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Abstract

This thesis presents investigations of interactions of a 380 fs, 248.6 nm KrF laser beam
focused to intensities up to 1018 W/cm? with gas targets of Helium and Neon. At these
intensities, the targets are rapidly ionised by the process of optical field ionisation. The
purpose of these investigations is two-fold. Firstly, we determine the relative importance
of plasma heating mechanisms and investigate the scaling of electron temperature with
density to ascertain whether an optically-ionised XUV recombination laser, utilising the
3s-2p transition in a Lithium-like ion, is viable. Such a laser requires, for the case of
Neon, the production of very cold (<50 eV) electron temperatures at electron densities of
the order of 5 x 1020 ¢cm-3, and optical-ionisation to the Helium-like stage of Neon
(Ne8+). The results are compared and contrasted to computer simulations of the electron
temperature. Secondly, we investigate the process of harmonic generation. We show
that, contrary to commonly held beliefs, it is possible to generate shorter harmonic
wavelengths from ions using a short wavelength laser than from atoms using longer
wavelengths. We also show high harmonic generation efficiencies from neutral Helium
at lower intensities (~1015 W/cm2) away from the laser focus. The results are compared
to, and found to be matched well by, simulations which predict the single atom/ion

harmonic response.
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Chapter One

Introduction

What is a plasma? What is a laser? How does a laser produce a plasma? And how does
a plasma produce a laser? These are some of the questions that will be considered in this
thesis. We will review some of the ways in which a plasma can be used to produce
coherent extreme ultraviolet (XUV) radiation: either by creating a laser in its own right; or
by increasing the frequency of an optical laser by the non-linear process of high harmonic

generation.
1.1. The Plasma State.

The plasma state has been called the fourth phase of matter. Plasmas are created when
enough energy is supplied to a material to allow the electrons (normally bound to the
nucleus by the Coulomb force) to escape the atomic potential. This results in the
formation of a fluid of negatively charged electrons and positively charged ions that
interact with each other through electrostatic forces. Over 99% of matter in the universe
exists in the plasma state [1], primarily in stars and in the vast expanses of interstellar
space. Plasmas on earth are less common, existing naturally in the ionosphere, in flames

and in lightning.

Plasmas can be produced in the laboratory by depositing a large amount of energy into a
material. This can be achieved by electrical methods, or by focusing a high power laser

onto the material. Laser produced plasmas can reach densities greater than solid density
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(>1023 jons/cm-3), and temperatures of tens of keV (over 100,000,000 Kelvin). A great

many uses have been developed for these plasmas, of which we shall list just a few.

Laboratory produced laser-plasmas provide useful information about the conditions that
occur in stars and the sun [2,3], helping us to understand the processes that occur in a
stellar core by observing light emitted from the photosphere. It may take thousands of
years for a photon produced in the core to escape from a star, and so a detailed

knowledge of plasma opacities and radiative transfer are essential.

Stars are driven by nuclear fusion processes. Another line of laser-plasma research is the
production of clean energy by producing controlled fusion of light nuclei at high densities
and temperatures [4-8]. These high densities can be produced by inertial confinement of
a pellet of fuel. In this process, a pellet is irradiated either directly by the laser, or with
soft X-rays produced by laser interaction with a Gold target. The outer layers of the
pellet are ablated which causes the pellet core to be compressed (equal and opposite

reactions), leading to appropriate temperature and density conditions for fusion.

Plasmas heated to high temperatures become strong thermal sources of incoherent X-rays
[9]. Alternatively, conditions can be created in the plasma so that it acts as a gain
medium, producing coherent X-ray laser radiation [10,11]. These plasma X-ray sources
can be used for many applications including the study of shock wave propagation in
crystals'[12]; the study of plasma structure using the extended X-ray absorption fine
structure (EXAFS) [13,14]; and imaging (biological) samples using X-ray microscopy
[15], X-ray holography [16,17], and X-ray interferometry [18].

Another source of coherent X-rays is the interaction of high power lasers with neutral gas
targets, where the non-linear process of harmonic generation has been used to generate

radiation down to about 70 A [19,20]. The work in this thesis demonstrates the
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generation of harmonics from ions in a plasma, producing wavelengths below 70 A

[21].

1.2. Laser development: higher powers, shorter pulses.

1.2.1. Increases in laser powers.

The field of laser-plasma research has evolved very rapidly over the last few years. This
development has been primarily the result of a rapid increase in the laser intensities
available to experimenters. Pulsed laser power has increased over the last few decades as
a series of sharp jumps following the introduction of new technologies. This is shown
schematically in figure 1.2.1. The earliest lasers utilised free-running cavities, in which
laser action started as soon as the gain overcame cavity losses. This is typified by the first
laser system, based on a flashlamp pumped ruby rod [22]. This could only produce peak
laser powers of around a kilowatt per square centimetre of beam area. The method of Q-
switching [23] was soon developed, which enabled large population inversions to build
up before the cavity was 'activated’ and lasing was allowed to occur. This took peak
powers up beyond the megawatt/cm? level. In the early 1970s came mode-locking
(which can be thought of as very high speed Q-switching) [24], taking powers to the
gigawatt/cm? level. Finally, we have seen the introduction of chirped pulse amplification
(CPA) [25], which is pushing laser powers into the terawatt/cm? and petawatt/cm2

regime. -

The intensity of a pulsed laser is dependent on three factors: the divergence of the beam,
the pulse length, and the pulse energy. Beam divergence is a measure of the spot size we
can focus the beam down to. Obviously, the smaller the focal spot, the greater the
focused intensity. To generate a focal spot that is as small as possible we must produce a

clean Gaussian (TEMgg) beam. Any additional modes in the Gaussian beam or phase
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variations introduced by imperfect optical components in laser amplifier train will increase
this spot size and lower the focused intensity. The radius, r, of a diffraction-limited focal
spot size is given by r =1.22f #1 where f* is the f-number of the focusing lens and 4 is
the laser wavelength. Obviously, this radius reduces with decreasing wavelength, and so
(with all else being equal) a diffraction limited 248 nm Krypton Fluoride laser will be

brighter than a diffraction limited 1053 nm Neodymium:Glass laser.
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Figure 1.2.1. Schematic diagram of the development of pulsed laser power and
focused intensities of a small-scale (1 cm?) beam. The theoretical limit is slightly

over 1021 W/cm?. (Taken from Ref. [19] ).

The pulse length is ultimately limited by the gain bandwidth of the lasing medium. From
the theory of Fourier transformation, we expect a medium with a gain bandwidth of A®
to be capable of producing a transform limited pulse length of A7 =1/A®w. When trying
to propagate a short pulse through a laser amplifier, this theoretical pulse length will be
increased by dispersion and non-linear effects (such as self-phase modulation) in the laser

medium, and even by gain narrowing in the amplifier.
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Moving to shorter and shorter pulses, we find that the extraction of energy from the laser

becomes increasingly difficult. This is because the input fluence necessary for efficient

extraction must be of the order of the saturation fluence, given by F,,, = h@/o (where
% is Planck's constant, ax is the laser frequency, and o is the emission cross section).
The saturation fluence in most solid state laser materials is between 1 J/cm? (Ti:Sapphire)
and 6 J/cm? (Nd:Glass) and is 2x10-3 J/cm?2 for Krypton Fluoride (KrF) gas.
Amplification of a picosecond or sub-picosecond pulse to such a fluence is not possible
because of the intensity dependence of the refractive index (n =ng +nyI) in the laser
material and optical components. This leads to filamentation and self-focusing of the

laser pulse and the destruction of the laser amplifier.
1.2.2. Chirped pulse amplification.

Until the advent of chirped pulse amplification (CPA), laser energies were restricted by
the limitations described above. The CPA process takes a very short (sub-picosecond),
high bandwidth, low energy (nanoJoule) pulse from a mode-locked oscillator and
stretches its pulse length using a grating pair (or a single grating and mirror
configuration) to up to several nanoseconds. The gratings will have typically 3600
grooves/mm or more. The pulse can then be amplified to very high energies while
keeping the intensity low enough to avoid non-linear effects in the components of the
laser . The amplified pulse can then be recompressed to its original pulse length by
another grating pair and focused on target. The limit to the intensities that can be
achieved is set by the energy density that the recompression gratings can withstand. For
example, the Sprite KrF CPA laser system [26] at the Rutherford Appleton Laboratory is
capable of amplifying a chirped pulse to energies up to 2 or 3 joules, but the Aluminium
coated compression gratings can only withstand around 600 mJ in a 10 cm diameter
beam. It is possible to increase the size of the gratings and the beam, but this leads to

problems with producing gratings cheaply with sufficient flatness that the beam
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1.3. The scope of this thesis.

As we have already discussed, laser intensities and powers have been constantly
increasing since the development of the first laser in 1960 [22]. The shortest
demonstrated laser pulse length is now of the order of 8 fs [28]. The available focused
laser intensities have been increasing in step with pulse length developments, with
intensities up to 1019 W/cm?2 now becoming available [26,27]. This rapid development is
causing constant revision of what is considered to be a short pulse or a high intensity.
Definitions also vary considerably from one field of research to another: those studying
inertial confinement fusion (ICF) would consider 1 ns to be a short pulse, and 1016
W/cm? to be a high intensity; whereas in the field of optical ionisation 100 ps is a long
pulse, and 1016 W/cm? is quite a low intensity. The experiments described in this thesis
are conducted at pulse lengths of 200 - 400 fs, and at intensities mostly in the region of

1016 - 1018 W/cm?2. We can arbitrarily use the following approximate definitions:

Long pulse: 10 ps or longer. Low intensity: less than 1016 W/cm?2.
Short pulse: 100 fs - 1 ps. High intensity: 1016 - 1018 W/cm?2.
Ultra-short pulse: less than 100 fs. Ultra-high intensity: 1018 W/cm? or higher.

Plasma densities can also vary from greater than solid densities (in ICF for example) to
the extremely low densities of interstellar plasmas. For laser-plasma interactions, we can
classify the plasma as to whether the Iaser radiation we are using is able to propagate
through the plasma. A plasma is underdense if the plasma resonant frequency (the
electron plasma frequency - see chapter two) is less than the laser frequency: in this case
the laser radiation can propagate. A plasma is overdense if the electron plasma frequency
is greater than the laser frequency: in this case the refractive index becomes wholly

imaginary and the laser radiation is absorbed over a very short scale length.
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1.3.1. A brief note on units.

The units used in this thesis are something of a mixture. They are generally chosen to
match the units that are used by the laser-plasma physics community. For example, we

list below some of the more commonly used units:

Density - g/cm3.

Number density - cm™3.

Distance - microns ({Lm).

Intensity - W/cmZ2.

Temperature - electron volts (1 eV = 11,594 Kelvin).

Energy - eV.

Wavelengths - nanometres (nm) for optical radiation, Angstroms for XUV

radiation (10 A = 1 nm).

Pressures are expressed depending upon the units they were measured in during the
experiments, so static gas fill pressures are in torr (760 torr = 1 bar), whereas gas jet
backing pressures are expressed as bar gauge (gauge means above atmospheric pressure)

or as psi gauge (15 psig = 1 bar gauge).

An attempt has been made to express equations in S.I. units wherever possible.
Equations should be considered to be in S.I. unless it is specifically stated otherwise in
the text.

1.3.2. The parameters for this thesis.

In this thesis we study plasmas with electron densities in the range from 1016 -

1021 ¢cm-3. The critical electron density above which 248 nm light (the wavelength of
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our laser) cannot propagate is 1.8 x 1022 cm-3 and so our plasmas are underdense. In the
case of a plasma of eight times ionised Neon, the electron densities we work with would

correspond to original gas pressures (at room temperature) of about 1 mbar to 100 bar.

A gas at room temperature has a temperature of ~1/40 eV. The plasmas we will study
will have electron temperatures that range from the order of 5 eV to over 1000 eV. In
contrast, the ion temperatures of the plasmas produced by optical-ionisation do not

exceed more than about 1 eV during the time of the laser pulse.

1.3.3. The role of the author.

This thesis contains a number computer simulations to support, and to help interpret, the
experimental data that is presented. These simulation programs were not developed by
the author, and so it is necessary to acknowledge here the work performed by others
which is included in this thesis. The MEDUSA plasma simulation code used in chapter
five was modified for the short pulse regime by Dr A. Djaoui of the Rutherford Appleton
Laboratory, but the simulations presented were carried out by the author. The Thomson
scattering simulation code used in chapters four and five was written by Dr J.S. Wark
and modified by Dr W.J. Blyth of the Clarendon Laboratory. Again the actual
simulations were performed by the author. The harmonic generation simulations
presented in chapter six were performed, at the request of the author, by Dr A. Sanpera
of the Clarendon Laboratory. However; the method of weighting the simulation to match

experiment was developed by the author.

The experiments presented in this thesis were, of necessity, performed by a team. The
author took part in the planning and running of the Thomson scattering experiment
described in chapters four and five under the direction of Dr W.J. Blyth [29]. The data

was shared, with analysis of data taken from gas jet targets being primarily the
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responsibility of the author. Some of the Thomson scattered data shown in chapter five
(particularly the Bohm-Gross fits in Helium and the Gaussian fits in Neon) were
originally presented in the thesis of Dr W.J. Blyth [29]. It is necessary to present the
data again to give a detailed account of the overall scaling of electron temperature over the
whole range of electron densities studied. The other Thomson scattering data presented
are a continuation of this work by the author. The author was responsible for the

planning, running, and analysis of the harmonic generation experiment.

1.3.4. Thesis overview.

The work in this thesis is divided into seven chapters, including this introduction.

Chapter two discusses the physical processes involved in the production and evolution
of an underdense plasma, including a description of how the plasma is formed by optical
ionisation, how the propagation of the laser is affected by the presence of the plasma, and

the mechanisms which lead to heating of the plasma.

Chapter three deals with methods of producing coherent XUV radiation. This includes
a brief description of collisional and recombination X-ray laser schemes, and optically-
ionised X-ray laser schemes. The non-linear process of harmonic generation is then

discussed in detail.
Chapter four describes the experiments and diagnostics used to obtain the data
presented in chapters five and six. It also discusses the role of Thomson scattering as a

plasma diagnostic.

Chapter five presents calculations of the expected variation of electron temperatures

with electron density in Neon. Electron temperature measurements in Helium and Neon

-10 -
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derived from Thomson scattering and stimulated Raman scattering data are shown and
compared to the simulations. Results at the higher densities are supported by Faraday

cup and X-ray spectra.

Chapter six presents simulations and experimental data of harmonic generation from

Helium and Neon plasmas.

Chapter seven summarises the conclusions from the two experimental chapters and

suggests ways of extending this work.

“11 -



Chapter Two

Production and Evolution of an
Underdense Plasma

The purpose of the work described in this thesis isAto determine the viability of optically-
ionised X-ray laser schemes and of harmonic generation from ions in a plasma as a
means to produce coherent XUV radiation. For this reason it is necessary to determine
the mechanism by which a plasma is created by optical ionisation, and how its interaction
with the laser beam will affect the plasma at a later time. In this chapter we describe the
production of a plasma from a gas using intense laser radiation. We will then go on to
consider the interaction of the plasma with the laser field, how this affects the density and
temperature of the plasma, and how it affects the propagation of the laser pulse in the
plasma. Determining such an evolution is not trivial, as the state of the plasma and laser
beam at any time are governed by the history of interactions between the laser and the

plasma up to that time.

