman
amplification in a capillary plasma

waveguide

The Raman amplification experiments have been performed for two ranges of pa-
rameters: pump pulses of moderate energy interacting with probe pulses spectrally
red-shifted via the combination of self-phase modulation and glass filters, and pump
pulses of high energy interacting with spectrally filtered probe pulses. In this chapter,
the guiding of the pump and probe beams in the capillary is presented first. The depen-
dence of energy and spectral gain on various experimental parameters are than analysed
systematically, and their connection with the electron dynamics are discussed. Numer-
ical simulations are performed using a reduced PIC code to enable the interpretation

of the experimental results.

5.1 Guiding of laser pulses

A hydrogen-filled capillary discharge waveguide has been employed to guide high

intensity laser pulses over longer distances. The guiding mechanism has been reviewed
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in Section 2.5.2. As described previously, the capillary in use is 40 mm long and has a
300 pm diameter. According to the measurements performed using Stark broadening
of hydrogen lines, the axial plasma density in the capillary is approximately about

1 x 10'8 cm™3 [108] and the matched focal spot size for the capillary is 55 pm.

5.1.1 Test of capillary guiding

To guide the probe pulse, the capillary’s position and angle are finely adjusted to op-
timise the waveguiding (i.e. guiding just by the capillary wall with no plasma dis-
charge) pattern for high guiding efficiency. Guiding is most efficient when the laser
beam passes through the centre of the capillary. Therefore, the optimised pattern usu-
ally contains a central spot with a ring or symmetric spots around it, as shown in
Fig. 5.1(b). When the waveguiding pattern overlaps with the marked position on the
computer screen of the probe pulse without capillary in the beam line, the pulsed valve
for the hydrogen gas and the high voltage are then turned on. The discharge is synchro-
nised with the pulsed valve and the probe beam arrival time, and the laser is guided by
the plasma channel in a single mode. Results of a guiding test are presented in Fig. 5.1,
where (a) is the probe beam focus with spot radius of 55 um, (b) is the laser profile
at the exit of the capillary showing a characteristic waveguiding pattern and (c) is the
output laser profile with plasma channel guiding containing 85% of the input energy at

the focus.

100 pm 100 pm

(a) Probe focus (b) Waveguiding (c) Guided probe

Figure 5.1: Images of the laser beam at the entrance and exit of the capillary.

The transmission efficiency is defined as the percentage of the laser energy obtained
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from the capillary output compared with the energy contained in the focal spot. It is
calculated automatically with an image batch processing program that first finds the
pixel with the maximum counts in the image, and then with that pixel as the centre it
integrates the counts of the pixels within a certain radius (usually set to the capillary
radius). Laser energy loss is dominated by inverse bremsstrahlung absorption in the
guiding process at low intensity.

The capillary is then left untouched and it is used as the reference for fine align-
ment of the pump beam. Similar guiding results are obtained for the pump, which are

omitted here.

5.1.2 Relative time delay between the discharge current and the

laser pulse
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Figure 5.2: High voltage discharge current pulse and the synchronised laser signal
shown for the region of high transmission efficiency.

To guide laser pulses through the capillary, the timing of gas injection, high voltage
discharge and laser pulse are required to be synchronised. As described earlier in
Section 4.5, the relative delay is controlled by a Stanford pulse generator. The pulse
valve for gas injection opens for 200 ms before the striking of the discharge, which

allows sufficient time for gas distribution in the capillary. The transmission efficiency
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is studied as a function of the time delay between the striking of the high voltage
discharge and the arrival of the laser pulse. Fig. 5.2 shows the timing of the laser
signal picked off by a photodiode with the synchronised discharge current trace as the
reference. The region between the two vertical dashed lines, which has an approximate
width of 170 ns, is where transmission efficiency is high (~ 80%).

After the test of guiding, the next step is to find the temporal overlap (i.e. the zero

delay) between the two pulses in the plasma channel by scanning the delay stage.

5.2 Amplification results - scanning the delay stage

0.8

NI
m:zz / ,’! ‘%
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Figure 5.3: The normalised spectra of pump (solid line) and probe pulses (dash line).

As a first step, the temporal overlap of the pump and probe pulses in the plasma
channel should be found prior to the high gain amplification experiment. For this
reason, only moderate pump energies are used in the experiment. The pump pulse
wavelength is centred at 805 nm and has a FWHM temporal duration of 250 ps with an
on target energy of 445 mJ. To simplify the experimental operation, filament generation
is not employed, instead the probe spectrum is modified by realigning the compressor
to cut wavelengths shorter than 805 nm. Therefore, the probe spectrum is centred at

818 nm and is about 80 fs long with the energy of 1.3 mJ. The normalised spectra of
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the pump and probe pulses are shown in Fig 5.3.

With these parameters, the Raman amplification process remains in the linear regime.
The dependence of the amplified probe energy, spectrum and pulse duration on the rel-
ative time delay between the two pulses are presented in the following sections. These
results can not only be used to check the right position of the translation stage for the
zero delay but also help us to study the development of the Raman amplification pro-
cess with a long chirped pump pulse and a short probe pulse in a plasma waveguide

channel.

5.2.1 Energy gain measurements

(a) Guided probe pulse (b) Amplified probe pulse
Figure 5.4: (a) Image of the guided probe pulse through the capillary. (b) Image of the
probe pulse with 240% amplification by the pump pulse.

The amplification experiments are firstly attempted with the translation stage at
a position where the two beam paths are checked to have the same length with the
doubling crystal. We first discuss the energy measurements. After the probe pulse
propagates through the capillary, a small portion of the beam is split off and transmitted
to the diagnostic system by an optical wedge. A 50:50 beam splitter transmits half of
the beam onto a CCD camera via a lens to monitor the laser spot shape and the energy
gain, while the other half is reflected to a spectrometer. The camera (FL2-14S3M-
C) has a 1/2” sensor with 1360 x 1024 active pixels and is used together with a x4

magnification imaging system. The pixel size is 4.65 um x 4.65 pm.
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The measured energy gain with the translation stage set at different positions in-
dicates that the temporal overlap of the two pulses in the plasma channel is achieved.
Fig. 5.4 shows the CCD measurements of (a) a guided probe pulse through the cap-
illary and (b) an amplified probe pulse with 240% energy gain. The energy gain is
defined by G = (E' — E)/E, where E’ and E are the integrated counts calculated from

the images with and without the presence of the pump beam, respectively.
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Figure 5.5: Probe energy gain plotted as a function of the relative delay time between
the pump and the probe pulses, compared with a Gaussian fitting curve (with on target
energy of 445 mJ for the pump and 1.3 mJ for the probe, and pulse durations of 250 ps
and 78 fs, respectively).

By adjusting the translation stage position and repeating the Raman amplification
experiment under the same conditions, we obtain a set of measurements of the probe
energy gain for different time delays between the two pulses, which are plotted in
Fig. 5.5. Here, the value of E’ is the best amplified shot for the given conditions,
whereas E is the average of the five best guided shots without pump present. The error
bars shown in the figure are the standard deviation of E.

To better understand Fig. 5.5, it is necessary to clarify that the point where the rela-
tive delay is equal to O corresponds to the time when the probe arrives at the entrance of

the plasma channel and starts to interact with the higher frequency components at the

108



CHAPTER 5. EXPERIMENTAL RESULTS OF RAMAN AMPLIFICATION IN A
CAPILLARY PLASMA WAVEGUIDE

back of the pump pulse (arbitrary zero point) as it exits the capillary. Positive delays
correspond to translation stage positions where the probe path length becomes shorter
and the interaction starting point moves towards the pump’s entrance. It is also worth
noting that when the path length changes by L, the interaction position changes by
L/2. The various stages of two pulses interaction within the plasma channel are shown

schematically in Fig. 5.6.

Probe

Positive time delay

Figure 5.6: Interaction situations with positive time delay between the two pulses. For
the three situations depicted here, the probe pulse interacts with only the back part of
the pump, the whole pump and only the front part of the pump pulse, respectively.