We will start with a brief overview of how waves propagate in a plasma during which
some important plasma parameters will be introduced; such as the electron plasma
frequency, the Bohm-Gross frequency and the Debye length. Then we will discuss the
formation of a plasma by optical ionisation and consider the heating of electrons by above
threshold ionisation (ATI), inverse bremsstrahlung (IB), stimulated Raman scattering
(SRS), and ponderomotive heating. We will then discuss how the focusing of a laser is

affected by the presence of a plasma (as opposed to a vacuum).

-12 -
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2.1. Overview.

On a macroscopic level the behaviour of a plasma is that of a fluid in which
electromagnetic or electrostatic waves can propagate. The dispersion relation of a
transverse electromagnetic wave in a plasma is modified from that in a vacuum by the
refractive index of the free electrons in a plasma that have a characteristic 'resonant’
frequency: the plasma frequency, @, = (Nez/eom)l/z, where N is the electron density,

and m is the electron mass. This modified dispersion relation is of the form

0§ = w5, +k*c? | 2.1.1)

where @y is the frequency of the electromagnetic wave, c is the speed of light, and k is
the wavevector of the electromagnetic wave. ‘This dispersion relation, plotted in figure

2.1.1.a, implies a plasma refractive index, given by

5 \V2

n=|1- wpf | | (2.1.2)
0

where in the limit @y >> @), the refractive index approaches unity. If @ < @p,
however, the refractive index becomes purely imaginary and no light can propagate in the
plasma. The electron density at which the refractive index becomes zero and above

which it would become imaginary defines the critical plasma electron density,

N, = (eom/ez)a)g (2.1.3)

Electron or ion density fluctuations in the plasma produce longitudinal plasma waves.

Since the electrons and ions are charged particles, these plasma waves may interact
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strongly with electromagnetic waves. The electron plasma waves follow a dispersion

relation (shown in figure 2.1.1.b) given by

0hc = 02+ (3 KT )k2 (2.1.4)
m

where k refers to the wavevector of the electron plasma wave, T, is the electron
temperature, x is Boltzmann's constant, and wpg is referred to as the Bohm-Gross
frequency of the electron plasma wave. The second term in equation (2.1.4) is a

; 1/2
temperature correction to the electron plasma frequency, (kT,/m) /

= vy, - the thermal
electron velocity. (It is necessary to include this thermal correction, because a finite
electron velocity results in information being carried through the plasma, i.e. we have a
travelling wave rather than a standing wave). At very high electron temperatures the
thermal term dominates and the velocity of the electron plasma wave asymptotically
approachés \/§v,h. Ion waves propagate with much lower frequencies than electron
waves. This is because of the much greater mass of the ion than an electron. For this
reason, ion waves in the plasma are referred to as ion-acoustic waves. This slow
response time of the ions is the reason than we need not correct the electron plasma wave
dispersion for the motion of the ions. This is not true for the ion-acoustic wave

dispersion which is affected by motion of the electrons. The 1on-acoustic wave

dispersion, shown in figure 2.1.1.c, is given by

2
(“’ki) - i (2.15)
ki mi(l+kl~ A’D) my

where ay; is the 1on-acoustic frequency, k; is the ion-acoustic wavevector, m; is the ion

mass, and v;; is the ion-acoustic velocity. As the wavevector of the ion-acoustic wave

increases the ion-acoustic frequency approaches a fixed value of @ pi = (ZN.e2 / 30’"1‘)-

- 14 -
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Like electromagnetic waves, plasma waves can be expressed in terms of either classical
waves or in terms of particles. The plasmon is the quantised 'particle’ of a plasma wave,
just as the photon is the quantised 'particle’ of an electromagnetic wave, or a phonon is a
quantised 'particle' of a normal mode of vibration. We use the wave description when
we are describing a process classically. We use the particle description when considering

quantised processes.

(2.1.6)

1/2
€0«T, /
Ne?

The term A‘D =(

is the Debye length, and defines a shielding length in the plasma. If a positively charged
particle is introduced into the plasma, the electrons will be attracted to it and will shield its
charge. The Debye length is the distance over which the electric field of a positively

charged particle will be reduced to 1/e of the magnitude it would be in a vacuum.
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2.2. Optical ionisation.

There are two methods by which we may create a plasma with a laser: optical ionisation
and collisional ionisation. In the intensity and density regime we are considering (linearly
polarised laser light at intensities greater than about 1016 W/cm? interacting with gas
densities of 1016-1020 atoms/cm3), optical ionisation is the dominant ionisation
mechanism for any charge state that has a threshold intensity for ionisation which is
below the maximum laser intensity. ﬂowever, if free electrons in the plasma gain
sufficient energy from inverse bremsstrahlung, Landau damping of plasma waves, or
from optical ionisation using circularly-polarised light, then collisional ionisation and

excitation of the higher ionisation stages can occur. This will be shown in section 5.5.2.

Optical ionisation occurs when the force exerted on an electron by the electric field of the
laser reaches the same order of magnitude as, or becomes greater than, the Coulomb

force binding the electron to the atom. ‘Consider a laser of frequency @wo and a

ponderomotive potential (or time averaged energy of an electron oscillationg in the laser

field - see section 2.3.1) of Up = ezEg / 4ma)% (where e 1s the charge on an electron, E

is the magnitude of the laser electric field, and m is the mass of an electron) interacting
with an atom with an ionisation potential of Uj. As the laser field increases in intensity,

optical ionisation passes through three regimes [30] :

(). Uj>hwg>>Up, where multiple order perturbation theory may be used, and we

may look on the ionisation as being due to the absorption of a number of photons by the

electron. In this case the laser field is a small perturbation on the atomic field.

(i). Uj>Up > hwg, where perturbation theory breaks down and we must develop a

theory of quantum mechanical tunnelling. Here the laser field is of the same order as the

atomic field.

-17 -



Chapter 2 Production and Evolution of an Underdense Plasma

(iii). Up >U; >> hay, the regime of classical tunnelling, or ‘over the top' ionisation.
The laser field is now greater than the atomic field, and electrons are free to move out of
the atomic potential over the top of the suppressed atomic potential which is now lower

than the (formerly bound) energy level of the electron.
2.2.1. Tunnel ionisation.

Ionisation of the systems we will study is dominated by tunnel ionisation (either classical
or quantum mechanical). Such a situation is depicted in figure 2.2.1 which shows an
instant in the laser cycle when the laser field is non-zero. Here we see a Coulomb
potential modified by the electric field of the laser. In the classical regime (A) the atomic
potential is suppressed far enough that the electron is free to leave the atom. In the
tunnelling regime (B) the electron must tunnel through the finite potential barrier. When
the laser field is strong enough to reach the classical tunnelling regime then this

mechanism will dominate.

As a simple estimate of the threshold intensity for optical 1onisation we may equate the
ionisation potential, Uy, of an atomic state to the potential of the saddle point in a
hydrogenic potential modified by the laser field. This defines a critical electric field

below which 'over the top' tonisation will not occur, given by

2
E, =—t=(4ney) (2.2.1)

where Z is the charge state of the final state ion, and E is the critical laser field. This

corresponds to a critical optical intensity of

4

UI 2
l.= A4ren) enc 2.2.2
¢ = 35725 (47ep) g ( )
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For the case of Hydrogen, I, = 1.4 x 1014 W/cm?Z.

Laser field ——

Potential

=0 r —=

Figure 2.2.1. Schematic diagram of classical (A) and tunnelling (B) ionisation.

2.2.2, The Ammosov equation.

A more accurate expression for the cycle averaged ionisation rate in a laser field which

agrees well with experiment [31,32] is that derived by Ammosov et al. [33]. This is

given (following the form of Rae [34]) by

n*

n* 1/2
R=l.52x1015U1(5'44) ( 1*) (20 + 1)1+ |y
27 2|mz|(|m,|) (1 =|my))!

LU 2n*—|my -1 U
) )
X [747 x 10 Tl/-i—:| expl:—249 x 10 W:l

(2.2.3)

Where [ and m; are the quantum numbers for the initial state, n* = 3.69Z(U 1)1/ Z is the

effective principle quantum number, Uy is the ionisation potential (in eV) of the atom or

-19-
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ion concemned, I is the laser intensity (in W/cm?2), and Z is the ionisation stage of the ion

produced.

Applying this equation to the cases of Helium and Neon, which are relevant to the
experimental work described in this thesis, gives the ionisation rates shown in figure
2.2.2. A simple way to obtain an approximate intensity at which a given laser pulse
length will cause complete ionisation of a particular charge state is to find the laser
intensity at which the ionisation rate is eéual to the inverse of the laser pillse length. This
shows that Helium is fully ionised in a 380 fs pulse at intensities greater than
7 x 1015 W/cm2 and that the maximum ionisation stage reached in Neon is Ne3+ for

intensities up to 1018 W/cm?2.
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2.3. Above threshold ionisation.
2.3.1. The effect of the laser field on free and bound electrons.

Before considering how optical ionisation can impart energy to the electrons as they are
ionised, let us consider the effect of the laser field on free and bound electrons [30]. A
free electron in the laser field possesses a ponderomotive (or quiver) energy due to its
motion as it is driven by the oscillating -electric field of the laser. A free electron in an
electric field of magnitude E = Egsinayt has a time dependent velocity, v(t) = —vg cos wgt
where vy = eEp/mamy, (the quiver velocity). This gives an instantaneous kinetic energy
of (ezE(% / 4ma)(% )(l+ cos2mgt). Hence the time averaged kinetic energy, or
ponderomotive energy, is Up = ezEg / 4ma)% . This ponderomotive energy (although it
is obviously a kinetic energy) does not contribute to the time averaged motion of the
electron. In many situations it may simply be regarded as a potential energy that depends
on the local laser intensity. The total energy of a free electron can then be divided

between the ponderomotive energy and its energy of directed motion

1
Uyoral = Up +Em(v)2 (2.3.1)

where the brackets denote a time average over one laser cycle.

For a long laser pulse, an electron which is optically-ionised with a certain initial velocity
(v) will travel out of the laser beam before there is any significant change in the laser
electric field amplitude. During its passage the electron's total energy is conserved and
so, as the electron leaves the laser focus, its ponderomotive energy is converted to
directed kinetic energy. For a short laser pulse, however, the laser field has vanished
before the electron has time to escape the focus. In this case the ponderomotive energy is

returned to the photon beam (via the process of stimulated scattering).

-22 -
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High intensity laser fields not only affect free electrons, but also electrons bound in
atoms. In general, all energy levels of an atom will be shifted to some degree by the a.c.
Stark shift [30]. The magnitude and direction of this shift for a given electronic state
depends on the intensity and frequency of the laser radiation. The atomic energy levels
will obviously oscillate with the laser field. When referring to an energy level we really
mean the time averaged energy level. The total energy of a high lying Rydberg state will
be increased by approximately Up, whereas the quiver energy of a low lying (deeply
bound) state with a characteristic frequency a in a laser of frequency g will be reduced
from that of a free electron by wy/@.. The net result of this effect is that the ionisation
potential of a bound state is increased by approximately Up. This can be explained by
considering that to ionise an electron we must take it from its bound state to a state

quivering in the laser field with an energy Up. The ionisation potential has therefore

become U7 =U;+Up [30].

In long pulse experiments the ponderomotive increase in the ionisation potential decreases
the initial directed energy of the electron, but this is countered by the conversion of the
electron ponderomotive energy into directed energy as the electron travels out of the laser
focus. Hence the shift in the ionisation potential is difficult to detect. The energy

spectrum of the optically-ionised electrons can be predicted by an extension of the

Einstein photoelectric formula to m photons of energy hax,

Uelectron = mhay — Uy (2.3.2)

In short pulse experiments, however, the shift in ionisation potential is not masked, as
the ponderomotive energy is not converted into directed motion. In this case the energy

spectrum of the electrons is given by

Uelectron = mhag — Uy (2.3.4)
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where Uj will vary across the laser focus.
2.3.2. Heating by above threshold ionisation.

Let us now consider how much energy can be imparted to an electron as it is optically-
ionised. The experiments discussed in this thesis are performed in a regime in which
classical suppressed barrier ionisation dominates. When the electron tunnels out of the
Coulomb potential, it appears (classica{Iy) as a point particle with SOI;IC initial (small)
velocity close to the atomic core (we approximate this position to be at the atomic core,
z=0). A distribution in electron velocities is caused by either a spread in the initial
velocities, or else a spread in the time of ionisation relative to the phase of the laser field.
Consider again the case of a simple oscillating electric field, E = Eysin@gt. An electron
tunnels out of the atom into the field at time #p, with initial velocity v;. It can be shown

that its velocity at a later time is given by [30]

v(t)= —(eEO /ma )(cos Wot — cos Wty ) + Vi (2.3.5)

The time averaged kinetic energy U of the electron in the electric field covers a

continuous range
2
U=U, +(1 [2U,, cos gty + \[lgv,-) (2.3.6)

which, if we neglect the initial velocity (v;), has a maximum of Up,, =3Up. This
maximum ATI energy corresponds to the electron being 1onised when the laser field is
very close to zero. At this time in the laser period the probability of ionisation is almost
negligible. The most probable time for ionisation is at the peak of the laser field, where

woto =t /2, and the time averaged kinetic energy of the electron will be Up + mVi2 /2.
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This is as we would expect from an electron liberated from an atom with a light-induced
ionisation potential shift. The energy Up is due to the electron quiver in the electric field.
In the case of a very short linearly polarised laser pulse this quiver energy will not be
converted into electron thermal velocity, but instead will be returned to the radiation field.
Hence, the most probable electron kinetic energy after the laser pulse has ended will be
mv,-2 / 2. If the electron is emitted at some other time, ty, then the extra kinetic energy is
due to the work done by the electric field during the first fraction of a cycle following the
appearance of the electron. This is known as above threshold ionisation (ATI). Free
electrons created by optical ionisation with a circularly polarised laser pulse have no fixed
phase relation between each other or with the laser pulse. This means that the
ponderomotive energy of the electron will not be returned to the laser field, and the most

probable electron kinetic energy after the laser pulse has ended will be Up + mv,-2 / 2.

The experiments presented in this thesis use a laser with a wavelength of 248 nm and
intensities up to. 8 x 1017 W/cm?, producing a maximum of eight times ionised Neon.
We can make a simple estimate of the maximum ATI energy of each ionisation stage of
Neon by calculating the critical intensity (given by equation 2.2.2) for each ionisation
stage and then calculating 3Up for this intensity. These values are shown in table 2.3
below. It should be noted that the ATI energies shown in this table are the maximum

possible, the mean ATI energy will be much lower than this.
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Final ionisation Ionisation potential | Critical intensity Maximum ATI

stage (eV) (W/cm2) energy (eV)
Net 21.56 8.7 x 1014 14.9
Ne2+ 41.07 2.9 x 1015 49.8
Ne3+ 63.5 7.2 x 1015 123.7
Ne#+ 97.02 2.2 x 1016 377.9
Ne>+ 126.3 4.1 x 1016 704.3
Neo+ 15791 6.9 x 1016 1185.4
Ne’+ 207.21 1.5 x 1017 2576.9
Ned+ 239 2.0 x 1017 3435.8

Table 2.3. Critical ionisation intensities and maximum ATI energies for Neon
and its ions. For a real laser pulse, the typical ATI energy of a given ionisation

stage will be much lower than the upper limits shown (see text).

Figure 2.3.1 shows the results of a simulation of the contribution of ATI to the average
electron temperature in Neon at the intensities listed in table 2.3, and at a neutral gas
density of 1.25 x 1020 atoms/cm3. The MEDUSA hydrodynamic code used for this
simulation is described in chapter 5. The figure also shows the average ionisation of the
plasma, confirming that the critical intensities calculated from equation 2.2.2 are
approximately correct. The average ATI temperatures are much lower than the maxima
listed in table 2.3. This confirms that very few electrons are ionised at a time in the laser

pulse when the electric field is close to zero.
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Figure 2.3.1. The variation of the average contribution of ATI heating to the
electron temperature (circles, solid line, left axis), and the average ionisation stage
(diamonds, dotted line, right axis) of Neon as a function of intensity for a 380 fs,

248 nm laser pulse.

2.4. Inverse Bremsstrahlung.

Inverse bremsstrahlung (IB) is one of the major heating mechanisms in laser produced
plasmas, especially at low intensities. Bremsstrahlung, or 'braking radiation’, is the
emission of radiation by an electron as it decelerates. This deceleration is caused when
the electron interacts with an atom or 1on via the Coulomb field. Inverse bremsstrahlung,
as its name suggests, is the opposite of this, i.e. it is the process whereby the ordered
motion of an electron oscillating in the laser field is converted into disordered thermal
motion by the scattering of the electron from an ion (caused by interaction with the
Coulomb potential). So, in this case, a photon is absorbed by an electron in the presence

of the Coulomb field of an ion.
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The cycle averaged power dissipated from the laser beam in a plasma by inverse

bremsstrahlung is given by

P =2Upv,N (2.4.1)

where Up is the ponderomotive energy, N is the electron density, and v,; is the electron-
ion collision frequency (or the inverse of the time taken for an electron to scatter through

90° as a result of many small angle collisions), given by [35,36]

4
Ve = 4”32” ZNe 1;”‘1/2 (2.4.2)
(0)]
(471'80)2|:1— 172e:| m2vt3h
20

where Z is the average ionisation state, N and N; are the electron and ion density
respectively. A is the ratio of bygx/bmin, the maximum and minimum distance
respectively of the electron from the ion in a scattering event. The maximum distance 18
given approximately by the Debye length, Ap. The minimum distance is given by the
larger of the classical distance of closest approach, or the de Broglie wavelength of the
electron, by = max[(Ze2 / 47r£0mv,28 ), (h/mvy, )] This leads to an expression for the IB

heating rate at low intensity and high frequency, given by [35,37]

Jslm3 (2.4.3)

4[ n}l/z Z2NN;ehgIn A
2

3 w2 1/2
(4 7r£0) 1- —pze mvtSh
@0

The electron-ion collision frequency gives us a rough measure of how quickly the
electron temperature distribution in the plasma will equilibrate to a Maxwellian
distribution. Table 2.4 lists the electron plasma frequency and the electron-ion collision

frequency at an electron temperature of 40 eV. At an electron density of 1017 cm-3 the
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time for an electron to scatter through 90° is of the order of 17 ps. This indicates that the
plasma cannot have thermalised during the laser pulse length of 380 fs. Even at an
electron density of 1019 cm-3 the electron-ion collision time is still about 277 fs, which is
still of the same order as the laser pulse length. At high laser intensities, the electron
quiver velocity in the laser field can be much greater than the electron thermal velocity.
This will greatly reduce the electron-ion collision frequencies (and hence the IB heating

rates) listed in table 2.4. Electron-electron collision frequencies are given by [36]

s NInA

3
Vth

Vpe =2.2%x 10

(2.4.4)

The electron-electron collision frequencies are also included in table 2.4. Even at an
electron density of 1020 cm-3, electron-electron collision times are of the order of 300 fs.
From this we infer that (for all but the highest densities in our experiments) the electrons
in the plasma created by optical ionisation will not have time to equilibrate to a

Maxwellian velocity distribution during the time of the laser pulse.

N (cm3) Bpe (1) Ve; (s°1) Vee (s°1)
1017 1.78 x 1013 5.73 x 1010 7.39 x 109
1018 5.63 x 1013 4.66 x 1011 6.02 x 1010
1019 1.78 x 1014 3.61 x 1012 4.66 x 1011
1020 5.63 x 1014 2.57 x 1013 3.30 x 1012
1021 1.78 x 1013 1.55x 1014 1.94 x 1013

Table 2.4. The electron plasma frequency, the electron-ion collision frequency

and the electron-electron collision frequency at a range of electron densities and an

electron temperature of 40 eV.
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2.4.1. High intensity corrections to the inverse bremsstrahlung rate.

Various corrections to the IB heating rate (equation 2.4.3) for high intensities have been
proposed. Here we shall consider just two. The first is to simply replace vtzh by vtz,, + v(%
[38] which obviously reduces to the low intensity expression at low intensities (as the
quiver velocity,vq, approaches zero). This form takes into account the quiver velocity of
the electron, which may be much greater than the thermal velocity, vy, at high intensities.
Such a correction to the electron-ion collision frequency at a laser intensity of
3 x 1017 W/cm?2 would reduce the values quoted in column 3 of table 2.4 by a factor of
over 2000. An alternative, more recent approach proposed by Polishchuk et al [39] takes

account of modifications to the InA term by the laser field by replacing In A / v,3h by

2 2

lln2 1+-v% +1n v—g+exp l\/Z InA
1 (w2 2)\32
5\/;("0 +Vth)

(2.4.5)

This equation is a special case of a more rigorous calculation presented by G.J. Pert [40]
which, for simplicity, we shall not consider here. (For the conditions of our experiments
the difference is small). The above three forms of the IB heating rate predict significantly
different absorption. For comparison we present, in figure 2.4.1, the scaling of the three
forms of the single electron IB rates in a plasma of Ne8+ (a) with intensity at a constant
temperature of 40 eV and density of 1020 cm-3; (b) with temperature at a constant
intensity of 1017 W/cm? and density of 1020 ¢cm-3; and (c) with density at a constant

temperature of 40 eV and an intensity of 1017 W/cm2.
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Figure 2.4.1. Variation of the inverse bremsstrahlung heating rate for Ne8+
with (a) laser intensity, (b) electron temperature, and (c) electron density. When
not variable, the intensity, temperature and density are fixed at 1017 W/cm?2, 40 eV,

and 1020 cm™3 respectively. The three lines correspond to the standard formula

(solid), the v;‘)j, + vg form (dashed), and the Polishchuk form (dotted).

As can be seen in the above figure, the standard form gives much higher heating rates
than the two high intensity forms. The IB heating rate predicted by the Polishchuk
correction, however, is not as low as that predicted by the standard high intensity
correction. In fact, using the Polishchuk form, rather than the more usual high
intensity correction, increases the IB heating rate by about one order of magnitude.
This will obviously lead to higher electron temperatures than previously expected.
The MEDUSA [41] plasma simulations in this thesis, described in section 5.1, use the

Polishchuk form for the IB heating rate.
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To compare the relative magnitudes of ATI and IB heating we show, in figure 2.4.2, a
plot of MEDUSA simulations of the ATI and IB energy at the peak of the laser pulse
as a function of the electron density in an optically-ionised Neon plasma. The peak
laser intensity for these simulations is 3 x 1017 W/cm? and the laser pulse length is
380 fs. We see that the ATI contribution to the electron temperature is independent of
electron density, whereas the IB contribution has a strong density dependence. IB

heating dominates ATI at electron densities above about 2 x 1019 cm-3.
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Figure 2.4.2. MEDUSA simulation of the variation of inverse bremsstrahlung
and ATI heating with electron density in an optically-ionised Neon plasma. The

peak laser intensity is 3 x 1017 W/cm2, and the laser pulse length is 380 fs.
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2.5. Stimulated Raman and Brillouin scattering.
2.5.1. Parametric instabilities.

Stimulated Raman scattering (SRS) is a parametric decay process where a transverse
electromagnetic wave decays into a scattered transverse electromagnetic wave and an
electron plasma wave (a longitudinal electrostatic wave). Stimulated Brillouin scattering
(SBS) is an equivalent process, but this .time the plasma wave is an io;l-acoustic wave.
In both processes a positive feedback mechanism results in exponential growth of a
plasma wave as energy is pumped from the electromagnetic wave at one freque-néy into

the plasma wave at another frequency. This will be demonstrated below (following the

argument of Hughes [42]).
For any scattering process the Manley - Rowe relations must be followed, i.e.

W = W1 + @y (2.5.1)
and ko =k; +kj. (2.5.2)

where @ is a frequency and k is a wavevector, and the subscripts O, 1, and 2 refer to the
incident electromagnetic wave, the plasma wave (electron or ion-acoustic) and the
scattered electromagnetic wave respectively. The dispersion relations for these waves are

shown in section 2.1.

If the plasma has an existing mode of oscillation at @1, either for an electron or an ion

wave (which is initially only at noise level), beats will occur between the two waves and

sidebands are generated which oscillate at @y = @9 — @ and at @3 =Wy + ;. If Wy is

a scattered electromagnetic wave, it will beat with @wo at w; = wg —w, and at
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@4 = W + @y. The beating electromagnetic waves will generate a ponderomotive force
that drives oscillations of the charged particles in the plasma and enhances the mode at
@1, which will beat more strongly with @y to give a stronger @ mode. This process
then continues, the positive feedback loop resulting in greatly enhanced (or stimulated)
scattering. This is shown schematically in figure 2.5.1. If the driven modes are pumped
more strongly than they are damped, they will grow. There is a threshold pump wave
amplitude at ax for the instability to grow, which is set by the damping constants I'] and
I3, and by the strengths of coupling of ihe pump wave to the driven rr;odes, c1 and ¢».

In general the threshold will be lowest when one of the driven modes is resonant in the

plasma.
Is
Op+01=03
0)0-(1)1 =y
0p-Wr=01

C 1 ——
Wy +0r=0y4
Cé Iy

Figure 2.5.1. Schematic diagram showing the growth of a parametric

instability. (From ref. [42]).
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2.5.2. Growth rates for stimulated Raman (and Brillouin) scattering.

The threshold intensity, Iy, for absolute SRS growth is the intensity above which the
gain of the stimulated scattering process overcomes losses due to damping of the

electromagnetic and electrostatic waves. It is given by Forslund [43] as

(2.5.3)

ma)oc)2 Iyl
e

Iyp = GOC( © pe0
where @y, is the electron plasma frequency, ay is the laser frequency, Iy is the plasma
wave damping rate (Landau damping for example), and I'. is the damping rate on the
electromagnetic wave caused by collisional absorption which is given by
I_ =(vg /2)(0) pe [ @0 )2 (where vy is the electron-ion collision rate defined in equation
2.4.2) [43]. Growth occurs in three distinct regimes. These are when the pump intensity
is just above threshold, or well above threshold, or when the laser and plasma are
strongly coupled. The latter regime is not relevant to our experimental conditions. The

growth rate just above threshold is given by

2 2.2

wpe k=vj -1

y= ~I,_ |(C,+T- (2.5.4)
(wk(wO"wk) i ]( g )

where ax is the plasmon frequency, k is the plasmon wavevector, vy = eEy/ma@y is the
quiver velocity of an electron in the laser field of frequency @y and electric field strength

Ep This shows that the growth rate is directly proportional to the intensity (v(z) oc I).

When the intensity is well above threshold the growth rate varies as the square root of the

intensity

kvo Dpe
= (2.5.5)
"7 (w0 - )
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In our experiment the collisional damping rate for the electromagnetic wave, I'., will not
rise above about 1012 s-1 (the value for an electron density of 102! W/cm? and an electron
temperature of 40 eV) which gives a threshold intensity of about 3 x 1012 W/cm? for the
onset of SRS. Hence, for our experimental intensities of 8 x 1017 W/cm?, we will be
well above the threshold intensity defined in equation 2.5.3, and SRS growth will be
governed by equation 2.5.5. If we assume that the thermal correction to the Bohm-Gross
frequency is negligible then @y = @p,, and if we consider light scattered at 180° to the

direction of laser propagation (the direction for which the growth rate is highest), then k

= 2ko. The above growth rate (equation 2.5.5) then becomes

0y [0 12
Do Vol _@pe/®%0 2.5.6
"= c(l—wpe/wo} (2.5.6)

The corresponding growth rate for SBS well above threshold is given by

Vo@D pi
yg =~ —= 2.5.7
B 242¢ ( )

where @p; is the ion-acoustic frequency. For the typical conditions we will encounter in
our experiments (for example those depicted in the dispersion curves of figure 2.1.1) the
SBS growth time (1/7) will be of the order of a picosecond or more, and the SRS growth
time will be a few femtoseconds. Since the experimental laser pulse length has been
measured to be about 380 fs we do not expect SBS to occur, but there will be plenty of

time for SRS to grow. Therefore, we will not consider the SBS instability any further.

For an infinitely long laser pulse, the plasma waves will grow until they non-linearly

saturate. The fractional density fluctuation, AN caused by a plasma wave must always be
less than unity, since at the point of rarefaction in longitudinal wave there can never be

less than zero particles. For a finite pulse length, however, the plasma waves may never
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reach the point of saturation. Eder [44], shows that in such a situation the growth rate is
modified to ¥’ =+/2/3y. The growth of the SRS instability (in the absence of saturation
or significant damping) can be written in terms of the final scattered power, Sf, compared

to the initial power, S;, which is Thomson scattered from thermal fluctuations, by

Sf = Si exp(%—z— ’)/‘L') (2.5.7)

where 7 is the laser pulse length. The levels of Thomson scattering which initiate the

SRS scattering are discussed in section 4.4.
2.6. Damping of plasma waves.

Having established how small fluctuations in the plasma density can grow to large
amplitudes by the process of SRS, we now consider how the energy in these plasma
waves 1s converted into thermal energy in the plasma. The two processes by which this

can happen are Landau damping and wave breaking.
2.6.1. Landau damping.

Landau damping is the process by which electrons with velocities that are resonant with
the phase velocity of a plasma wave absorb energy from the wave, which is later
converted to thermal energy by collisions in the plasma. Consider the schematic
representation of a Maxwellian electron velocity shown in figure 2.6.1. The phase
velocity, vp, of a plasma wave is indicated by the solid line. Electrons that have a
velocity slightly less than the plasma wave will be accelerated by the wave and will draw
energy from it in a similar way to a surfer riding on a water wave. Electrons with

velocities slightly greater than the plasma wave will be decelerated and will transfer
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energy into the wave. Since the velocity distribution is Maxwellian there will always be
more electrons with velocities less than the phase velocity than with velocities that are

greater. This means that the result will always be a net damping of the wave [1,42].

Electrons damp
wave Vp  Electrons pump

\ wave

Electron velocity distribution

electron velocity

Figure 2.6.1. Schematic diagram of Landau damping of a plasma wave. vy, is

the plasma wave phase velocity.

Another name for this process is particle trapping, as electrons with certain velocities are
trapped and carried along by the wave. Should Landau damping occur at the same phase
velocity for a long period of time the electron distribution will become non-Maxwellian
and the damping will be stopped. This is shown schematically in figure 2.6.2. The
acceleration of the electrons has now caused a 'hump' in the electron distribution.
Conditions are now right for the pumping of a plasma wave with a phase velocity greater
than the original wave. In this way we would expect the frequency of plasmons created

by SRS to increase during a laser pulse.
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Electron velocity distribution

electron velocity

Figure 2.6.2. The result of Landau damping - a non-thermal electron

distribution.