The gain is up to 2.4 times and the amplification (G > 0) occurs for about 400 ps.
A Gaussian fitting curve is made on the energy gain versus the relative time delay. The
width (FWHM) of the Gaussian fitting curve is 180 ps, which corresponds to a 10.8
cm path length change and is determined by two factors: (1) the length of the plasma
channel and (2) the duration of the pump pulse.

Fig. 5.7 (a) shows the case where the probe pulse arrives at the entrance of the
capillary while the pump is about to exit the channel. This corresponds to the start of
the overlap of the two pulses in the plasma channel when scanning the delay stage (i.e.
the O relative delay). Fig. 5.7 (b) shows the opposite case where the probe pulse exits
the capillary, only interacts with the front of the pump pulse and after this no gain can
be observed. To compare the situation (a) with (b), Fig. 5.7 (c) shows the translation
stage at the same position as (b) but at a time when the pump pulse is leaving the
capillary. In the time from situation (b) to situation (c) the pump pulse propagates over

11.5 cm (the pump pulse length plus the capillary length), therefore the probe should
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' 4cm I 11.5cm

(c)
Figure 5.7: (a) Probe pulse at the capillary entrance interacting with the back of the
pump pulse. (b) Probe pulse at the output of the capillary interacting with the front of

the pump pulse. (c) The equivalent situation of (b) with the pump at the same position
as (a). Here the laser pulse length is given by its FWHM.

travel the same distance. Thus, comparing (a) and (c), it can be seen that the delay
range of the probe pulse for observing the Raman gain is limited to the pump pulse
length plus twice the capillary lengths, which is 15.5 cm. Here the laser pulse length
is given by its FWHM.

The experimental measurement (10.8 cm) is shorter than the theoretical predicted
distance (15.5 cm), which can be explained by (1) the plasma density drops at both
edges of the capillary and (2) the filtered probe spectrum limits the range of pump
frequencies that are resonant with the probe pulse. This can be seen more clearly in

the spectral analysis.

5.2.2 Spectral analysis

Following the discussion of energy gain calculated from the CCD camera, the next step
is to study the frequency dependence from a spectral analysis. As described earlier, a
small part of probe signal is picked off in the chamber and focused onto a spectrometer.

This spectrometer (Ocean Optics USB 4000) is equipped with a 1200 grooves per mm
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grating and has a spectral range from 653 to 947 nm. The recorded signals I(1’)
and /(1) are the probe spectra with and without the pump pulse present, respectively.
These can be used to obtain the spectral gain as a function of wavelength: G(1) =
(I(A") =1(4)) [1().

Varying the delay between the two pulses, the short probe pulse will interact with
different parts of the positively chirped pump pulse, as illustrated in Fig. 5.6. The
initial pump and probe spectra are shown in Fig. 5.3. The amplified probe spectra and
the gain curves as a function of the time delay are shown in Fig. 5.8(a) and Fig. 5.8(b)

respectively. All spectral graphs have the same scaling of the ordinate in Fig. 5.8(a).
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Figure 5.8: Measured spectra (a) and gain curves (b), of the amplified probe pulse for
different pump-probe delays.

With positively increasing time delays, the probe arrives at the capillary earlier and
encounters the front of the pump pulse (lower frequency components). The change
in frequency of the amplified probe reflects the chirp of the pump pulse through the

Raman process. As can be seen in Fig. 5.8(a) and Fig. 5.8(b), the amplified spectra and

111



CHAPTER 5. EXPERIMENTAL RESULTS OF RAMAN AMPLIFICATION IN A
CAPILLARY PLASMA WAVEGUIDE

— Figure 5.9: The shift of

1 the amplified probe cen-
tral wavelength (centre
of mass of the spec-
trum) as a function of
° the relative time de-
] lay. The two vertical
| dash lines mark the re-
L gion where significant

0 100 200 300 400 500 600 energy gain is obtained.
Relative timing (ps)

Central wavelength shift (nm)

the gain curves shift to longer wavelengths with positive time delays.

To present the data of Fig. 5.8(a) in a more intuitive way, the shift of the central
wavelength of the amplified probe pulse versus the time delay is plotted in Fig. 5.9.
The central wavelength is calculated as the centre of mass of the spectrum. Substantial
energy gain of the probe pulse is observed when the time delay is between 170 ps and
425 ps, as can be seen in Fig. 5.5. Therefore, paying attention to this area marked
between the two dashed lines in Fig. 5.9, the amplified probe central wavelength shift-
ing from shorter wavelengths (negative shift) to longer wavelengths (positive shift) is a
direct consequence of gradually stronger amplification of the probe lower frequencies.
When the probe only interacts with the front or the back of the pump pulse, as shown
on both sides of Fig. 5.9, due to the low initial intensity of the frequency components in
resonance, the central wavelengths of the amplified probe fail to reflect the resonance
with the frequency component of the pump.

According to Fig. 5.5, Fig. 5.8, and Fig. 5.9, we can roughly divide the scanning
process into two regions: (a) before 260 ps and (b) after 260 ps. In region (a), the probe
starts to interact with the back of the pump and with positive time delays it encounters
with more frequency components where resonance can occur until the whole probe
bandwidth gets amplified. It is worth noting that it is not necessary for the probe to
interact with the whole pump to obtain full bandwidth amplification due to the over-

lapping of their spectra. At the end of region (a), with all the frequencies amplified, the
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total energy gain reaches its highest value. The gain for longer wavelengths is larger
than for shorter wavelengths, as shown in Fig. 5.8(b), because the resonant components
of the pump for longer wavelength are more intense. Moreover, at shorter wavelength,
the probe can lose energy to the pump through the reverse Raman process. With in-
creasing delays, the probe pulse interacts with more pump frequency components that
are not resonant with the probe, thus the total energy gain remains constant. In region
(b), the probe begins to not overlap with the front of the pump, and therefore higher
frequencies can not be amplified, which results in a drop of the total energy gain.
Following the spectral analysis of the experimental results, the next step will be to
present the FROG measurements that have been applied to Raman amplification for

the first time.

5.2.3 FROG measurements

In addition to the CCD camera and the spectrometer, a FROG system has been em-
ployed to detect the change of the probe pulse temporal profiles before and after
amplification. The FROG principle and setup have already been introduced in Sec-
tion 4.6.2. However, to extract the laser pulse information from the measured signals,
pulse-retrieval software is also required.

Two FROG related programs have been used to process the data: (1) Femtosoft
FROG is a standalone retrieval algorithm, which cannot process experimental data in
real time, but contains a powerful set of features and algorithms. (2)Femtosoft Quick-
Frog is a program that continuously reads data from the camera and displays the results
in real time. With QuickFrog, laser beam parameters can be checked when tuning the
laser or doing experiments. The FROG program is used to reprocess important data
off-line.

QuickFrog can be operated in two modes: (1) Time Mode, where the measured 2D
trace and the retrieved trace as well as the pulse intensity and the phase as a function

of both time and wavelength are displayed on the screen, as shown in Fig. 5.10. The
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saturation level of the signal on the detector and the results including temporal and
spatial FWHM together with the FROG errors are also available. (2) In Space Mode,
the FROG algorithms are disabled and simple spatial profiling is available. This mode
is used for aligning the FROG setup, as well as for obtaining basic information on the

spatial profile of laser pulses.
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Figure 5.10: The program panel of QuickFrog in the Time Mode.

Before presenting the temporal profiles obtained from the FROG measurement, it
is necessary to point out the limitations when the FROG is used in this experiment,
for future improvements. First of all, the data processing programs only works at 8
bit. As a result of the limited dynamic range, not all the measurements can be used to
retrieve a FROG trace because sometimes the signal can saturate the detector and often
it is too weak. As a result, setting up a proper filter by gauging the amplified signal
strength is essential when operating the FROG system. Secondly, the probe pulse
transmitted through the capillary always has a tiny angular offset. After several meters
of propagation, not all the shots are transmitted perfectly to the detector and some

develop an asymmetrical shape producing a large FROG error. Therefore, running
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the FROG program off-line again to reprocess the data enables us to get more usable
results. To overcome these limitations, a new version of the processing program that
can support cameras with larger dynamic range is required. Then, the stability of the

laser and the experimental setup can be improved.
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Figure 5.11: A FROG measurement of a capillary guided probe pulse: (a) the measured
FROG trace, (b) the retrieved FROG trace (reprocessed by the FROG program), (c) and
(d) the retrieved spectral and temporal profile and their respective phases.

Fig. 5.11 and Fig. 5.12 are typical FROG measurement results, including (a) FROG
trace recorded using the 8-bit CCD camera and (b) retrieved FROG trace, (c) and (d)
the retrieved pulse intensity and phase in the frequency and time domains, respectively.
The vertical axis of the FROG trace corresponds to the wavelength while the horizontal
axis is time. The spectral and temporal width of the laser pulse are measured by the

FWHM. Fig. 5.11 shows the probe pulse which after being guided through the capillary

115



CHAPTER 5. EXPERIMENTAL RESULTS OF RAMAN AMPLIFICATION IN A
CAPILLARY PLASMA WAVEGUIDE

0

—> Temporal direction

(b)

U.

—> Temporal direction

|
) 5
2 0o
Q ©
2 o
o 5
a —
3 ©
© ©
Q Q
2 n

1.0 T T T 1.0
- — Spectral {10 _ 10
hase 77~ r
0.8 P _0.8L - AN o)
an ——Spectrum | g s . ’ \ o
e ho] £ - - -Phase’ _ _ - V1%~
= ® — \ ho]
Qo6 = 8 0.6 Intensity \ ©
£ 6 g — ‘e &
> \
_.é‘ % = \ %
n 0.4 . Qo4 ®
c _ 140 c 14 &
O PR 2 o
— ~ ~
[ - T =
— 0.2+ no! 2 0.2 12
!
[INY !
0.0 N ) . . : 0 0.0 . ) 0
780 790 800 810 820 830 840 850 -200 -100 0 100 200
Wavelength (nm) Time (fs)

(©) (d)

Figure 5.12: A FROG measurement of a probe pulse with amplification: (a) the mea-
sured FROG trace, (b) the retrieved FROG trace, (c) and (d) the retrieved spectral and
temporal profile with their respective phases.
has a pulse duration of 115 fs, while Fig. 5.12 presents the amplified probe with a
shortening of its duration to 96 fs. These results are reprocessed off-line to minimise
the FROG error. The pulse intensity depends on the efficiency of second harmonic
generation, the pointing, filters etc. therefore can not be used to obtain the gain value.

The measured pulse duration and spectral bandwidth with different time delays
between the two pulses are summarised in Fig. 5.13. Focusing on the region where
significant energy gain is obtained (between the two dashed lines), we can see that the
pulse duration decreases and the bandwidth increases with the positive time delays.
Together with the energy and spectral gain versus the time delay, Fig. 5.13 can help to

reproduce the history of the probe pulse evolution.
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Figure 5.13: The probe pulse spectrum bandwidth and pulse duration without (a) and
with (b) amplification obtained from the FROG measurements are presented as a func-
tion of different time delays. Between the two vertical dashed lines is the region where
significant energy gain is obtained.
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In theory, when interacting with a chirped pump pulse in the linear regime of Ra-
man amplification, the probe pulse duration should remain more or less constant, if its
whole bandwidth gets amplified with a similar gain. However, with different time de-
lays, the probe interacts with different parts of the chirped pump pulse (see Fig. 5.6),
therefore, only frequencies in resonance will be amplified. On the other hand, even
when the whole probe bandwidth is amplified, in practice, the spectral gain curve
usually is not flat due to different frequency components having different amplitudes,
which leads to a variation of the spectral and temporal profile of the amplified probe
pulse.

For example, at time delay of 160 ps, a typical set of FROG measurement are
presented in Fig. 5.14, from which we can see that the amplified probe spectral phase
remains roughly the same, while the spectral intensity profile is deformed due to a
strong partial amplification at shorter wavelengths, around 810 nm, which is consistent
with the spectrometer measurements in Fig. 5.8(a). The spectral variation leads to a

narrower bandwidth and a longer pulse duration.
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Figure 5.14: FROG measurement of probe pulse spectrum intensity and temporal in-
tensity profile before (black solid line) and after (red solid line) amplification with
phase (dash lines) at time delay of 160 fs.

As higher probe frequencies (shorter wavelengths) move out of resonance, the
longer probe wavelengths experience large amplification because their resonant com-
ponents of the pump are relatively intense. As shown in Fig. 5.15, at time delay of 380

fs, strong amplification of the low frequency probe with initially low intensity deforms
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its spectrum in a way that leads to a larger bandwidth and a shorter pulse duration at

FWHM, as expected from the Fourier relationship.
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Figure 5.15: FROG measurement of probe pulse spectrum intensity and temporal in-
tensity profile before (black solid line) and after (red solid line) amplification with
phase (dash lines) at time delay of 380 fs.

To summarise, in this section, the energy gain, spectral gain, central frequency shift
and the changes in bandwidth and pulse duration are studied. The asymmetry of the
changes of the spectral bandwidth and the pulse duration with the scanning of the delay
stage are due to the probe pulse frequencies being not sufficiently downshifted from

the pump frequency by the plasma frequency, as shown in Fig. 5.3.

5.3 Amplification of red-shifted probe pulses

After the spatial and temporal overlap of the pump and probe pulses are assured, am-
plification of frequency red-shifted probe pulses is performed. The implementation of
this experiment becomes immensely complicated when employing self-phase modula-
tion to generate the frequency shifted probe pulse. Since the filamentation is a process
that is very sensitive to the input signal parameters as well as the alignment, the probe
spectrum is not stable. One way to handle this problem is to combine the nonlinear
process of the probe pulse passing through the glass window of the filament gener-
ator with a relatively weak filamentation process. The probe and the pump spectra

are shown in Fig. 5.16. The shifted probe wavelength is centred at 840 nm with a
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Figure 5.16: The normalised spectra of pump (solid line) and red-shifted probe pulses
(dash line).

bandwidth of about 11 nm. With the probe signal at the optimal frequency, a series
of measurements have been carried out varying different parameters, such as the back-
ing pressure in the capillary, pump energy, probe pulse duration etc. The results are

presented and discussed in the following sections.

5.3.1 Energy measurements
- Energy gain dependence on pump energy

The experiment is carried out with increasing pump energy from 100 mJ to 330 mJ
with the focal spot size of 65 pm. The probe pulse contains 0.5 mJ with 200 fs pulse
duration, which is the optimal parameters for filament generation. The delay stage is
set to maximise energy amplification. As expected, the output probe energy increases
strongly with the pump energy. The best energy gain of the probe pulse as a func-
tion of the normalised vector potential of the pump pulse is plotted in Fig. 5.17. An
exponential fit (1-D theory) of the data is added to compare with the theoretical gain
curve. A plasma density of 1 x 10'® cm™ is taken to calculate the theoretical gain.
The measured gain is lower than the theoretical value due to several factors:

e The narrow gain bandwidth in the Raman linear regime results in only part of the

pump spectrum (see Fig. 5.16) utilised for probe pulse amplification.
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Figure 5.17: Experimental energy gain with exponential fitting and a theoretical gain
curve.

e The pump energy loss during propagation in the capillary is not taken into ac-
count. The guiding efficiency is about 80%.

e The gain value is calculated with the evaluated peak intensity of the pump pulse.
However, taking the mode structure into account (i.e. 3-D effect), the pump intensity is
less on the side, therefore when integrate the gain it will be lower than if the calculation
is based on peak intensity.

e Thermal effects and other nonlinear detrimental effects are not taken into account.

From the energy measurements, no tremendous gain boost is observed compared
with the experiment of the probe pulse without filament generation. Fig. 5.17 indicates

that the amplification process remains in the Raman linear regime.

- Energy gain dependence on electron plasma density

The experiment is also performed with increasing backing pressure and hence increas-
ing plasma density. As shown in Fig. 5.18, the energy gain increases with the electron

plasma density, as expected. The error bars indicate the statistical deviation of the best

121



CHAPTER 5. EXPERIMENTAL RESULTS OF RAMAN AMPLIFICATION IN A
CAPILLARY PLASMA WAVEGUIDE

5 shots. As reflected in the gain expression, the growth rate y depends on the electron
plasma density n, (Y o< /n.), since the pump and probe pulses are coupled via the
plasma wave, a larger number of electrons leads to a larger energy transfer from the
pump to the probe and the plasma wave. However, when the pressure is too low or too

high, the three waves will out of resonance and decrease the gain.
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Figure 5.18: Energy gain with backing pressure.