2.6.2. Wave breaking.

If the amplitude of a longitudinal wave (of wavevector k) becomes comparable to its
wavelength, the order of particles along k is disturbed and the wave destroys itself. This

process is known as 'wave breaking', or ‘phase space mixing' [42].

Consider the one-dimensional problem of a plane electron plasma wave travelling along a
direction x in an infinite plasma [42]. In the wave field, an electron oscillates about a
mean position xq, the displacement from xg being X(xg). In moving a distance X, the
electrons pass (fixed) ions with charge NeX per unit area, N being the unperturbed
electron density. If the ordering of the electrons is maintained, an excess positive charge

of NeX will occur on the (-x) side, and vice-versa. Using Gauss's theorem we see that

E=-1—V£X (2.6.1)

€0
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The equation governing electron motion is

d*x Nelx
m—3=—eE =~
dt &

(2.6.2)

which gives the normal oscillatory motion at the plasma frequency

N :
wpe=(ﬂe—) ‘ (263)

méeg
This is valid provided that the change in X due to Axg is greater than (-Axp).

Let us now suppose that the electrons are perturbed by a wave in which

X = Asin(kxq )cos(r) (2.6.4)

Soat time t=0: X = Asin(kxg), E=(Ne/ey)Asin(kxg), and x = xg+ X. In terms of E
and A, X = g9E/Ne and sin(kxy) = gE/NeA .

Writing NeA/eg = Ey, and E/Ey =y, so that —1<y <1 we derive the function
kx =sin"y+(kA)y (2.6.5)

Figure 2.6.3 shows y as a function of kx. If kA > 1, y becomes double-valued near
kx =(2n+1)x, which is physically impossible, i.e. the wave has broken. Thus the

limiting value of Eyis Ep, = Ne/€gk.

N2
Hence  Slmax Ve (2.6.6)

mow — meykw’
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recording the energy backscattered by SRS (the SRS reflectivity) by the following

method:

1. The number of plasmons created in the plasma by SRS is equal to the number of

scattered photons.

2. The energy of each plasmon can be determined from the frequency shift of the

backscattered light, using the relation Aoy = hwy — Ao, where @y is the plasmon
frequency, wy is the laser frequency, and @y is the frequency of the scattered light. The

wavevector of the plasmon can be determined, in a similar way, from the wavevector

relation k = kg + k.

3. To determine the net heating of the bulk plasma we assume that this energy is
thermalised in the plasma in the focal region. This region can be represented by a
cylinder with a diameter of the FWHM of the laser spot and a length of twice the confocal

parameter.

4. To determine the temperatures of 'hot' electrons created by Landau damping we can

calculate the phase velocity of the plasma wave, v, = @y /k.

The increase in electron temperature due to SRS is given by

1 ER
T,(eV) =;-1V—VZ)-’£ (2.6.7)
S

where R is the reflectivity, V is the focal volume, and E is the laser energy on target..

It is not a simple task to estimate the levels of SRS we expect to see in the experiments

described in this thesis. This is because the growth of the instability is exponential, and
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80 it 1s extremely sensitive to temporal and spatial variations in the laser and the plasma.
We do know that the SRS growth time is short compared to the laser pulse and that our
laser intensity will be well above the threshold for SRS growth. The peak power
Thomson scattered from thermal fluctuations (see equation 2.5.7 and section 4.4) in the
plasma is of the order of 15 MW for a laser intensity of 8 x 1017 W/cm? and a plasma
density of 102! cm-3 in a focal region of approximately 10 pm radius by 100 pm length
(see section 4.4). At this density the growth rate for SRS is of the order of 2.6 x 1014
s"1, and it would only take about 90 fs for the stimulated Raman scatteréﬁ power to equal
the incident laser power. Obviously, the instability will saturate before this happens, and
$0 we must wait to see experimentally how high the level of SRS will actually reach. The
simple analysis above indicates that the levels will be high and that, when it does occur,

SRS is likely to be the dominant heating mechanism.
2.7. Ponderomotive expulsion and ponderomotive heating.

A focused laser beam has a radial profile to its electric field amplitude (and intensity)
which usually peaks at the centre of the focus and decreases with radius. This gradient
produces a radial force that will act on the plasma and will drive electrons away from the
focus. This ponderomotive force, Fp, is defined in terms of the ponderomotive

potential, Up

Fp(r)=-VUp(r) (2.7.1)

ezE(r)2
4177,0)8

where Up(r)=- (2.7.2)
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@y is the laser frequency, and E(r) is the magnitude of the electric field of the laser

which varies as a function of radius, r. If we now assume a Gaussian profile for the

laser, the ponderomotive force becomes

22 2
Fp(r)= ¢ E02 —%exp —% (2.7.3)
2m0)0 1o 1

where rq is the 1/e radius of the laser profile. This force will obviously result in a net
acceleration of the electrons away from the centre of the focus. This can produce very
high electron velocities. For our experiments, the laser pulse length is short enough
(380 fs, 10 pum FWHM focal spot size) that significant electron motion does not occur
during the time of the laser pulse, but it can result in significant motion at later ime. In
experiments conducted at 10 ps (and ~3 pm focal spot size) the ponderomotive force
results in a large depletion of electrons at the centre of the laser focus during the pulse

[29,45].

As these ponderomotively accelerated electrons move away from the focus they leave
behind them a positively charged plasma which creates a space charge that exerts a force
which pulls the electrons back towards the focus and pulls the ions out of the focus.
This space charge can be calculated by assuming that the ions remain stationary and that
the electrons form a cylindrical sheath about a central ion core, shown in figure 2.7.1.
The space-charge force, Fj, this creates can be calculated by applying Gauss's law to

give

Ne2
280

Fy=——"r (2.7.4)

The result of this is that some ions and electrons may leave the focus, but most of the

electrons will return at some later time after the laser pulse has ended and the
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ponderomotive force has vanished. This can set up oscillations of the plasma which
will have a characteristic resonant frequency. If the laser pulse length is matched to this
resonant frequency then plasma oscillations can be very large. The plasma waves

created by these oscillations can cause significant heating.

Ponderomotive force

Figure 2.7.1. Ponderomotive expulsion is limited by the space charge created

between the cylindrical electron ‘sheath' and the central ion core.

Penetrante and Bardsley [46] discuss the effect of ponderomotive forces on the ATI
energy. They show that if we include a restoring force in the equation of motion of an

electron, i.e.

x+w.x=—gismamt (2.7.5)

p m

where @y, is the resonant frequency of oscillation of the plasma determined by F (not the
electron plasma frequency, although the simple treatment above gives @), = @, / V2),

then the velocity of an electron created at rest at a time g 1s given by
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. ek . '
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(2.7.6)

which is somewhat more complicated than equation (2.3.5) where ponderomotive
effects are ignored. It can be shown that a minimum in the ATI energy occurs when

WpT = /2, where 7is the laser pulse length [46].
2.8. Beam propagation.

When a short laser pulse propagates through a plasma its characteristics may be greatly
altered from those it would exhibit when travelling through a vacuum. Some of the
effects the plasma can have on the propagation of the beam include: refraction,

filamentation, self focusing, frequency shifting, and pulse lengthening.
2.8.1. Refraction.

Refraction is caused by light passing from a region with one refractive index to one with
a different refractive index. Let us first consider the simple case of a laser beam being
focused into a slab of plasma of constant density . The refractive index of a plasma is

given by n = (1— N/N,, )"

. The phase change for light travelling through this plasma
compared to a vacuum over a length, /, is approximately A =(7l/A)(N/N,,). A phase
change of 7/2 corresponds to doubling the diffraction limited beam divergence [47]. The
corresponding 'defocusing length' is given by Ip =(A/2)(N,/N). When the
defocusing length 1s shorter than the confocal parameter, [p < b, we expect defocusing to

be dominant. (The confocal parameter is defined as b = ﬂw% /l where wo is the 1/e

width of a Gaussian laser beam at focus.)
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In a homogeneous slab of plasma in which no ionisation is occurring there will be no
adverse focusing effects except that at the boundary between the plasma and vacuum the
complex radius of curvature of the Gaussian beam will be altered. However, for a real
laser focus the radial intensity of a focused Gaussian beam will follow a Gaussian profile
and the gas at the laser focus will typically have several ionisation stages, the critical
intensity for which that can be reached in various regions of the laser focus. This means
that the electron density profile of the plasma will roughly follow the laser profile,
although at early times in the laser pulsé the electron density profile méy exhibit a step-
like structure where the intensity rises above the threshold intensity for ionisation to a
particular state and before electron motion has made the profile uniform. A MEDUSA
simulation of the electron density profile from Neon with a neutral gas density of 1.25 x
1019 cm-3 at the peak of a 380 fs, 248 nm laser pulse with a focal spot size of 10 pm and
a maximum intensity of 3 x 1017 W/cm? is shown in figure 2.8.1. Note how the electron
density is uniform to a radius of about 4 um, after which the fall-off in density is roughly
constant except for a step which starts at about 6.5 um. Plasma simulations will be

discussed in detail in chapter five.

The change in angle due to the radial electron density profile of a ray originally travelling

parallel to the laser axis can be shown by a simple argument to be

do___ 1 av
dz 2nN,, dr

(2.8.1)

where d6 is the change in angle of propagation, z is the direction of propagation, n is the
refractive index of the plasma, N is the electron density, and N is the critical density.
The effect of this is to cause the laser to focus in the plasma sooner and with a larger focal
spot than it would in vacuum. This obviously reduces the focused laser intensity. This

effect is shown schematically in figure 2.8.2.
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laser profile will be smeared out to make the beam more uniform. However, the process

of self-focusing competes with this effect.

Self-focusing has been suggested as a method of creating a long channel in a plasma for
applications such as the optically-ionised X-ray laser [38] and Wakefield electron
acceleration [48,49]. The effect has been modelled extensively [48,50-53]. It has
already been established that a radial density profile created by a Gaussian beam can
cause defocusing. However, we have also shown in section 2.7 that a Gaussian beam
can cause the ponderomotive expulsion of electrons from the laser focus. We can create
an electron density minimum on the axis of the laser, either using a pre-pulse to the main
laser or by using a laser pulse which is long enough that the tail of the pulse travels
through the density minimum created by the leading edge of the pulse. The electron
refractive index is given by n=(1— N/N,, )1/ 2 , S0 the refractive index will be greatest on
the laser axis where the electron density is smallest and rays travelling a distance, r, away
from the axis will be guided towards r = 0. In this way it may be possible to keep the

laser in a tight channel for much longer than the confocal parameter in vacuum [38,54].

The same effect can be achieved by relativistic self-focusing [38,51]. If the electron
quiver velocity reaches relativistic speeds, the mass of the electron will start to increase.
The critical density in the definition of the refractive index above is given by
N, = a)%eom/ 2. We can see that, as the quiver velocity and mass of the electron
increases, the electron refractive index will also increase. Since the laser intensity is
greatest on-axis, the refractive index will be higher here and so self-focusing can again
occur. This effect can cause the laser to focus down to a channel of the order of one
wavelength in diameter. Borisov et al [55] claim to have seen experimental evidence of

this effect and they identify a critical power for its onset given by

P, =1.62x101 -A]'VL (Watts). (2.8.2)
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2.8.3. Frequency shifts of the ionising laser.

As an intense laser pulse passes through a gas target the electron density of the forming

plasma rapidly increases as optical ionisation occurs. Since the refractive index of a
.. 1/2 . . .

plasma is given by n= (l—N/NC,)/ , the rate of change of the refractive index 1s

determined by the rate of change of electron density, i.e.

1N
dt  2nN, dt’

(2.8.3)

The change in phase of a monochromatic laser wavelength, Ap, over an interaction

length, L, associated with this changing refractive index is just given by

dp 2rL dn
dt ﬁ.o dt

(2.8.4)

where d¢/dt is a change in frequency of the propagating wave. If we now substitute
equation 2.8.3 into equation 2.8.4 and put N, =(£0ma)(% / ez), we find that the

changing refractive index induces a wavelength shift [34,56,57] given by

e2LAy dN

AL =—
8nleqmnc’ dt

(2.8.5)

As optical-ionisation is a sequential process, the rate of change of electron density is
given by the rates defined in equation 2.2.3 and shown graphically for Helium and Neon
in figure 2.2.2. The result of this process is that the leading edge of the laser pulse which
causes the optical ionisation is blue-shifted. If the pulse were long enough that
significant recombination could occur at the trailing edge of the pulse, then this would
lead to a red-shift. For the 380 fs pulse length considered in this thesis, this is not the

case and only blue-shifting occurs. In the experiment presented in chapter five blue shifts
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of up to 7 nm for a 248 nm pulse were measured. This blue shifting of the fundamental
laser frequency will obviously cause a blue shift in any harmonics that are generated in
the plasma (see section 3.3). The blue shift of the qth harmonic will be 1/q of that of the
fundamental. This is an effect that results in an increase of the bandwidth of both the

fundamental laser and its harmonics.

2.9. Summary.

In this chapter we have discussed how a plasma is formed by optical ionisation and how
energy from the laser beam is absorbed to produce heating of the plasma. Optical
ionisation is a method by which a plasma with a very low electron temperature may be
formed, but the process does produce some additional heating by above threshold
ionisation. ATI will dominate as a heating mechanism at low electron densities
(~1017 ¢cm-3), when IB heating is small. Inverse bremsstrahlung heating will quickly
come to dominate over ATI heating as the electron density increases. Recent calculations
of the inverse bremsstrahlung rate [39] indicate that heating by this process will be higher
than previously considered. This will lead to much higher electron temperatures in our
experiments than were initially hoped. The SBS instability will not have time to grow to
any significant level during a 380 fs laser pulse. However, SRS has a much faster
growth rate and could become the dominant heating mechanism at high intensities (~1017

W/cm?2) and high electron densities (~1020 cm-3).

We must also consider ponderomotive effects which were very large in previous
experiments using a 10 ps pulse length [29]. However, we conclude that, for our
experimental conditions, there will be no significant expulsion of electrons from the laser

focus for at least 2 ps after the peak of the laser pulse.

-52.



Chapter 2 Production and Evolution of an Underdense Plasma

Finally, we see that the formation of a plasma by the laser can significantly modify the
propagation of that laser. This can lead to filamentation or self-focusing which could
possibly be used to produce guiding of the laser beam and extend the laser focus well
beyond the Rayleigh length in vacuum [54]. We also see that significant spectral shifts of
the laser wavelength can occur. This will be detrimental to the production of harmonics

(chapter three), as it will lead to a much wider (time dependent) bandwidth of the

harmonic.
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Chapter Three

Methods of Producing Coherent
XUV Radiation

In this chapter we shall review techniques for generating coherent XUV radiation from
the interaction of a laser with a plasma. These essentially consist of the X-ray laser in its
various forms, and harmonic generation. The review of X-ray lasers will be brief, with
most space being devoted to discussion of the optically-ionised recombination scheme in
anticipation of the experimental measurements presented in chapter five. The discussion
of harmonic generation will be in more depth to provide a background to the results
presented in chapter six. First of all, however, we must consider why we want to

produce coherent X-rays.
3.1. The need for coherent X-rays.

The application that is most often discussed with reference to X-ray lasers is that of high
resolution microscopy. Consider the electron microscopy system currently employed
[58]. A sample must be killed, sliced into wafers, and freeze-dried to remove all traces of
water before placing it in a vacuum, it must also be gold-coated to provide good contrast
for the structures of interest to be imaged. If this process is applied to the delicate
structure of a cell or virus, it will inevitably distort or destroy much detail. Optical
microscope systems have their imaging resolution ultimately restricted by the diffraction
limit for the particular wavelength of light that they use. Since the diffraction limit is

proportional to wavelength, higher resolution may be achieved by using shorter and
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Another use for coherent X-rays is as a probe where optical light cannot propagate. In a
plasma, for example, electromagnetic radiation cannot propagate if the electron plasma
frequency is greater than the frequency of the electromagnetic wave. Since the electron
plasma frequency is proportional to the electron density, there is a critical density above
which we cannot optically probe (see equation 2.1.3). By increasing the frequency of
our radiation we can probe into denser regions of the plasma. In underdense plasmas a
valuable diagnostic to determine the electron density is interferometry. By creating a
coherent XUV source we may apply this technique to dense plasmas and produce
interferograms of plasmas very near to solid density [18]. We may also use X-ray lasers
to probe very small perturbations in optically thick systems. For example, illuminating a
dense optical foil with an X-ray laser while it is being ablated by an optical laser will
highlight density perturbations caused by the onset of the Rayleigh-Taylor instability
[65].

3.2. The X-ray laser.

For high contrast microscopy of a living biological sample, we require a monochromatic
radiation source with a short wavelength, a high brightness, and a short pulse length. In
other words we need an X-ray laser. The short pulse length is required because, at the
high brightness needed for a single shot exposure, the cell will be killed almost instantly
by radiation exposure and will then start to move hydrodynamically as it explodes. It has
been calculated that to image the cell before this happens, and to produce a resolution of
300 A, we need a pulse length no longer than about 17 ps [64]. The added advantage of
an X-ray laser source is that it exhibits both longitudinal and transverse coherence,
making it possible to produce a hologram by taking a reflection from the cell and
interfering it with a reference beam [16,17]. The optimum wavelength required for
imaging depends upon whether we require a transmission image or a reflection image of

our sample. The optimum wavelength for a transmission image is at the shorter
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wavelength end of the water window, where the Oxygen atoms in the water have their
lowest absorption. For a reflection image, the optimum wavelength is at the long
wavelength end of the water window. In fact, for maximum reflectivity we should be

just to the long wavelength side of the Carbon K-edge at about 44 A [64].

X-ray laser action has been demonstrated in the water window [66], but the system has
an extremely low efficiency, and is not very powerful. Many systems have now been
developed at longer wavelengths which exhibit much higher efficiencies and powers, and
have been used for X-ray holography of man-made objects [16,17] and as interferometric
probes of dense plasmas in which optical radiation cannot propagate [18]. A shorter

wavelength X-ray laser has been used to image rat sperm nuclei with a resolution of

500 A [67].

The first X-ray laser scheme was demonstrated in 1985 at the Lawrence Livermore
National Laboratory in the U.S.A., and was based on a collisionally-pumped scheme
[68]. Since then recombination schemes have also been developed. Both these systems
are described in this chapter, along with the newer optically-ionised laser schemes and a

potential competitor to the plasma-based X-ray laser: harmonic generation.
3.2.1. The collisional X-ray laser.

To produce laser action we must create a population inversion in the laser medium. To
do this we need some way of pumping and filling an upper laser level in preference to a
lower level. Whether this population inversion is possible depends on the relative
strengths of the recombination and collisional rates populating the laser levels. The

collisional rate between an upper and lower level is given by

Cup o —Lid o 51 (3.2.1)

-57 -



Chapter 3 Methods of Producing Coherent XUV Radiation

whereas the spontaneous emission rate coefficient goes as

Ay = fAUZ 571 (3.2.2)

where fy] 1s the oscillator strength of the transition, AU, is the energy difference between
the two energy levels. High lying levels separated by small energy gaps will be
dominated by collisional population and depopulation, will always be in local-
thermodynamic equilibrium (LTE), and so will never achieve a population inversion. At
some lower level in the atom, radiative transitions will dominate and it becomes possible
to create a non-LTE population inversion. Hence, the lower laser level must be below

this 'thermal limit' for population inversion to occur .

The collisional X-ray laser scheme relies on excitation by electron impact to pump an ion
from the ground state to higher bound levels. A population inversion can then be built up
between two levels of the same principal quantum number if the lower level has a fast
(Al = £1) radiative decay route to the ground level and if the upper level has a much
slower (Al = 0) decay route. Such schemes are mostly based on a Neon-like electronic
configuration (a ground state configuration of 2p®) with laser transitions between the
2p3p and 2p33s levels. Figure 3.2.1 shows a Grotrian diagram of the levels involved
where the laser transitions are shown as bold arrows. The strongest transitions are those
from the (1/2,1/2)¢ and the (1/2,3/2)g levels of the 2p33p configuration to the 2p33s

configuration.

Iso-electronic scaling to shorter wavelengths on the Neon-like scheme is limited because
the 3p-3s (laser) splitting increases more slowly with ionic charge than the 2p-3s
excitation energy. For Nickel-like ions, however, the 4d-4p splitting is a greater fraction
of the excitation energy of the 3d-4p transition. This leads to a much greater quantum

efficiency of the laser scheme and so scaling to shorter wavelengths is much easier. A
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Grotrian diagram of the Nickel-like laser scheme is shown in figure 3.2.2. The J=0-1
transitions have the highest gain. A Nickel-like scheme, lasing in the water window, has
been demonstrated at the Lawrence Livermore National Laboratory [66], but the driver

laser energy required to pump the scheme is very large.
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Figure 3.2.1. Grotrian diagram of the Neon-like collisionally-pumped laser

scheme. The laser transitions are shown as bold arrows.

Various pumping geometries and target configurations have been developed for the
collisional X-ray laser. Initial experiments were based on exploding foil systems
[69,70], which then moved to slab geometries [70]. More recent developments have
included bending slab targets [71] and double slab targets [72]. The development of
multi-layer mirrors with reflectivities of up to 70% has enabled injector/amplifier systems
and multi-pass geometries [73] to be used. These innovations have produced great

improvements in the laser beam quality and the laser output power.
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Figure 3.2.2. Grotrian diagram of the Nickel-like collisionally-pumped laser

scheme. The laser transitions are shown as bold arrows.

3.2.2. The recombination X-ray laser.

The recombination pumping scheme relies on plasma production by laser ablation in the
same way as the collisional scheme. Unlike the collisional laser, pumping of the upper
laser level is via a fast radiative decay. Once formed, the plasma is rapidly cooled: either
by adiabatic expansion; or by radiative cooling. The three body recombination rate scales
inversely to the electron temperature and so, if a low enough plasma temperature is
attained, electrons rapidly recombine into the upper levels of the ions. Above the thermal
limit, transitions between levels are governed by collisions. Below this, electrons rapidly
cascade down to lower bound levels via radiative transitions. With a fast enough
radiative cascade, and if the lower laser level is a resonance transition with a fast decay
route to the ground state, it is possible to build up a population inversion between two

levels of differing principal quantum number (the n = 3 and n = 2 levels of a Hydrogen-
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like ion, for example). Figure 3.2.3 schematically compares the recombination laser

scheme to the collisional scheme.
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Figure 3.2.3. Schematic diagram comparing the recombination and collisional

laser schemes.

Recombination laser schemes have the obvious advantage over collisional schemes in that
they have a much higher quantum efficiency. The disadvantage is the need to quickly
cool the plasma which can make it difficult to achieve a large population inversion. Some
of the problems associated with this laser scheme are being overcome by the use of CPA
laser systems to produce a driver laser pulse that is short enough that it doesn't
significantly heat the plasma as it is supposed to be expanding adiabatically [74,75]. If

heating continues for too long, the plasma will be quite tenuous by the time it has
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expanded and cooled. This will prevent the rapid three body recombination that is needed

to create a population inversion.

Recombination schemes are generally based on exploding fibre geometries. This causes
considerable engineering problems with accurately aligning a fibre that is typically 1 cm
long and 7 pm in diameter. The highest gain reported to date is a time and space

integrated gain of 12.5 cm-1 at 18.2 nm in a C VI scheme [76].
3.2.3. The optically-ionised recombination X-ray laser.

An optically ionised XUV laser can be either recombination-pumped or collisionally-
pumped. They are set apart from the schemes described in sections 3.2.1 and 3.2.2, not
by the way in which pumping of the upper laser level occurs, but by how the plasma is

produced.

Optically-ionised schemes make use of very short pulse-length pump lasers (typically
~100 fs) to produce very high powers (~1 TW) and focused intensities (>1016 W/cm?),
but with very little energy (~100 mJ) to produce a plasma by optical-ionisation of a gas
target (rather than by ablation of a solid target). To keep the pump energy requirements
to a minimum the XUV laser is longitudinally pumped, i.e. the XUV laser action will
occur along the same axis as the pump laser. The intensity required for optical ionisation
to the charge state of interest can be calculated from the Ammosov equation given in

section 2.2.2.

The optically-ionised, or optical-field ionised (OFI), recombination XUV laser scheme
makes use of a linearly polarised pump laser to create a plasma with an extremely low
electron temperature that is determined essentially by the ATI temperature of the

electrons. If the pulse length of the pump laser is much shorter than the electron-electron
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and the electron-ion collision times, then inverse bremsstrahlung heating should be
negligible. This approach differs from the 'traditional’ recombination laser scheme in that
we are trying to create a cold electron distribution rather than letting the electrons heat up
in the laser pulse and then cool by adiabatic expansion of the plasma. This is obviously a
more energy efficient approach, but the task of generating such a cold plasma is far from

trivial.

Extensive theoretical studies have been made of these schemes [44,77-80], the favoured
system being a Lithium-like scheme where, at the appropriate temperatures and densities,
a population inversion is predicted between the 3ds/y excited level and 2p3/» ground
level. Two possible schemes are based on Ne VIII and N V. Hydrogen-like schemes are
also possible, but the higher pump laser intensity required to ionise the 1s-shell is
expected to cause problems with increased IB and SRS heating which will raise the

electron temperature to too high a level.

Let us consider the Ne VIII scheme in more detail, with particular reference to
simulations performed by Eder et al. [44,78-80]. They model a plasma which is
optically-ionised by a laser with a wavelength of 248 nm, and a pulse length of 50 or
100 fs containing 25 - 100 mJ focused to an intensity of 3 x 1017 W/cm2. A maximum
gain of over 100 cm-! is predicted to occur about 300 fs after the peak of the ionising
laser pulse on the 98 A (3ds/2-2p3yp) transition at an electron density of 5 x 1020 ¢cm-3 and
an electron temperature of 40 eV. If the temperature increases to 100 eV, the gain
reduces to 13 cm-1. Table 3.2 shows the variation of some important laser parameters as
powers of T and N. The variation of Gygx and GygxLsqr with electron temperature at an
electron density of 5 x 1020 cm-3 is shown graphically in figure 3.2.4. (Lgq is the length

over which the laser will reach saturation).
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Sc aling Gimnax GmaxLsat Lsay Isar At n
T, -2.6 +0.5 +3.1 +0.6 -0.1 -2.6
N +1.5 -0.1 -1.6 +1.7 -0.6 +2.7

Table 3.2. Scaling of XUV laser parameters as powers of T and N. A plasma
radius of 5 [um was used to calculate Lgg; and 1. For the T, scaling, we take

N = 5 x 1020 cm-3 and for the N scaling, we take T, = 40 eV. At is the gain

duration of the laser action.

Recent revised calculations [81] suggest that heating by three body recombination, which
was left out of Eder et al.'s original simulations, is an important factor in determining the
electron temperature during laser action and may reduce the gain to levels similar to those
seen in traditional recombination XUV lasers, i.e. 4 - 5 cm-l. Experiment has also
shown that, in a non-thermal plasma generated by OFI, the three-body recombination rate
can be considerably reduced [82]. Since laser action commences so soon after ionisation,
an upper limit is imposed on the length of the laser by the different speeds of propagation
of the ionising laser and the XUV laser radiation through the plasma. The plasma

1 3 ...
/ 2, where N, is the critical plasma

refractive index takes the form n=(1-N/N,,)
electron density. This means that the XUV radiation, travelling essentially at the speed of
light, catches up with the 248 nm ionising laser, which has a speed less than the speed of
light. The relative speed between the two pulses is u =cN/2N.,, so for an electron
density of 5 x 1020 cm-3 an XUV pulse starting 300 fs after the peak of the ionising laser
pulse will have caught up with it after a distance of just over 6 mm. During this time the

XUV pulse will be moving ahead of the region of peak gain, so the total gain in the

system will be somewhat reduced from the maximum values quoted above.
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temperature in an OFI plasma produced using the 248 nm, 380 fs Sprite CPA system and
their implications to the scaling of the laser system to shorter wavelengths are discussed

in detail in chapter five.

3.2.4. The optically-ionised collisional X-ray laser.

Unlike the OFI recombination scheme, the OFI collisional laser uses circularly polarised
light to generate a very hot electron temperature. The intensity of the pump laser is
chosen to produce the required ionisation stage, and then the hot electrons excite an upper
laser level by monopole electron excitation from the ground state. The population
inversion occurs between two levels with the same principal quantum number (between
which the electric dipole transition probability is relatively low). Such a scheme has been
modelled [85] and demonstrated experimentally [86] by Lemoff et al. at Stanford
University, California. Simulations predict gain in Ar IX (Neon-like), Kr IX (Nickel-
like), and Xe IX (Palladium-like) schemes at wavelengths of 478, 319, and 410 A
respectively. Energy level diagrams, indicating the laser transitions, are shown in figure

3.2.5.

The Xe IX system has been shown to work experimentally using a 10 Hz, 800 nm
Ti:Sapphire laser pulse with an energy of ~70 mJ and a pulse length of ~40 fs [86]. This
is focused into a gas cell containing 5 to 12 torr of Xe. Amplification of the 41 nm line
was seen with an estimated gain coefficient of 13 cm-! over a length of 8.5 mm. Because
the laser pulse is so short compared to the electron-ion collision time, the plasma is
optically thick at 16.5 nm and so the lower laser level cannot empty into the ground state.
This causes the laser to self-terminate after about one lifetime of the upper laser level
(~30 ps for pressures <1 torr and ~3.5 ps at 12 torr) although this cannot be verified,
because the laser output is time integrated on the detector. Interestingly, an attempt to

reproduce this system using a 1 ps laser pulse failed to generate any significant gain [87].
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Figure 3.2.5. Grotrian diagrams of the Neon-, Nickel-, and Palladium- like

OFI collisional laser schemes showing the laser transitions as bold arrows. Taken

from Lemoff et al. [85].

3.3. Harmonic generation.

A relatively new phenomenon that is rapidly developing along with the progress in short

pulse laser technology is the process of high harmonic generation. The first

demonstration of the generation of a harmonic of a laser beam was performed in 1961 by
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Franken et al. [88]. This experiment focused a 694 nm ruby laser into a quartz crystal.
The light transmitted through the crystal was found to contain a second harmonic
component. The conversion efficiency of this was of the order of 10-8. Following over
three decades of development, second harmonic conversion efficiencies can now exceed

50% and the technique is used in many laser systems.