The measurements suggest that with higher plasma densities, the energy gain can
be increased dramatically. However, practically, the capillary can not work with densi-
ties higher than 2 x 10'® cm™3. With the increasing backing pressure in the capillary,
the high voltage discharge encounters difficulties ionising the gas and hence causes
problems operating electronic devices. It is worthwhile emphasising that the aim of
this work is not to obtain the highest gain but rather to investigate Raman amplification

in plasma, and furthermore, use the relatively low plasma density and high pump and
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probe amplitude to test the properties of the Compton regime.

5.3.2 Spectral measurements

For the spectral measurements, no significant spectral broadening is observed. How-
ever, the spectra show a special feature, which can be seen in Fig. 5.19. There are
narrow peaks on top of the amplified spectrum which is not seen for experiments with-
out filament generation. Spectra in one batch of measurement share the same features
including the number and the positions of the peaks. These peaks might be caused by
the degraded probe pulse quality in the filament generation process or due to chirp and
phase modulation.

In order to improve the pulse quality, the probe pulse is further stretched to about
250 fs before going through the filament generator. However, the already complicated
operation gets more difficult to generate red-shifted spectral components. With central

wavelength shifted to 820 nm, the energy gain does not improve.
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Figure 5.19: Spectra of the probe pulse with (red solid line) and without (black short
dashed line) the amplification and the gain curve (blue dashed line). Both the probe
spectra are smoothed by the average of adjacent 20 points. The energy gain for this
shot is 250%.
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5.3.3 Conclusion

Within the frame of this work, the laser pulse Raman amplification is expected to reach
its optimal regime associated with high energy gain. However, as a direct consequence
of the mutual restraints of the laser pulse character for the generation of filament and
the capillary guiding, the signal quality cannot be assured. To reduce the operational
complexity of the experiment when employing the full power of the laser, the decision
was made to go back using the compressor and cut-off mirror instead of the filament

generator to shift the probe pulse central frequency.

5.4 High gain measurements and gain saturation

The conclusion drawn from the previous section, where the filamentation is identified
as a limiting factor for energy gain improvements, advises us to generate the probe
pulse by cutting the high frequency components with the compressor and the cut-off
mirror. As a result, the probe central wavelength is only slightly longer than that of
the pump pulse, which reduces energy transfer from the probe to the pump, however,
not all the pump frequencies can be utilised for probe amplification. The optimal laser
frequency versus various plasma densities can be checked in Fig. 4.10.

Moreover, with the Pockels cell for Raman experiment installed (refer to Section
4.7.1) for additional protection for the laser chain, the full laser energy of 1.6 J is used
for the pump beam. Taking all the losses into account, the highest on target pump en-
ergy is about 840 mJ. With the large range of pump pulse energies, the amplification
experiment is performed with different parameters for investigating the evolution of the
Raman amplification process. The difficulty in carrying out high pump energy experi-
ments is the unavoidable leakage of the pump pulse transmitted through the wave-plate
and polariser, which will be focused and, when too severe, could damage the optics in
the experimental setup. A series of rigorous checks are required to ensure the safety of

the Raman experiment optics and the laser itself.
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5.4.1 High gain measurement and spectral broadening

- Energy amplification

With the parameters listed in Table 5.1, the best energy gain of 650% is obtained and

the images of the probe pulse with and without amplification are shown in Fig. 5.20.

The optical quality of the amplified pulse remains acceptable. No filamentation insta-

bility and severe deformation in shape are found.

Pulse duration | On target energy ao Focal intensity
(FWHM)
Pump pulse 250 ps 825 mJ 39%x 1073 [ 3.2x 101 Wem—2
Probe pulse 250 fs 0.9 mJ 50x 1073 | 5.0 x 1013 Wem™2

Table 5.1: Experimental parameter for the highest gain measurement.

100 pm

(a) Guided probe pulse

(b) Amplified probe pulse

Figure 5.20: Images of the probe pulse at the exit of the capillary with best energy

gain.

Fig. 5.21 shows the spectrum intensity normalised with the energy gain measured

from the CCD camera. A clear spectral broadening can be observed, especially on

the high frequency side. A peak is formed between 800 nm and 810 nm. A further

investigation of spectral broadening will be presented in the following section.
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Figure 5.21: Spectra of the probe pulses with and without interaction of the pump
pulse. The spectral intensity is normalised according to the energy gain taken by the
CCD camera.

- Spectral broadening

Spectral broadening of the probe pulse after Raman amplification is observed, espe-
cially on the short wavelength side. As illustrated in Fig. 5.22, more than 50% band-
width increase is achieved for this shot. The figure also shows the integrated spectral
energy distribution curve, which indicates that the amplified pulse has 10% of its en-
ergy distributed in the new frequencies on each side of it. The spectral gain curve
shows a relative low value at the centre, compared with the two peaks at both sides.
This special gain feature is associated with most of the shots having large energy gain
and indicates that nonlinear effects are becoming more important.

The measured spectral broadening could be a consequence of spectrum profile de-
formation or the emergence of new frequencies or a combination of these two. The
broadening due to the appearance of new frequencies is an indication of reaching the
Compton regime, where the ponderomotive force of the beat wave is sufficiently strong
to cause the electrons to undergo synchrotron oscillations in the optical lattice and the

pulse compresses to /@y, where @, is the bounce frequency.
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Figure 5.22: Spectra of the probe pulses with and without the amplification. The band-
width increases from 9.5 nm (FWHM) of the initial probe pulse to 14.6 nm for the
amplified probe pulse. The pump spectrum is measured from the scattered radiation
from the laser chain, thus providing information about the spectral separation between
the pump and probe pulses. Integrated energy distributions of the spectra for the ini-
tial and amplified pulses show that about 20% of the energy of the amplified pulse is
contained in both sides of the spectrum.
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Figure 5.23: Probe pulse spectra before (blue line) and after (red line) the compressor.
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To identify the origin of the spectral broadening, a close look at the probe pulse
spectrum is required. The measured probe spectra before and after the compressor
are shown in Fig. 5.23. It is observed that a small signal exists between 795 nm and
807 nm. If this is real, the bandwidth increase on the blue side of the amplified probe
pulse could just be gain saturation of the small signal existing there. However, the gain
curve does not match the gain profile calculated from the pump. It is more likely that
the probe signal between 795 nm and 807 nm is an artefact of the spectrometer due to
scattering inside the box and grating. Therefore, the spectral broadening is due to the
appearance of new frequency components on the amplified probe pulse, which suggests
that the amplification process is gradually changing from Raman amplification to the
nonlinear regime.

In many amplified probe spectra, the amplification on the high frequency side is
much stronger than at other frequencies, as can be seen from the peak between 800 nm
and 810 nm in Fig. 5.21 and Fig. 5.24. To explain this phenomenon we need to look
at the electron motion as discussed in Section 3.2.3. Before the ponderomotive force
dominates the electron motion, it starts by trapping some low energy electrons causing
them to undergo synchrotron oscillations. As trapped electrons are accelerated in the
plasma-wave potential, the plasma wave loses energy to compensate, and undergoes
a frequency downshift [109]. A lower plasma frequency results in a blue shift of the
amplified probe pulse spectrum.

The probe pulse duration is not obviously compressed as observed in FROG mea-
surements, since the electrostatic force due to space charge still dominates the electron
oscillation and even in the pure Compton regime the pulse compression scales with
T~ l/zl/z, which is a slow process.