In this section we shall discuss the process of high harmonic generation, both in the weak
and strong field regimes. We will also discuss the effect of phase matching between the
harmonic and fundamental. By weak or strong field we refer to the electric field
amplitude that can be produced by a focused laser beam (the laser field). Non-linear
effects become significant at laser intensities above about 1010 - 1011 W/cm?2. Below this
intensity the interaction of light with matter is essentially a linear process. Above this, the
laser field becomes strong enough to perturb the atomic potential. The weak field regime
is that where perturbation theory can be used. The upper intensity limit of this regime is
dependent on the structure of the atom under consideration. For example, the electric
field at one Bohr radius from a Hydrogen nucleus is 5.14 x 1011 V/m. This is equivalent
to the electric field amplitude produced at a laser intensity of 3.5 x 1016 W/cm?2. The
critical intensity for the optical-ionisation of Hydrogen is about 1.4 x 1014 W/cm?2, i.e.
optical ionisation starts to occur when the external field is greater than about 6% of the
atomic field. We will define the weak field limit to be well below this level and the strong
field limit to be above this. Obviously, this limit will be different for different atomic

species depending on their 10nisation potential.

3.3.1. Harmonic generation in the weak field regime.

When an atom is exposed to an electric field, the centre of charge of its electrons 1s

displaced from its equilibrium position about the nucleus. This effect is shown in figure

3.3.1 where we depict schematically the electron distribution (with a total charge of -Ze)
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2
M _ 0, -0 _ No |“ag|
X X +ix eohg(!)ag—w) (3.3.2)

where Ny is the number density of atoms or molecules in the medium, L4, is the dipole

matrix element for the transition between states |g) and |a), and where

Qg = Wgg ~ilyg (3.3.3)

is the complex transition frequency containing the damping frequency I'zg. The linear
susceptibility defines the refractive index n according to 1+ )((1) =& = n’? where n'is

the complex refractive index, n” =n+ i
3.3.1.1. The non-linear susceptibility.

As we increase the laser field, this linear relation starts to break down. This can be
explained if we consider the modification of the Coulomb field by the laser field. Figure
3.3.2 shows how the centre of charge of the electron distribution is moved by the
addition of a laser field to the Coulomb potential. If we assume that the photon energy of
the laser is much less than the energy of the ground state of the atom, the potential, U, at
~ag is lowered by approximately Erag (where Ep is the external electric field applied to
the atom, and ag is the Bohr radius) and the potential at +ay is raised by the same amount,

AU. The displacement the electron from its equilibrium position by this perturbation is

given by

2( ;2
dr AU) | d°r
r=(r);—q, +AU(——) +( ') 5 +
dU Jy=q, 2! \dU r=aq

3.4
3 3 n n (3.3.4)
(AU ( &% . aur(dn
3 \qud ) n! {du" ) _
r=ay r=ap
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if we substitute a hydrogenic potential into this we derive

( 2 3
N Yo% N
€ 4 e
HAU) = aq a0 Lar a9 Sar ) angqr (3.3.5)
+( 1)n+1 AU )
\ eapE y,

where E; = e/ 47r£0a3 and AU =+ qpE].

The displacement of the centre of charge of the electron from its central equilibrium

position is given by x = r(agEy) - r(-agEL) which gives

3 5 n(=odd)
x =2ay 0 P ) 20 20 IR (3.3.6)
ek, ek, ek, ek,

A result which is only valid in the weak field regime, i.e. when the laser field is much

smaller than the atomic Coulomb field. Since the susceptibility, ¥ = Nex/eyE} , we can
define a series of non-linear susceptibilities which are given approximately by
Xn = (2Neag/€0E 4 N EL | Ey )n_l. Hence we see that the non-linear susceptibilities
scale as Eg_l , Where ¢ is the harmonic order, and the ratio of one susceptibility to the

next varies as y""2 /g™ = (Ey [eE, )2.

It should be noted that the disappearance of even order susceptibilities is a consequence
of the atomic potential being symmetrical with respect to reflection about the origin. In
the case of a non-centrosymmetric potential (as can be experienced in a crystal lattice), the
even order susceptibilities will not disappear. This results in the generation of even as

well as odd harmonics.
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where 1, ay...a; are Cartesian subscripts (x, y or z). This shows that the non-linear
susceptibility (") is a (n+1)-rank tensor which in almost all cases of practical interest

reduces to just a few significant numbers.

As we are considering high harmonic generation we must use a gas, as solids will absorb
radiation below about 200 nm (which corresponds to approximately the 5th harmonic of a

1053 nm Nd:YAG laser, the 4th harmonic of an 800 nm Ti:Sapphire laser, or any

harmonic of a 248 nm KrF laser. Since a gas is isotropic, its even order terms y{2),
2@... will generally vanish because the polarisation must be unaffected by reflection of

the co-ordinate system at its origin. This can be seen for the case of a Hydrogen potential

in equation 3.3.6.

3.3.1.2. The third order non-linear susceptibility.

To consider the non-linear susceptibilities involved in harmonic generation we shall
specifically introduce the third order susceptibilities. These have been chosen to simplify
the equations, but the conclusions can be applied to any non-linear order. We are looking

at the specific case of four wave mixing in which a sum frequency signal at

W, = W+ Wy + 0y (3.3.9)

is generated. This process is shown schematically in Figure 3.3.3. We are considering

only the special case of @, = w, = w3 = @;/3 1.e. third harmonic generation. If we
expose a non-linear medium to an incident wave of angular frequency @ we have to
consider the following three non-linear susceptibilities (only the dominant terms of

interest are shown):
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1(3)(—30);0)0)0)) = x?)(Sw)

N {sleatlaXaleyslbXblepulNeleils) 3310

x1(3w) specifies a polarisation at 3@ which gives rise to the desired third harmonic

signal.

1P (00 - 00) = x$) (o)

__N_ (8leslaXaleyu|bYbleott|cXclesitl g) (33.11)
£0h3 abc (.Qag - w)(ng - Zw)(.ch - a))

XsA(@) causes a polarisation at @ and can be viewed as a field dependent correction to the
refractive index. Its real part is responsible for a field dependent change in the refractive

index, whereas the imaginary part entails a two photon absorption.

1(3)(—(0;0)3(0 -3w)= x%)(wﬁw)

__N_ 5 (glestlaalesptlbXblespicXclestls) (3.3.12)
£ abe (g —30)(Qpy —20)(2ep —30)

xsB(w,3w) causes a polarisation at the fundamental frequency which originates from a
simultaneous interaction of the fundamental and its third harmonic wave with the non-
linear medium. Its real part is a change of refractive index at the fundamental frequency
due to the harmonic wave, the imaginary part characterises a Raman-type gain or loss of

the fundamental wave under the influence of the harmonic wave.

All three of these expressions are similar and differ only in their denominators, i.e. in the

frequencies at which the susceptibilities become resonant.
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Figure 3.3.3. Energy level representation of the general four wave mixing

process. We are interested in the case 0 = @y = @3 = W [3.

3.3.1.3. Selection rules for harmonic generation.

Using the Wigner-Eckart theorem the individual matrix elements in the above numerators

can be written as

J 1 J
(o gmg | BIymy,) = (=1)7e ™" ( ‘ ’ j(a]a llBsy)  (3.3.13)

-m, Am; m,
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where (o, ||u|BJ,) is the reduced matrix element. Amy inside the 3j-symbol is equal to

+1(-1) for right-(left-) circularly polarised radiation and equal to zero for linear

polarisation. Using the selection rule —mg + Am;, + my, =0 we immediately obtain

Amg + Amy + Amy + Amz = () (3.3.14)

This relation implies conservation of angular momentum. Note that two left- and one
right-hand waves result in a right-hand wave, but three waves of the same handedness do
not result in any sum frequency wave at all. Since the numerators contain electric dipole
matrix elements, we see that states la> and Ic> have opposite parity with respect to states

lg> and I1b>.

For enhancing y7 we must minimise the resonant denominators in equation 3.3.10.
However we must be careful, as minimising the one photon resonance may lead to strong
absorption of the fundamental, and minimising the three photon resonance may strongly
absorb the third harmonic. The third harmonic generation efficiency is ultimately limited

by competition between 1 and Ysa.

3.3.2. Harmonic generation in the strong field regime.

In the weak field regime the amplitude of the qth harmonic scales with the electric field as
E4 (see equation 3.3.6). However, the qth order non-linear polarisation diminishes
rapidly with increasing g. As the laser field is increased the harmonic intensities are seen
to saturate and increase in magnitude much more slowly. As the laser field continues to
increase, higher and higher harmonics become saturated and form a plateau. The plateau
harmonics will scale similarly with intensity and seem to exhibit an E™ dependence,

where m is somewhere between 6 or 8. We are now seeing a different mechanism of
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atomic core, it may recombine into the ground state. When this recombination occurs the
electron emits a photon which carries away its excess kinetic energy and momentum.

The equations of motion of the electron displacement from the nucleus, z, are

2
d“z qEycoswpt
<= gL 0 (3.3.15)
dt m
d Ej si
Eoy=40sned (3.3.16)
dt may
E, t
2= - L0200 4yt 4 4, (3.3.17)
ma,
Att =1y (the time of ionisation) let z =0, v =0 then
qky . i
V= Sin Wt — sin Wt 3.3.18
mag { 0 0 0} ( )
_ qEO . _ _ .
Z= > {coswyt + wytsin wgty — cos wyty — Wyt sin wgto}  (3.3.19)
ma

We must then solve for v when the electron returns to the core (z = 0). The energy at
impact will be mv2/2. The solution of these equations is shown in figure 3.3.5 and gives

us a local maximum in the impact energy of the electron of

U=U;+ 3.2Up. (3.3.20)

which corresponds to ayt = 17° or 197°. The emitted photon will be at a frequency that is
an odd-integer multiple of the laser frequency: a harmonic. Figure 3.3.5 shows the
dependence of the probability of tunnel ionisation with time and the corresponding energy
of the electron when it is re-incident on the atom. The calculation was performed for a

Hydrogen potential at an intensity of 1014 W/cm2.
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electric dipole transitions as the atom is pumped to a continuum state can greatly enhance
the conversion of g photons at frequency @ to one photon at frequency g@. The electric
dipole recombination transition will be discussed further when we consider the harmonic

simulation code used to model our experimental data in section 6.1.

3.3.2.2. The saturation intensity.

The plateau cut-off energy derived above (equation 3.3.20) matches the experimentally
observed cut-off of the harmonic plateau very well [90]. Experiments conducted at
varying intensities see the harmonic response reach a maximum and then start to fall as
the intensity is increased further. This is due to depletion, by optical ionisation, of the
atomic population that is generating the harmonics. Krause et al. [90] defined the
saturation intensity which is the intensity at which 20% of the atoms survive the laser
pulse without being ionised. This saturation intensity is an effective upper limit on the
intensity that can be used for efficient harmonic generation and sets a limit on the scaling
of the maximum harmonic energy with Up. Harmonic response beyond this cut-off
imposed by the saturation intensity was seen in early experiments [91,92]. Considering
this data without taking the time dependence of the laser pulse into account leads us to the
incorrect conclusion that this could be evidence of harmonic response from ions. It is in
fact possible to generate harmonics beyond this limit [93]. The few atoms that remain
un-ionised for a short period above the saturation intensity can generate harmonics quite
efficiently. In this regime, however, the total harmonic response rapidly diminishes as

the atomic population is depleted by optical ionisation.

3.3.2.3. The advantage of short wavelengths.

While the electron is free from the atom and in the influence of the laser field, its

wavefunction will spread transversely to its direction of motion. This is because the
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generate short wavelength harmonics was to maximise the ponderomotive term in the

plateau cut-off equation which is proportional to the square of the laser wavelength

[19,20,101].

Recent work using a 248 nm KrF laser by Sarukura et al. [92] and Kondo et al. [105]
indicates that shorter wavelength drivers can produce short wavelength harmonics not
just from the ponderomotive energy term in the cut-off equation, but by using the higher
ionisation potentials of ions rather than neutrals. He*, for example, has an ionisation
potential of 54.4 eV compared to 24.6 eV for neutral Helium. This, of course, leads to a
much higher ionisation (and saturation) intensity for the ion compared to that for the
neutral atom. Harmonic generation efficiencies from ions using long wavelengths are, at
best, very weak in comparison to those from neutrals [100]. For 248 nm, however,
ionic efficiencies can be of the same order as those from atoms. The results of Sarukura
et al. and Kondo et al. are indeed startling in that they demonstrate unambiguously that
high harmonics can be generated from ions with short wavelength driver lasers.
However, the number of harmonic photons produced and the highest harmonic energy

achieved were no better than those produced with long wavelength lasers.

It should be noted that harmonic generation depends on good phase matching as well as a
high single atom/ion response. In the case of generating harmonics near the saturation
intensity, or generating harmonics from ions, phase matching will usually be dominated
by the free electron refractive index. This will set a coherence length that is smaller than
in an un-ionised gas. Hence harmonic generation is always a trade off between

producing high photon energies and high efficiencies.
With harmonic generation from ions already demonstrated, it is timely to investigate

whether higher harmonic photon energies can be produced from ions using short

wavelength lasers, than from neutrals with longer wavelength lasers. We will present
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data and simulations in chapter six that go beyond those of Sarukura et al. and show that
248 nm light can produce much shorter harmonic wavelengths than 800 nm or 1053 nm

light, and that generation efficiencies are much higher at the longer harmonic

wavelengths.

3.3.3. Phase matching between the harmonic and the fundamental.

Phase matching is an important mechanism for optimising the generation of high
harmonics. If the fundamental and the harmonic can be made to travel together and in
phase through the non-linear medium, then constructive interference can occur between
the amplitudes of the harmonic wave generated in different parts of the medium. In this
section we shall derive some of the fundamental equations of non-linear optics and we

shall consider the phase matching factor for several cases of interest.
3.3.3.1. The equations of non-linear optics.

The derivation of the equations of non-linear optics in this section follows that of

C.R.Vidal [106]. Using Maxwell's Equations (assuming M =0; u=1;;=0; p=0)

V.E=0 (3.3.21)

V.B=0 (3.3.22)

vxE=-28 (3.3.23)
ot

VXB:C%%I; (3.3.24)
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We obtain the well known wave equation :

19%E_ 1 3%°p

VE - = 3.3.25
C2 8t2 80C2 8t2 ( :
Putting P = P +PM in equation 3.3.25 we obtain
v2p N OE_nmid’E__1 %M (3.3.26)

l =
¢ orr  cow o goc>  or
the driven wave equation.

At this stage we must specify the Fourier components of the electric field amplitudes.
For simplification we will make the plane wave approximation E(r,®)=E(z,») and
assume that the electric field amplitudes change slowly within times of the order of -1
and over a length of typically k1 (—agEtL << 0E;; 95—1 << kE j)- Note that we denote here

z
the Fourier component of the electric field by E‘(r, [0 j) =E i(r).

We then arrive at the fundamental equations of non-linear optics

dE; jo Ri A
J NL . J
=1 P~ exp(idkz)——=FE; 3.3.27
dz 2epcn; J p(iakz) 2 ( )

dE. OE. n, oE;
where —L = —L + L~ and Ak = jko - k;
dz dz ¢ ot SO

So in the plane wave approximation, the spatial dependence of the electric field amplitude

in a non-linear medium is given by

E; = E;exp(ik;z) (3.3.28)
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3.3.3.2. Phase matching for a plane wave.

In the small signal limit it can be shown that the intensity of the qth harmonic (@) in the

generated beam is given by the equation :

D ) g
ng Chg Egh

where n 1s the refractive index at the fundamental frequency, ny is the refractive index at

the qth harmonic frequency, @ is the initial intensity of the pump beams and F is the

phase matching factor given by

F( AKL,7,, qu) _ exp(— Tw ) + exp(— ) ) - Zexp[—(z'w + Ty0 ) /2]COS(A/<L)

(740~ 70)/2] +(akL)?

(3.3.30)

where Ak = kg, — gk, and 7; =71+ 7o + 73+ ... is the total optical depth for all the
incident waves. Ty and T4 are the optical depths for the fundamental and harmonic
waves respectively (T =AwL/c = {L, where { is the 1/e length for the electromagnetic

wave).

F depends on three variables: AkL, 7y, and Tgq Which we must try to minimise in order

for F to approach its maximum value of unity. Let us consider two limiting cases:

(i) For negligible absorption cross sections, the phase matching factor has the form
2
sin(AkL/2))

331
AKL/2 33:31)

F(AKL, T4 = 0,740 =0) = (
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(i1) For an optically thick system with 7, T >>1, the minima of the Sinc function fill

up and we move towards a Lorentzian type profile for the phase matching factor.

F(AkL, To >> 1,744 << 1) = F(AkL, T <<L Tgp >> 1)
1 (3.3.32)
[( Tao ~ T ) /2]2 + (AkL)2

Figure 3.3.7 shows the variation of the phase matching factor, F, with the optical depth
of the generated wave. For practical applications, it is generally not very difficult to keep
the incident wave away from resonances which will significantly increase the optical
depth. This is not necessarily the case for the high harmonics that are generated. Figure
3.3.8 shows the variation of the transmission with wavelength for 1 mm of neutral
Helium and Neon at an atomic density of 1018 atoms/cm3. Certainly the lower harmonics
will frequently cause photo-ionisation or auto-ionisation and so will often have a
relatively large optical depth. This can be seen for the case of Helium, where the
transmission tails off towards zero at 1200 A. The transmission curve for Neon is more
complicated, because of its higher atomic number. A transmission of 0.4 is equivalent to
an optical depth of about 0.9. All harmonics of KrF (248 nm) have an optical depth (in

1 mm of gas) of less than two in both gases.

The reduction of the peak phase matching factor with increasing optical depth can
eventually limit the effectiveness of enhancing harmonic generation by increasing the
length of the non-linear medium, L, over which the harmonic is generated. For example,
if we take 7, = 0, and if we assume optimum phase matching (AkL = 0), we find that
(for large 744) the factor F' in equation 3.3.29 (and defined by equation 3.3.30) is
proportional to ng) (and so is proportional to L 2). Equation 3.3.29 also contains a
factor of L2, and so the two factors will cancel each other out resulting in no net

enhancement of the harmonic intensity with increasing length. For small optical depths,
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where the exponential term is a phase factor, Eq contains the factors determining beam

propagation, and b is the confocal parameter.

The qth harmonic generated at some point in the plasma will propagate with a different
phase factor, which is the qth power of the fundamental phase factor. Again assuming a
dispersionless medium, the phase mismatch between harmonic and fundamental in a
Gaussian beam is given by A¢(z)=(1—qg)tan"(z/b) [98]. The coherence length is
defined as the distance the two waves must propagate before they become dephased by 7
and interfere destructively. Hence we arrive at the expression for the coherence length,

Lcon, in a dispersionless medium: L,y = btan(r/(g—1)). For large g this becomes

Leop =bm/(g—1) (3.3.34)

In the weak field regime, the coherence length is a good measure of the length over which
harmonic generation can occur. In a homogeneous, dispersionless medium, the
amplitude of the harmonic wave will grow over half a coherence length and then will
reduce again over the next half coherence length. If the laser intensity is constant over
this region, then there will be no net harmonic generation, as the harmonic polarisation
generated in the second half of the coherence length will exactly cancel that in the first
half of the focus. This situation is depicted schematically below in figure 3.3.9. The
cancellation occurs because the non-linear polarisation contributing to harmonic
generation in the second half of the coherence length will be of the same magnitude, but
opposite to that in the first half (i.e. PNL(L) = -PNL(L + L¢op/2)). Hence for a non-linear
medium of arbitrary length, we would expect the amplitude of the harmonic wave exiting
the medium to be somewhere between zero and the maximum reached after travelling a

distance Lgon/2.
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3.3.3.4. Phase matching in a plasma.

In the strong field limit we reach a stage when significant ionisation occurs during the
laser pulse and very few atoms survive the entire pulse. In this situation, or when
generating harmonics from ions in a plasma, the coherence length is usually governed not
by the Gaussian beam mismatch or the confocal parameter, but by the refractive index
due to free electrons in the plasma. The refractive index of a plasma is given by
n= (1 ~ N/N,, )1/ 2 , where N is the critical density of the plasma (which is wavelength
dependent). Hence the phase mismatch is A@ = gnL/A(N/N,, ), where the difference of
the refractive index from unity is taken to be negligible for the harmonic, giving a

coherence length, for high harmonics, of

Leon =(A/Q)(Ncr/N)- (3.3.35)
To summarise, for efficient harmonic generation we require :

1. yrto be large. This may be enhanced by exploiting a multiphoton resonance.
2. Good phase matching - to exploit long column densities and produce high efficiencies.

3. Small optical depths - for both the fundamental and harmonic frequencies.

Conditions (1) and (2) can sometimes be met for lower harmonics by using a two
component gas system. It remains to be seen whether the same system can be used for
high harmonics. Condition (3) means we have to use gaseous media for harmonic

generation.
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3.4. Summary.

Two methods of producing coherent XUV radiation are the X-ray laser and high
harmonic generation. Various X-ray laser schemes have been developed over a period of
years, the most successful being the Neon-like collisional X-ray laser. Target geometries
and injector/amplifier configurations for this system have been developed that have
improved the power, efficiency and coherence of these lasers. Increases in gains in
recombination laser schemes are now being seen, but the technology is not as advanced
as for collisional schemes. The advent of CPA technology is now making OFI collisional
and recombination schemes possible. These have the advantage that they require much

lower pump energies and potentially lend themselves to a table top X-ray laser system.

Research into high harmonic generation, on the other hand, is a relatively new field.
Harmonic generation requires a high laser power (rather than energy) and so is ideally
suited to the use of the new CPA technology that is now appearing. Most harmonic
generation research has been performed using long wavelength fundamental lasers, but
there are now indications that better results may be achieved using shorter wavelengths.
Generation efficiencies can be greatly enhanced by phase matching the harmonic and the
fundamental as they travel through the non-linear medium. The power and efficiency of
XUV radiation production from this phenomenon is still relatively low [21,107], but the
field is advancing rapidly. It should be remembered that second harmonic generation in
crystals originally had conversion efficiencies as low as 10-8 [88] whereas now these
efficiencies can be greater than 50%. Harmonic generation has an advantage over
traditional X-ray laser systems because it uses a gas target rather than a solid. This leads
to a potentially higher repetition rate and eliminates problems with the production of
debris from the laser ablation of a solid material, it 1s also potentially a tuneable source.

Applications for high harmonic generation are still very limited, the only currently
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published work being a study of the inner shell structure of semiconductors by photo-

emission [108], and a study of the radiative lifetime of the 1s2p!P state of Helium [109].

As well as developing these two applications separately, it is possible that they could be
combined to exploit some of the advantages of each. For example, one or more low
energy, wide bandwidth, but very short harmonic pulse(s) could be passed through an
X-ray laser with a long gain lifetime and narrow bandwidth to produce a well collimated,
high power, narrow bandwidth, short pulse XUV source. This has been demonstrated
as a proof of principle experiment [110], but remains to be developed into a serious
application. The future of both X-ray lasers and harmonic generation systems depends

upon the development of useful applications that utilise their unique properties.
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Experiments and Diagnostics

In the following two chapters (chapter five - Electron Temperature Measurements, and
chapter six - Harmonic Generation) we shall present data from experiments performed
using the Sprite KrF laser which is a part of the Central Laser Facility of the Rutherford
Appleton Laboratory, Chilton, Didcot [26]. Sprite is a unique ultraviolet laser facility
which can produce multiple pulses with pulse lengths from several nanoseconds down to
a fraction of a picosecond. An experiment on Sprite typically lasts for six weeks. This
usually consists of two weeks to set up diagnostics and four weeks to perform the
experiment. Since there is much overlap between the diagnostics used in obtaining the
data presented in both chapters five and six, and since obviously the same laser system is
used, we shall describe in this chapter the Sprite laser and its diagnostics along with the
equipment used as plasma diagnostics. We shall also briefly review the use of Thomson
scattering as a plasma diagnostic. This will enable the data in chapters five and six to be

presented more succinctly.
4.1. The Sprite laser system.

The main amplifiers of the Sprite laser are two electron-beam (e-beam) pumped KrF
modules, Goblin (7 cm aperture) and Sprite (27 cm aperture). Population inversion in
KrF can be achieved because the molecule only exists in excited electronic states. Once it
has decayed to the ground level, it quickly dissociates into its constituent Krypton and
Fluorine atoms within one vibrational period of the molecule. Hence, if a population of

excited molecules can be produced (i.e. the pump rate must be faster than the decay rate)
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4.1.1. The laser parameters.

Sprite produces pulsed output of ultraviolet radiation with a full shot repetition rate of
about two minutes. Two modes of operation are available: Raman amplified mode [112]
which utilises stimulated Raman effects in Methane to produce an output at 268 nm; and
chirped pulse amplification (CPA) mode [26,113,114] which uses pulse expansion and
compression techniques to produce a very short pulse at 248 nm. The parameters of

these two systems are outlined below in table 4.1.

Raman Beam CPA Beam
Wavelength 268 nm 248 nm
Pulse duration 12 ps 300 - 400 fs
Pulse energy 3-5] 150 - 250 mJ
Focused spot diameter ~3 um ~8 um

Table 4.1. Performance characteristics of the Sprite laser system. The focused

spot radius is that produced with a 33 cm off-axis parabolic mirror.
Experiments performed using the Raman amplified configuration of Sprite are described
in the thesis of W.J. Blyth [29] which contains a description of the Raman amplifier
system. The experiments described in this thesis are all performed in CPA mode, so we
will not discuss the Raman mode further. The wide bandwidth (5 nm) of the laser
transition in the KrF molecule gives it the potential to amplify pulses shorter than 100 fs
to multi-joule energies [115]. The main limits on the pulse length are placed by two
photon absorption and self phase modulation of the high power beam in the laser and in
the air-path to the vacuum chamber. One method of avoiding this is chirped pulse
amplification and compression. The basic technique is to create a very short (transform
limited) pulse and then to expand it temporally before passing it through the main laser

amplifiers. The pulse can then be recompressed before focusing it on target. It should
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also be noted that an absorption dip has been identified in the KrF laser transition which
limits the bandwidth that can be amplified in KrF. This has been attributed to internal

absorption to an excited molecular state which dissociates to Kr*(3P1) and F(?P3/2)

[116].

4.1.2. The Sprite CPA system.

The Sprite CPA system makes use of such a pulse stretching and compression system
[26]. A schematic of the Sprite CPA amplifier chain is shown in figure 4.1.2. Fourier
transform limited 110 fs pulses at 746 nm are generated by an Argon ion pumped mode-
locked Ti:Sapphire oscillator and are amplified to 400 pJ in two Rhodamine 700 dye
amplifiers and a double passed Ti:Sapphire amplifier. (These amplifiers are all pumped
by a Q-switched frequency doubled Nd:YAG system). The pulses are then frequency
tripled to 248 nm by passing them through two 0.3 mm long beta-Barium Borate (BBO)
crystals. At the output of the frequency tripling stage the laser bandwidth is 95 cm-1,
sufficient for a 150 fs pulse duration. The laser pulse is then chirped in a single-pass,

folded geometry, diffraction grating stretcher (figure 4.1.3).

746 nm Ti:S 746 nm 3w Pulse
oscillator amplifiers crystals stretcher
Pulse Sprite e-beam Goblin e-beam KrF discharge
compressor " KiF amplifier " KiF amplifier y pre-amplifier

Figure 4.1.2. Schematic diagram of the Sprite CPA KrF laser amplifier chain.

The stretcher, shown in figure 4.1.3, uses a 3600 g/mm holographic diffraction grating.

The dispersed beam is focused by a 99 cm focal length lens onto a dielectric UV murror,
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Using the Sprite laser in CPA mode with grating pairs to stretch and compress the source
pulse it is possible to produce pulses on target as short as 280 fs, but more typically at
350 - 380 fs. The final compressor gratings are installed in the target chamber to limit
non-linear losses in the propagating beam. Using a 33 cm off-axis parabolic mirror
(OAP), energies up to 250 mJ may be focused on target with an effective focal spot area

of 64 pm? and intensities up to 1018 W/cm? at a wavelength of 248 nm.

Amplified spontaneous emission (ASE) levels are determined by the excited lifetime of
the EMG103-MSC KrF amplifier cell. Typically the ASE pulse has a duration of 20 ns,
and a total energy of 5 mJ (reduced to 2.5 mJ after the compressor gratings). This is
focused in the target chamber to an intensity 1010 W/cm?2, which gives a contrast of 108

between the ASE and the main pulse intensities [117].

The laser energy delivered on target is limited by the incident laser energy that the
Aluminium coated compression gratings can withstand without damage. Energies greater
than 600 mJ can be used for a short period without immediate grating damage, but in the
interests of longevity this has been set as an upper limit. The grating pair have a

combined transmission of approximately 50%

4.1.3. Monitoring the laser far-field.

Once the laser pulse has passed the compression gratings, it is focused onto target by an
OAP. The focal spot size is determined by the f-number of the OAP and by the beam
divergence. The CPA beam divergence is considerably greater than the diffraction limit.
This is due to the generally poor quality multimode structure of the output from Sprite
which is further degraded by non-flatness of the compression gratings. The beam quality
before compression is monitored for every shot using an equivalent plane monitor to give

an indication of the divergence. This is done by taking a 4% reflection from a quartz
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pellicle and focusing it (after suitable attenuation) onto a UV sensitive CCD camera using

a 20 m focal length lens combination. A schematic of this is shown in figure 4.1.5.

Target | Laser
area room
Pellicle
[

/\ -a— Laser

J
b T,

combination

Figure 4.1.5. The Sprite far-field monitor.

The air path between the far field monitor and the vacuum chamber is 6 m and there are
two 12.5 mm thick CaF; windows downstream of the diagnostic point. The stretched
Sprite pulse length is 8 ps and the equivalent beam area for estimating peak intensity is
50 cm?. This gives a B-integral (i.e. the integral over the beam path of the intensity
dependent second order non-linear refractive index [118]) between the monitor and the
chamber of 0.9 times the energy in joules from the laser. Since the laser energy is never
more than about 0.5 J, the B-integral is always less than 0.5 [117]. This tells us that
beam break-up downstream of the far-field monitor is negligible under normal operating
conditions. Hence, any degradation of the focal spot at the chamber centre with respect
to the far-field monitor is due to non-uniformities in the compression gratings caused
during manufacture or by grating damage which inevitably occurs over the grating

lifetime.