In this experiment, the calculated bounce frequency is @, = 2.1 x 10'3 rads™!,
which is still lower than the plasma frequency ®, = 5.6 X 10'3 rads~!, however the in-
creasing ponderomotive force is still able to trap a significant number of electrons. This

can be defined as a transition regime [87] between the Raman linear and the Comp-
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Figure 5.24: Initial (blue) and amplified (red) probe spectra with strong amplification
at high frequency side for two cases.
ton regime, in which the plasma behaviour dominated by collective effects transforms
to behaviour determined by single particle dynamics, i.e. the Compton regime. It is
worth noting that the calculation of the bounce frequency is just a rough estimation of

the simplified scenario [77].

Special feature

Apart from the broadening of the amplified spectrum, there is also a small bump that
appears at wavelengths around 837 nm, which can be seen clearly in Fig. 5.25, as well
as in Fig. 5.21 and Fig. 5.22. Fig. 5.25 shows that approximately 10% of the energy
of the amplified pulse is contained in the small bump, which is shifted by approxi-
mately 2w, with respect to the pump central frequency. Moreover, the profile of the
small bump is very similar to the main pulse. In the Compton regime, it is possible to
have sidebands separated by @,. However, the dynamics of the electrons are still not
dominated by the ponderomotive force.

In this experiment, if the plasma wave is strongly driven, the nonlinearities give
rise to electron oscillations at frequency of 2w),. Therefore, the amplification of these
frequency components can also be the backscattering of the pump from the harmonics

of the plasma wave. It is difficult to identify the origin of this feature experimentally,
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Figure 5.25: Spectra of the probe pulses with and without amplification. In addition to
the bandwidth broadening from 9.3 nm (FWHM) to 12.4 nm after amplification, there
is a large amplification between 835 nm to 843 nm. Integrated energy distributions of
the spectra show that about 10% of the energy of the amplified pulse is contained in

this wavelength range.
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Figure 5.26: The probe pulse energy gain as a function of the pump pulse spectral
energy density with different probe pulse chirp rate (“svl E”: several energy, “+”: pos-
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itively chirped probe pulse, “-”’: negatively chirped probe pulse).

therefore 1D aPIC simulations are performed and the harmonic components are found
through Fourier transform of the plasma wave (details are given in Section 5.5) which
indicates the pump backscattering on the harmonics of the plasma wave contributes to

the small bump on the probe lower frequency side.

5.4.2 Energy gain saturation

When increasing the pump pulse energy, more shots with large energy gain are ob-
tained, as expected. However, beyond a certain threshold, probe energy gain saturation
is observed. Fig. 5.26 demonstrates the best probe energy gain for each set of experi-
mental parameters as a function of the pump pulse energy density. The spectral energy
density of the pump pulse is calculated by dividing the pulse energy by the standard
deviation of its spectrum. The motivation of using spectral energy density is to obtain
a plot with the pump power to remove the uncertainty in spectral bandwidth or pulse

duration.
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Figure 5.27: The probe pulse intensity gain as a function of the pump pulse energy
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density with different probe pulse chirp rate (“svl E”: several energy, “+”: positively
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chirped probe pulse, “-”: negatively chirped probe pulse).

Fig. 5.26 exhibits a two-stage feature. In the first stage, the probe energy gain
increases with pump energy density following an exponential increase. When the pump
pulse energy density achieves 0.035 J /nm, the second stage is reached, where the probe
energy gain does not change much with increasing pump energy.

The two-stage feature is also demonstrated in Fig. 5.27, which shows the relation-
ship between the pump spectral energy density and the probe pulse intensity gain. The
intensity gain is measured by comparing the peak intensity of the probe pulses before
and after amplification. It is easy to establish that the boundary separating the two
stages here is at the same position as the one in Fig. 5.26.

Moreover, measurements of the bandwidth change of the amplified probe pulse as
a function of the pump pulse energy spectral density, as shown in Fig. 5.28, reveal a
decrease followed by an increase. It is clear that the point separating the bandwidth
change from decreasing to increasing is the same as the point dividing the two stages

in both Fig. 5.26 and 5.27.
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Figure 5.28: The probe pulse bandwidth change as a function of the pump pulse energy
density with different probe pulse chirp rate (“svl E”: several energy, “+”: positively

TR R

chirped probe pulse, “-”: negatively chirped probe pulse).

Fig. 5.26, 5.27 and 5.28 all show a two-stage feature with the same threshold
separating the two stages. In the second stage, the probe pulse energy and intensity
saturation with increasing pump energy together with the broadening of the bandwidth
indicate the onset of plasma nonlinearities.

The parametric instabilities in the nonlinear regime is extremely complex and has
not been completely understood. There are several mechanisms that could affect the
growth. Referring to the discussion in Chapter 3, it is likely due to the combination
of two types of nonlinear effects: wave-wave and wave-particle interactions. As dis-
cussed in the previous section, one possibility is that the ponderomotive force starts
to drive electron motion. The two-stage feature appears since the gain becomes lower
in the transition regime. Other possibilities for the gain saturation are thermal effects.
These can cause plasma wave breaking and in that case the plasma wave will not scat-
ter in proportion to the force driving it. Although the transition to wave breaking of
uniform plasma waves in cold plasma has been well defined, in a thermal plasma the

transition is less obvious and entering the wave breaking regime is more gradual as
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a function of the density and temperature [110]. Again, with the help of aPIC simu-
lations, the dominant effect can be determined. From the simulation results, particle
trapping are seen only when with high energy pump while the plasma wave breaking
also occurs when using moderate pump energy. Therefore, the particle trapping might

be the main factor causing the gain saturation.
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Figure 5.29: The probe pulse energy gain as a function of the probe and pump pulse
energy.

The conclusion that the ponderomotive force starts to play an important role in
the amplification process can also be verified by the measurements of the Raman gain
with different probe pulse energies, since the ponderomotive force is proportional to
the product of the stimulated backscattered and the pump field amplitude. The change
of the probe pulse energy is realised by setting the polariser at different angles. The
positively chirped probe pulses has 170 fs pulse duration before interaction and varies
between 150 to 250 fs after the interaction.

As shown in Fig. 5.29, with low pump energy (227.2 m]J in the figure) the Raman
gain is independent of the probe pulse energy, as predicted by the theory. However,
with higher pump energies (432.8 mJ and 880 mJ), the gain decreases with the increas-
ing probe pulse energy. No evidence is found for deterioration of the pulse quality with

increasing energy, so the amplification limit originates from the interaction process.
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Figure 5.30: The energy extracted from the pump pulse as a function of the probe
energy and pump pulse spectral energy density.

The scan of probe pulse energies allows the ponderomotive force to be varied with-
out affecting other nonlinear processes. Therefore, the mechanism that saturates am-
plification is likely to be electron trapping by the ponderomotive force. To demonstrate
the amplification saturation in another way, Fig. 5.30 summarises the same set of data
with the best energy extraction from the pump pulse as a function of the probe pulse
energy and the pump pulse spectral energy density. It is calculated that energy ampli-
fication drops when |aga;| ~ 1.2 x 107>,

The gain saturation seems to contradict the observation that the best energy gain is
obtained with a high pump energy. This is explained from the pump pulse spectrum for
this set of measurements which is slightly blue shifted, as shown in Fig. 5.31. More
energy located at the higher frequency side will result in a larger probe amplification.

In Fig. 5.26, 5.27 and 5.28, the probe pulses have different chirp rates which also
plays a role in the interaction process and the explanation will be attempted in the next

section.
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Figure 5.31: For the best energy gain measurement, the pump pulse spectrum has a
slightly blue shifted profile.

5.4.3 Energy gain dependence on the chirp rate of the probe pulse

The change of probe pulse chirp rate and direction can be realised by the grating com-
pressor, which is a part of the setup for the generation of the probe pulse (Fig. 4.3).
The fully compressed probe pulses have a duration of 75 fs. The compressor has also
been set to produce positively and negatively chirped probe pulses of about 105 fs and
140 fs. The on target energy for the pump and probe pulses are 340 mJ and 0.5 mJ,
respectively. This experiment was performed when the filament generator is in place.

Fig. 5.32 shows the energy gain for the probe beam with different chirp rates, from
which we can see that amplification is low for the shortest probe pulse and positively
chirped pulses have higher gain than negatively chirped pulses. The reason for the low
gain with a fully compressed probe pulse is that the probe pulse duration is shorter than
the period of the electron plasma wave, which is the fundamental time-scale in plasma.
For this measurements, moderate backing pressure is used corresponding to a plasma
density of around 1 x 10'8 cm™3. Table 5.2 shows the period of the electron plasma
wave for different plasma densities.

To remove the detrimental effects from the filament generator, it is then taken out
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Figure 5.32: Energy amplification of fully compressed and chirped probe pulses.

Plasma density

5% 1017 ¢cm=3

1 x 108 cm=3

2x 1018 cm—3

Period of electron
plasma wave

157 fs

111 fs

78 fs

Table 5.2: Plasma density with corresponding period of electron plasma wave.
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from the setup and the probe spectrum is cut by the grating in the compressor. In
this case, the bandwidth is narrower therefore the fully compressed pulse is about
120 fs. Changing the chirp rate of the probe pulse, the experiment is repeated with
different pump energies. The pulse intensity changes with the duration but the energy
of the probe is kept at 0.93 mJ. The energy gain as a function of probe chirp rate is
summarised in Fig. 5.33. These measurements also show that the energy amplification
is larger for positively chirped pulses than for negative ones. Moreover, since the fully
compressed pulse duration is longer than the plasma period, the gain does not drop as
in the previous experiment.

The mechanism that leads to a higher gain for positively chirped probe pulses is
not yet fully understood. A possible explanation is presented in Section 5.6 in Dr.
Farmer’s thesis [111]. Simulation results show that the positive probe is preferable
for amplification, same as the experimental result. However, the parameters used in
the simulation are different from the experimental parameters, for example, the pump
pulse is not chirped in the simulation and the intensity for both pulses are much higher
than the actual laser pulses used in the experiment.

A recent published paper by Toroker [112] presents the probe pulse chirping effect
on Raman amplification which may be also useful to explain this phenomenon. In the
paper, they explained that it is optimal for the laser amplification with minimum probe
duration at the exit of a plasma channel. When propagating in the plasma channel,
the probe pulse will experience a group velocity dispersion which will result in pulse
stretching. If the probe pulse has a positive chirp rate prior to it entering the plasma
channel, the group velocity dispersion could be compensated for [112]. However, the
plasma density need to be high enough to have a significant group velocity disper-
sion. Furthermore, the simulation results from 1D aPIC code using only the first order
solver also shows the preference of positively chirped probe interacting with positively
chirped pump. Since the first order solver does not take the plasma wave dispersion

into account, it suggests that there are also other factors that affect the amplification
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process for different chirp directions.

Moreover, the trapping induced plasma frequency downshift [109], as mentioned
before to explain strong amplification of short wavelengths of the probe pulse, can
also compensate the probe frequency increase and provide a better resonance condi-
tion for driving a plasma wave. 1D aPIC simulations are performed for probe pulses
with different chirp directions and larger amplification is obtained with a positively
chirped probe pulse, which is consistent with the experimental results. Comparing the
electric field of plasma waves at different positions of the interaction, a larger electric
field is achieved with the positively chirped probe (see Section 5.5). The importance
of the trapping effect in the plasma driving process needs to be assessed in further

investigations.

5.5 PIC simulation results

Numerical simulations can be used to perform virtual experiments to allow the study
and visualise of complex plasma dynamics. PIC codes are a good way to simulate
intense laser-plasma interactions. Taking advantage of the computational power of
computers, PIC simulations trace the motion of particles in plasma to show the ampli-
fication processes and aid the analysis of the experimental results. In contrast, a three-
wave field model does not describe the various kinetic effects such as particle trapping,
frequency modulation and wave breaking of the plasma wave, which are all important
mechanisms in our experiments, especially when the plasma wave is strongly driven.
To obtain an insight into the experimental results, 1D simulations of RBS have been
performed using a reduced-PIC code known as aPIC [113], which employs envelope
equations for the two laser pulses and a fully particle-like description for the plasma,
similar to the reduced PIC [114], quasi-static PIC [115] and turboWAVE [116]. The
transverse current is modeled as the product of plasma density envelope while the

laser vector potential represents the coupling between laser and particles. Instead of
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calculating the plasma density envelope using a PIC method as used by other reduced-
PIC codes, the code we use applies the laser envelope to the particle current by spatially
averaging over a ponderomotive bucket. This averaged PIC code is known as aPIC.
Due to the averaging, the simulation time step does not resolve the laser frequency
and, as a result, the simulation time is shorter than a full PIC method by a factor of
o/, where o is the laser frequency. A moving window, which defines the simulation
domain, is also implemented in the aPIC code to improve computational efficiency.
Thermal spread of plasma electrons and heating from Landau damping are correctly
included into this code, as they are non-collisional phenomena, however, heating from
the laser pulse due to inverse Bremsstrahlung is not accounted for. The particle cell
ratio is set to 50, which is sufficient to properly describe the Maxwellian distribution.
Apart from a full 1D aPIC code, there is also a simplified version only using the first

order solver that does not take plasma dispersion into account.

5.5.1 Simulation for the experiment with the highest gain

Simulation using the full 1D aPIC code is carried out for the experiment with the high-
est gain. Apart from a slightly higher energy gain, the main features are consistent with
the actual experimental results. At high pump and probe pulse energies, wave break-
ing, bandwidth broadening, strong amplification on the high frequency side (spectral
shift towards higher frequencies), as well as the small bump at low frequency side
are all observed. This simulation is performed with plasma density of 1 x 10!8 cm™3
and temperature of 50 eV, since with increasing energy, the long pump pulse can heat
the plasma dramatically [117]. The aq for pump and probe pulses are 5.5 x 1073 and
4.0 x 1073. Their wavelengths are centered at 800 nm and 816 nm with spectrum
bandwidth of 32 nm and 10 nm respectively. Both laser pulses are positively chirped.
An energy gain of 25 is obtained from the 1D aPIC simulation. Fig. 5.34 shows the

probe spectra before and after amplification. An obvious gain broadening is achieved

indicating that not only are all the frequencies present in the laser pulse amplified, but
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Figure 5.34: Initial and amplified probe pulse spectra of aPIC simulation for the highest
gain experiment at 50 eV.
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Figure 5.35: Fourier transform of the plasma wave.

new frequencies are generated. A strong amplification on the short wavelength side
and a small bump on the long wavelength side can be seen on the amplified spectrum
which are the features also observed in the experimental results, as shown in Fig. 5.21.
Harmonic components are identified in the Fourier transform of the plasma wave, as
shown in Fig. 5.35, which indicates that the plasma wave is strongly driven.

For the temporal profile, the probe pulse is first stretched due to the interaction with
part of the chirped pump pulse and with further amplification of the rest frequencies it
is compressed back to the initial pulse duration, as observed experimentally from the
FROG measurements.

To understand the origin of these features and analyse them systematically, aPIC
simulations using first order solver for the laser envelopes are performed in order to
reduce the computing time. This code does not take into account dispersion, however
a run including dispersion shows that for the plasma density used in this experiment it

does not affect the interaction. The evolution of the spectrum and temporal profile, the
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Figure 5.36: Temporal profile of initial and amplified probe pulses of aPIC simulation
for the highest gain experiment at 50 eV.
electron longitudinal velocity, the electric field are all investigated and discussed in the

following sections.

5.5.2 Discussion and possible explanation for the experimental ob-

servation through aPIC simulations

In the simulation, the probe pulse propagates to the right and the pump pulse to the
left. The velocity of electrons propagating in the direction of the probe is set to be
positive. The simulation time is T, and the physical parameters are dumped at every
T/5. In the following simulations, the pump and probe are centered at 805 nm and
817 nm with spectrum bandwidth of 35 nm and 10 nm respectively. The aq values
are 3.86 x 1073 and 2.86 x 10~ for the pump and probe respectively. Taking plasma
heating into account, 20 eV is used as the plasma temperature, since moderate pump
energy is used here.

- The spectral blue shift
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Figure 5.37: Snapshots of the electron phase space at different positions in the moving
window at the early time step (T/5) at 20 eV. Top: positive chirp, bottom: negative
chirp.
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Figure 5.38: Snapshots of the electrostatic field at different positions in the moving

window at the early time step (T/5) at 20 eV. Top: positive chirp, bottom: negative
chirp.
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Figure 5.39: Snapshots of the electron velocity distribution at different positions in
the moving window at the early time step (T/5) at 20 eV. Top: positive chirp, bottom:
negative chirp.

Fig. 5.37, 5.38 and 5.39 present snapshots of electron phase spaces, electrostatic
field and electron velocity distribution at different positions in the moving window at
the early time step (T/5) for positively and negatively chirped probe pulse. At T/5,
energy gain value is already comparable to the best gain which is achieved between
2T/5 and 3T/5.

The electron phase space in Fig. 5.37 shows the formation of the separatrixs in-
dicating that a fraction of electrons are trapped in the beatwave buckets and undergo
synchrotron oscillation. As mentioned before, the trapping induced plasma frequency
downshift [109] can result as a frequency upshift for the scattered light. Fig. 5.38
illustrates that the electric fields for positive probe is larger since for the negative case
the separatrixs are not as well defined with electrons falling inside the buckets. Fig.
5.39 shows the calculated electron velocity distribution. The generation of a small
electron population with negative velocities corresponds to trapped electrons. If elec-

trons oscillate in the ponderomotive bucket and do not escape, they can only acquire
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a maximum velocity set by the contour of the separatrix which results as a sharp edge
on the negative side and the maximum velocity is certainly defined by the height of the
separatrix.

Fig. 5.40 shows the evolution of the energy gain, spectrum central frequency and
bandwidth in the interaction process for positive, negative probe and positive probe
with low energy pump cases. The speeds of reaching the maximum energy gain are
similar for the three cases. Different with the central frequency blue shift and band-
width change for the case of using high energy pump, the spectra obtained from a
low energy pump shows little change in the central frequency and bandwidth. A slight
spectral red shift could be assigned to the Bohm-Gross shift of the plasma frequency. If
this is the case, temperature increase would result from Landau damping since inverse
Bremsstrahlung is not included in the simulation code.

- The probe chirp direction induced energy gain difference

Simulations of the probe pulses with different chirp directions are performed and
larger energy amplification is obtained for a positively chirped probe pulse, which is
in agreement with the experimental results. Fig. 5.41 and 5.42 illustrate the evolution
of the spectrum and temporal profile of positive and negative probe at different time
steps (T/5, 2T/5 and 3T/5) at 20 eV. Maximum energy gains are 30 and 13 for positive
and negative chirp respectively. The gain ratio is slightly larger than 2 which is in
agreement with the experimental results. When using a negatively chirped probe, its
duration increases as a result of a long-lived plasma wave, while the positive probe con-
serves the pulse duration. Spectral blue shift and bandwidth broadening are obtained
for both cases.

For the case of both positively chirped pump and probe, the lower pump frequency
interacts with the lower probe frequency first. Therefore, the front of the probe pulse
has its resonant component ahead of the back of the probe, and the plasma wave is
properly driven at the front first. As shown in Fig. 5.43, a larger electric field is

achieved at the front of the probe. A larger electric field leads to a higher amplification,
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Figure 5.40: Evolution of the energy gain, spectrum central frequency and bandwidth
for positive, negative chirp probe and positive probe with low energy pump.
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Figure 5.41: Evolution of spectrum (top) and temporal profile (bottom) of a positively
chirped probe laser pulse at time step of T/5, 2T/5 and 3T/5, at 20 eV
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Figure 5.42: Evolution of spectrum (top) and temporal profile (bottom) of a negatively
chirped probe laser pulse at time step of T/5, 2T/5 and 3T/5, at 20 eV
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Figure 5.43: Electrostatic field of the positive chirp case (top) and the negative chirp
case (bottom) at time step of 2T/5, at 20 eV
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as shown in the temporal profile in Fig. 5.41. A well amplified front of the probe pulse
drives a stronger plasma wave and gets better amplified, which results in a positive
feedback.

On the other hand, in the case of a negative probe, the back of the pulse is ampli-
fied first, since it meets its resonant component in the pump before the front, as shown
in Fig. 5.42. Moreover, being non resonant, the front of the probe drives the plasma
slightly away from plasma frequency. Therefore, the electrostatic field for the nega-
tive case is smaller since the plasma is modified by the non-resonant driving force at
the front, as illustrated in Fig. 5.43. Moreover, looking at the last snapshot, a low
amplitude plasma wave is still present over the full length of the simulation window.
This can explain the increased duration of the probe, as the pump may still scatter of
the wave. The pulse duration increase is not observed in the experiment, which could
result from the fact that the diagnostic (FROG) only has a temporal window of 1 ps
and therefore we could only be measuring the front spike, or since the energy gain is
much lower, such a plasma wave might be less or not excited at the back of the main
pulse in reality.

To conclude, a simulation with parameters of the experiment achieving the high-
est energy gain has been performed. A similar result with spectral broadening and
preserved temporal profile are obtained. Studying the electron velocity and electric
field in phase space and comparing these with using a different probe amplitude, the
transition regime between the Raman and Compton scattering is explored. We show
that it is possible to transfer to the Compton regime through Raman amplification. It
is also confirmed that in spite of the criterion for reaching the Compton regime is not
satisfied at the end, as the case of this experiment, some electrons are trapped by the
ponderomotive potential and their dynamics are governed by the ponderomotive force,
while the rest are controlled by the plasma wave. However, it has to be pointed out that
since the beatwave frequency and the plasma wave frequency are very similar in this

experiment, it is hard to distinguish the electron trapping by the ponderomotive force
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of the beatwave and the electrostatic force of the plasma wave.

Possible explanations are given for the features observed in the experiment, in-
cluding the bandwidth broadening, the spectral blue shift, the frequency components
appeared around 2@,. Moreover, a rough analysis of amplification of probe pulse with
different chirp directions is performed. It is confirmed that a higher energy gain can
be obtained when interact a positively chirped pump pulse with a positively chirped
probe pulse. More work can be done to investigate the amplification saturation with
increasing pump or probe energy. For the aPIC code, it can be further developed to
run in 2D and the plasma heating due to the pump pulse can be added since the inverse
bremsstrahlung heating can also build up a thermal chirp of plasma frequency over

time by the Bohm-Gross shift.
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Chapter 6

Summary and outlook

6.1 Summary

This thesis reports on experiments aimed towards the development of a new generation
of laser amplifiers able to reach higher intensities than current CPA laser systems. The
main novelty of this work is utilising a long gas-filled capillary waveguide to generate
plasma with relatively low density to set a lower threshold for entering the nonlinear
regime. Typical parameters of the plasma channel used in previous published work
are few mm plasma with density on the order of 1 x 10!° cm™ which is one order of
magnitude higher than this experiment.

As discussed in Chapter 1, Raman scattering can transfer energy from the high
frequency components to the low frequency components of two counter-propagating
laser pulses in plasma which is a medium capable of withstanding extremely high
intensities. The theoretical background is discussed in Chapter 2 and 3, while the
experimental details and the results are presented in Chapter 4 and 5, respectively.

The test of the gas-filled capillary discharge waveguide with the transmission effi-
ciency of up to 80% is presented in Chapter 5. Then, a two-stage experiment carried
out by colliding a short probe pulse and a long pump pulses in a 4 cm capillary with

preformed plasma of density around 1 x 10'® cm—3 is presented. A low pump energy
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is used in the first stage of the experiment, which is focused on the verification of basic
aspects of chirped pulse Raman amplification in the linear regime. The pump pulse
centred at 805 nm with 35 nm bandwidth is 250 ps long with an on target energy of
up to 445 mlJ, while the frequency filtered probe pulse is centred around 818 nm with
bandwidth of 13 nm and is compressed to 78 fs with energy of 1.3 mJ. Changing the
relative timing between the two pulses, the probe pulse energy gain firstly increases up
to 240% and then decreases with the central frequency shifting from high to low fre-
quencies. This is due to the probe pulse first only interacting with the high frequency
components at the back of the pump, and then the whole pump pulse, at last only inter-
acting with the low frequency components at the front. FROG measurements show that
the probe duration initially increases to about 90 fs and then decreases to about 65 fs,
with a corresponding narrowing and broadening of the bandwidth respectively. This
asymmetry is due to the filtered probe frequency not being properly downshifted by
the plasma frequency (i.e. although the central frequencies of the pump and the probe
pulse are separated by ), the probe pulse is just the lower frequency components of
the pump pulse. Therefore, only part of the pump pulse energy is effective for Raman
amplification). The filament generation, as described in Section 4.2.1, is then em-
ployed to downshift the probe pulse frequency by self-phase modulation. The energy
gain presents exponential growth with the pump energy and it increases with backing
pressure. Despite the better frequency matching, no gain improvement is observed be-
cause filament generation is very sensitive to alignment and causes a degradation of
the probe beam quality. Therefore, in the second stage, the beam frequency is adjusted
by tunning the compressor.

The second stage of this experiment employs higher pump energies, up to 840 mlJ.
Raman amplification is expected to start in the linear regime and, as the amplified probe
intensity grows, to evolve into the nonlinear regime where the density perturbation
frequency is not restricted to the plasma frequency. The highest energy gain of 650% is

achieved with the pump and probe on target energy of 825 mJ and 0.9 mJ, respectively.
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The efficiency of energy transfer from the pump pulse to the probe is 1.4% (only the
energy of the pump that actually interact with the probe is used). The highest energy
transfer efficiency is 5% in this experiment. When using high pump and probe energies,
in addition to the large energy amplification, the spectral gain shows several features
not seen in the linear regime. First of all, spectral bandwidth broadening on both
sides is observed. This feature indicates that the scattering medium is no longer only
oscillating at the plasma frequency. The driving force for this nonresonant oscillation
could be the ponderomotive force of the beatwave of the pump and probe pulses. The
broadening happens mainly on the blue side because the trapping of electrons in the
ponderomotive bucket or the plasma wave observed from aPIC simulation reduces the
plasma frequency due to the decreasing of the number of electrons oscillating at the
plasma frequency. Another special feature is a small bump observed in the amplified
probe spectrum at a frequency which is downshifted by twice the plasma frequency
from the pump pulse central frequency. This bump can contain up to 10% of the pulse
energy. The origin of this feature could be the backscattering of the pump from the
second harmonic of the plasma wave or the secondary scattering of the pump.

These features suggest that the dynamic of electrons with smaller momentum are
trapped by the ponderomotive force while other electrons are dominated by the res-
onant plasma oscillation. Therefore, a transition regime between the linear and the
Compton regime could be reached. Simulations in Ref. [87] show that the linear
response will still exist even when the criteria for entering the Compton regime is
reached, thus this transition stage will hold until the 1.h.s. of Eq. 3.26 is much greater
then the square of the plasma frequency, indicating the criteria is not strict. Moreover,
saturations of the probe pulse energy and intensity gain are observed as a result of ei-
ther increasing the pump or the probe pulse amplitude, as shown in Fig. 5.26, 5.27,
5.29 and 5.30. It is also demonstrated that a positively chirped probe pulse is better
amplified by the positively chirped pump pulse than a probe pulse with negative chirp,
as shown in Fig. 5.32 and 5.33.
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A reduced PIC code is used to simulate the experiment. The preliminary simulation
results are in agreement with the experimental results. Using the experimental param-
eters, the study shows that although at the end of the interaction, @ is still smaller
than w,, some electrons with small velocity are trapped indicating that this experiment
reaches the nonlinear regime of the Raman amplification. Moreover, the physics be-
hind the special features observed from experimental results are investigated, including

the spectral blue shift and the probe chirp direction induced energy gain difference.

6.2 Future studies and outlook

For the ultimate objective of developing the next generation of laser amplifier, there is
still a long way to go in both theory and experiments. The experimental results and PIC
simulations presented here suggest that the gain and stability of the Raman amplifier
can be improved by modifying the experimental setup.

First of all, in order to further probe the Compton regime, the pump pulse intensity
needs to be increased to strengthen the ponderomotive force. This can be realised
by employing a shorter pump pulse. It has been planned to add a compressor for
the pump pulse. For a 10 ps pump duration, including the loss of the compressor
into account, the on target pump pulse intensity will be raised to 5 x 10'* Wem™2,
which is identified by simulations as having the best amplification. A 10 ps duration
implies a 1.5 mm interaction length, which can be realised in a gas jet with no need
of a plasma waveguide. For the aim of studying the Compton regime, a relatively
low plasma density is required. Due to the shorter pump pulse, the capillary length
can be reduced to a few millimetres, but in this case it would be difficult to form
a uniform longitudinal plasma density profile. Besides, for a diameter of 300 um,
the scalloping period is 40 mm and it would be advantageous to use a capillary with
length equals to one or half of the scalloping period, since the output beam size would

always be the same as the input, no matter whether the input spot matches the capillary
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diameter or not. Additionally, if the plasma channel is longer than the interaction
length, the requirement for the alignment accuracy can be reduced. Given the above
considerations, a 2 cm capillary would be preferable. A 2 mm gas jet is an alternative
choice, since it is relatively easy to obtain a flat density profile. Because of the higher
laser intensity, further experimental studies have been started to test the compression
and guiding of the shorter pump pulse.

The power supply used to generate the plasma discharge can also be improved.
It is planned to replace the toroidal magnetic transformer-based pulser with a newly
designed solid-state pulser developed at Strathclyde, which can provide a current pulse
with much steeper rising edge, and therefore, a 8 times reduction of the pulse jitter
[101]. Stable plasma formation is crucial for Raman amplification due to the need for
consistent and reproducible synchronisation with the laser system. Moreover, the old
pulser cannot break down the gas at high backing pressures, however, it may not be a
problem with a shorter plasma channel, it will be certainly easier to use the new pulser
to strike through a denser gas and produce plasma with density around 3 x 10'® cm—3
to 5 x 10'8 cm™3, as required for high gain amplification for 800 nm laser pulses which
is indicated by theory predictions.

It would also be worthwhile considering the use of a separate laser system for the
probe pulse generation. There are two advantages: the two beams can be controlled
independently with no mutual influence; more importantly, removing the frequency
shift part can reduce the difficulty of performing this experiment and can improve the
probe pulse quality. The two lasers will have to be synchronised with the order of 100
fs. Using the same oscillator would ensure the synchronism of around 1 to 10 fs.

In addition to these experimental improvements, theoretical considerations should
also be addressed. For example, can the pure Compton regime be accessed through
a smooth transition or is there a barrier to surpass? Additionally, when using a much
more intense pump pulse, the plasma thermal wavebreaking will be a limiting factor for

Raman amplification. And how will the thermal effects affect the Compton regime? To
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answer these questions, PIC simulations are essential to accurately model the complex
plasma dynamics.

Finally, lets discuss the general prospects of this project. Since we already have a
high energy pulse, it may seem natural to just compress it rather than use it to pump
another short pulse. The ultimate goal of this project is however to make use of a
plasma with a smooth density gradient and a monochromatic high energy pump pulse
to amplify an ultra-short probe pulse, since monochromatic high energy lasers are
easily available. To achieve this objective, the development of tapered capillary is con-
currently performed with the study of the amplification mechanism [108]. Another
concern is the efficiency of the amplification process. Although theoretically, the en-
ergy transfer efficiency can be 100%, experimentally it is never beyond a few percent.
Several articles [110, 118] have endeavoured to identify experimental parameters for
favourable amplification through PIC simulations. Ongoing efforts should be made
to follow the guidelines provided by simulations to experimentally validate the right
parameters to achieve higher energy transfer efficiency. Since reaching the relativistic
intensities may stop the amplification and destroy the laser pulse in a plasma, the idea
is to use a plasma channel with larger cross-section to amplify laser pulses with a larger
spot size to prevent relativistic effects. After amplification the pulse would be focussed
to increase its intensity.

To conclude, the plasma based laser amplifier is a promising concept supported
with solid theory and lots of novel ideas. During the last few decades, considerable
work has been devoted to this scheme, however there are more questions remaining
unknown and awaiting to be answered. Therefore, persistent effort is required towards

the goal of developing the next generation of laser amplifier.
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