Measuring the focal spot after the gratings is difficult, as a full energy shot can easily

destroy any lens used to image it. An alternative is to image the 8 Hz oscillator. This
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From the second grating, the beam is directed onto an off-axis parabolic mirror. The
33 cm OARP fits easily into the chamber and is designed so that the angle subtended at the
OAP between the second grating and the focus matches the off-axis angle of the parabolic
mirror. This angle can be fine adjusted manually in air, and the position of the focus can
be adjusted under vacuum by driving the OAP on x, y, z translation motors. The 100 cm
OAP must be housed in an extension tube to the chamber, which means that the beam
must be directed onto the OAP by a turning mirror. To overcome problems with
movement of the OAP extension tube when pumping down, the OAP is mounted on a
vacuum isolation stand which allows the tube to bend by means of a bellows
arrangement, but holds the OAP in place. The OAP is adjusted to produce best focus at
the centre of the chamber. The plasma diagnostics shown in the figure will be described

in detail in the next section.

4.3. Plasma diagnostics.

The experiments described in this thesis have been concerned with determining the
electron temperature of optically-ionised plasmas by Thomson scattering, or with
measuring harmonic generation. The division between these experiments is somewhat
blurred as Thomson scattering is also used as a density diagnostic in harmonic generation
experiments. We describe below the experimental configurations used, but there is much

overlap and some diagnostics have been omitted from the diagrams for clarity.

4.3.1. Thomson scattering experiment.

This experiment used the 33 cm OAP and was primarily concerned with determining

electron temperatures and densities from Thomson and stimulated Raman scattering

measurements. A schematic of the experimental set up has already been shown in figure

4.2.1.
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Scattered light was collected at 90° and 150° by chromatically corrected /5 10 cm focal
length lenses and focused (with approximately 10x magnification) onto the entrance slits
of two Czerny-Turner monochromators (a Spex 270 mm for the 90° channel and a
Be_ntham 300 mm for the 150° channel). Two Aluminium coated mirrors were used in
the 90° channel to rotate the direction of the laser beam to lie along the spectrometer slits.
The 90° monochromator used two interchangeable gratings: one with 300 g/mm blazed at
250 nm; the other with 600 g/mm blazed at 300 nm. The spectrally dispersed output was
then collected by a Hadland 500 series streak camera and passed through a Kentech 50/40
intensifier. The output of this was fibre optically coupled to a Photonic Science
intensified CCD camera which was generally operated at its lowest gain setting. The
streak direction was oriented perpendicular to the dispersion direction. This allowed
spectral measurements which were time integrated at the slow streak speeds used
(typically 100 - 200 ps/mm). The streak camera acted as a temporal filter to separate the
weak Thomson scattered signal from the strong signal scattered from the chamber walls

that arrived later in time.

The 150° monochromator used a 600 g/mm grating blazed at 250 nm. This was coupled
to another streak camera and intensified CCD camera system (the same as for the 90°
channel). Again the streak direction was perpendicular to the dispersion direction. The
spectrometer slits were aligned either parallel or perpendicular to the axial direction to
permit viewing of the whole or partial scattering region. The spectral resolution of both

the 90° and 150° channels was (0.8 nm.

Light reflected at 180° was collected via a 0.6 mm thick quartz pellicle placed between the
OAP and the second compressor grating. This light was then focused onto another streak
camera and intensified CCD camera combination where the light scattered at all
wavelengths was integrated. The streak camera was used to distinguish light scattered

from the laser focus from stray light scattered from in and around the vacuum chamber.
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Light at the laser wavelength could be removed using a filter (KG5) which blocked all
wavelengths below 300 nm. The KGS filter is made from a 2mm glass substrate and has
a transmission of less than 0.001% below 280nm. Using this filter it is possible to
collect only light produced from stimulated Raman scattering. Absolute reflectivity was
determined by normalising scattered light levels to a Fresnel reflection at normal incidence
from a quartz window. As this diagnostic used a filter to remove wavelengths below
300 nm, it could only be used with relatively high electron densities which could

produce stimulated Raman scattering with wavelength shifts of greater than 50 nm.

Other diagnostics used in this experiment were an X-ray mini-spectrometer and two
Faraday cups. The X-ray spectrometer contained a Thallium Acid Phthalate (TIAP)
crystal and was used to look at X-ray emission in the region of the Helium- and
Hydrogen- like Neon recombination series (5 - 15 A). The spectrometer was placed
about 6 cm from the laser focus in the horizontal plane just to the side of the 90° Thomson
channel (i.e. at an angle of slightly less than 90°). A 10 wm Beryllium filter was used to

eliminate stray laser radiation.

The Faraday cups produced a trace of ion current against time and could therefore be used
to determine the energy distribution of the ions produced in, and ejected from, the
plasma. These were simple devices which did not have a biasing mesh, but the whole
cup could be biased (typically to 6 V) to prevent the escape of secondary electrons
produced by ion impact. One Faraday cup was placed in the horizontal plane between the
90° and 150° channels at a distance of 11 cm from the laser focus, and the other was

placed above the X-ray mini-spectrometer 22 cm from the laser focus.
Helium and Neon gas targets were provided by both static fill and pulsed gas jet (a high

pressure solenoid valve with backing pressures up to 100 bar [119]). The gas jet, with a

1 mm diameter circular orifice, was positioned using a stepper motor driven translation
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mount and oriented with the gas flow perpendicular to the laser beam axis and to the
Thomson scattering channels. Gas densities up to 1020 atoms/cm3 could be achieved
with the laser focused into the gas jet at a height of 100 um above the orifice. The gas jet

pulse length was set to about 12 ms.

4.3.2. Harmonic generation experiment.

This was primarily a harmonic generation experiment, but Thomson scattering was used
as a density diagnostic for the gas jet. In this experiment, the focusing was varied by
changing between the 33 cm and 100 cm OAPs. A turning mirror was used to direct the
beam down an extension tube. The turning mirror was also used with the 33 cm OAP so
that when the OAPs were changed, the other diagnostics could remain in place. A
schematic of this experiment is shown in figure 4.3.1. The Thomson channels are

omitted for clarity.

The Thomson scattering diagnostic consisted of a channel at 90° to the laser axis. This
was essentially the same as in the Thomson scattering experiment, with an instrument
width (with the spectrometer slits set to 100 wm) of about 1.4 nm and 0.7 nm for the

300 g/mm and 600 g/mm gratings respectively.

The primary diagnostic for the harmonic generation experiment was an XUV
spectrometer based on a Hitachi variable line-spaced 1200 g/mm grating (ref. no. 001-
0266) blazed at 3° [120]. A schematic diagram of this spectrometer is shown in figure
4.3.2. The spectrometer was used in a slitless configuration with the grating at an angle
of 3.77° to image the source (at the chamber centre) onto the detector plane. The detector
was a Galileo double micro-channel plate (MCP) detector (Galileo Model Number 1390-

0020). The output from the MCP phosphor was fibre optically coupled onto a Photonic
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4.4. Thomson scattering as a plasma diagnostic.

A powerful technique for studying the structure and dynamics of matter is the scattering
of electromagnetic radiation. If we use such a frequency that the medium under study is
essentially transparent and has a refractive index close to unity, the scattered radiation
results primarily from interactions between the radiation and the electrons in the medium.
Study of the angular distribution of the scattered radiation provides an indication of the
spatial distribution of charge density in the medium, as for Bragg scattering of X-rays
from crystals. Wavelength shifts, caused by Doppler shifting of the light scattered from

moving electrons, give us a good diagnostic of the electron velocity distribution.

These methods can be used as a plasma diagnostic. This was first shown by studies of
the incoherent scattering of radio waves from the ionosphere where the large physical
scale of the medium counters the extremely low electron densities [125]. Since a plasma
will, in general, be homogeneous we are interested in studying the frequency shift of the
scattered light in order to determine densities and temperatures in the plasma. This

scattering of light from the electrons in a plasma is known as Thomson scattering.

The requirement that the plasma be virtually transparent to the probing radiation and
display a refractive index close to unity means that the radiation frequency must be much
greater than the electron plasma frequency, @pe. In the experiments discussed in this
thesis, the maximum electron density is of the order of 1021 cm3 (i.e. wp, =
1.8 x 1015 s-1), which is approximately the critical density for an Nd:Glass laser
(1053onm). The critical density for a KrF laser (248 nm) is about sixteen times higher
than this. Ideally, the laser beam which is being Thomson scattered should not perturb
the plasma it is probing. In our experiments, however, we are looking at Thomson
scattering from the beam which is creating the plasma. This can lead to problems with

SRS growing from thermal noise created in the plasma by the Thomson scattering which
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will then mask the Thomson scattered signal. We will also experience problems in

interpreting the scattered spectrum, because the plasma is still forming and equilibrating

while scattering is taking place.

There are two main regimes which characterise Thomson scattering. The first is the
scattering of light from a single electron or from a group of uncorrelated electrons. In
this case the electrons can be considered to be oscillating in the electric field and re-
radiating the energy at the same frequency, wg. The cross section for this process is
given by the Thomson scattering cross section oy = (8ﬂ/3)(e2/ 47z£0mc2)2 which 1s
equal to 6.65 x 10-25 cm2. The spectrum of the light which arrives at the detector is
Doppler shifted due to the motion of the electron in the direction of the scattering vector,
k, defined in figure 4.4.1 below. This process can also be thought of as the decay of the
incident photon into a photon and a plasmon. For scattering from a collection of
uncorrelated electrons, the measured spectrum will be centred on @y and have a width

which is characteristic of the Doppler shift due to the thermal velocity of the electrons.

Figure 4.4.1. The change in wavevector, K, resulting from the scattering of an
incident wavevector, Ko, to a scattered wavevector, Kgs, by an electron. The
magnitude of the Doppler shift is determined by the component of the electron

velocity along k.

The condition that determines whether the electrons can be considered to be uncorrelated

1/2
is the Debye length, Ap = (K‘Teé‘o / Ne2) / . The Debye length represents the distance
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over which electron shielding will hide a deviation from neutrality in a plasma.
Therefore, if density fluctuations have a scale length less than the Debye length, they will
be shielded by an electron sheath and will not contribute to the scattering. In this case the

scattering can be considered to be from uncorrelated electrons.

Alternatively, scattering is dominated by collective effects of the electrons in the plasma
(coherent scattering). This occurs when there are plasma density fluctuations which are
large compared to the Debye length. The scattered photon can now be considered to be
scattering off plasma waves rather than off individual electrons. In this case the spectrum
of the scattered light is affected by the spectrum of the density fluctuations. In general

there will be a maximum in the spectrum at a frequency shifted from @g by the Bohm-

Gross frequency.

Thomson scattering is a very useful plasma diagnostic [29,126-132], because the
spectrum is determined by the plasma conditions. In the incoherent scattering case, the
width of the spectrum gives a direct measure of the thermal velocity of the electrons and
hence the temperature. In the collective, or coherent, scattering case the position of the

maximum in the spectrum is given by the Bohm-Gross dispersion relation

0? = 05, + 3(55)1(2 (4.4.1)
My

Thus the spectrum is determined by both the temperature and the density.
We will not derive the Thomson scattering spectrum here, as this has been done in great

detail in numerous publications [29,133-135]. The intensity of light which 1s Thomson

scattered into a frequency range dw and a solid angle d€2is given by
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I(k,0)dwdQ = NIyorS(k,0)dwdQ (4.4.2)

where N is the number of electrons, Iy is the incident laser intensity, and o7 is the

‘Thomson scattering cross section, given by

2
871:) e? )
Or = sin 4.4.3
! (3 (47teomc2] v ( )

where v is the angle between the plane of scattering and the laser polarisation. The form
of the scattered spectrum is given by the form factor S(k,@) which for an arbitrary one-

dimensional electron (ion) velocity distribution function fgq (fijp) is given by

fufs) s

where G¢ and G;j are the 'screening integrals’ which make up the longitudinal dielectric

Sk,w)=2ZP=Gi
k £

@ 27cZ
+
feO( k ) k

function

e=1-G, -G; (4.4.5)
The first term in equation 4.4.4 containing f( is called the ‘electron term’, and the second

term containing fip is called the 'ion term'. The form of the Thomson scattered spectrum

is then given by the electron and ion velocity distribution functions and the plasma

dielectric function.

4.4.1. The form of the Thomson scattered spectrum.

In order to determine the exact form of the Thomson scattered spectrum we must specify

the electron and ion velocity distributions, fe and f;p. However, in the case of a plasma
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which is optically-ionised by a short pulse laser (where Thomson scattering is from the
ionising laser beam) we do not necessarily know the form of these distributions. When
the plasma is created we expect the initial electron distribution to be characteristic of the
ATI distribution for the charge states that have been ionised. This is a series of Gaussian
distributions centred at a different temperature for each ionisation stage. Inverse
bremsstrahlung heating and collisions in the plasma will convert this to a Maxwellian
distribution with a single temperature, but the onset of SRS will tend to create a 'hot'
electron wing in the velocity distribution. We expect the ion distribution to evolve from
that of the gas from which the plasma was created to a higher temperature distribution as
electron-ion and ion-ion collisions occur. Since we do not know the exact velocity
distributions we will assume them to be Maxwellian for simplicity. Now let us introduce

the dimensionless frequency parameters

Aw A
x, = ——— and x; = —— 4.4.6
¢ 2kv, bRk, (4.4.6)

(where Aw is the frequency shift from the incident laser frequency) and the scattering

parameter

- V20 V2
o=——=—| % (4.4.7)
p kleg) (T.(eV)

The Thomson scattering form factor for a Maxwellian distribution functions 1s

1/2
27 A A;
S(k,w) = ¢ 4 ! 4.4.8
@)==5 {ldz Ielz} 4P

where A, is the electron term and A; is the ion term
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A exp(—xg)l(l v o7 % RefW (s )})2 +(a22-§—€-lm{W(xi )})2J

l l

A,-=z("”e)l/2 exp(-7) (o Re{W(z)})” + (®Zim (Wi )} |

mT,-
(4.4.10)
T 2
lef? = {1 +o? (Re{W(xe )b+ z2¢ Re{W(x; )}]]
where ‘ , (4.4.11)
2 2,71,
+ [a Im{W(x,)} + & Z—T—;—Im{W(xi )}]
The plasma dispersion function, W(x), is given by
—x? T —p? { 1/2 —x?
W(x)={1-2xe™ [e? dp —l(ﬂ xe ) (4.4.12)
0

The imaginary part of this gives rise to Landau damping. The real part can be

approximated by [136]

2
Re{W(x)}=1—2x2(1—-2—:)3c—+ ) forx << 1 (4.4.13)
and Re{W(x)} = —%(1 - —3—2 + ) forx>>1 (4.4.14)
2x 2x

Salpeter [135] first demonstrated that, when the electron temperature is approximately

equal to the ion temperature, the spectrum takes a relatively simple form, allowing the
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4.4.3. Coherent Scattering (o > 1).

The spectrum of scattered light can be significantly affected if the dielectric function, &,
becomes small. This occurs particularly at the natural resonances of the plasma: the
electron plasma frequency, wpe; and the ion-acoustic wave frequency, @p;. We will now

study the form of S(k,w) in different parts of the spectrum.

At high frequencies (@ >> @)p; and x; >> 1), the second term in equation 4.4.8 (the ion
feature) is negligible. In this case, S(k,w) is dominated by the electron term which

contains the electron distribution function, fe(.

At low frequencies (@ ~ @p,), the relative contribution of the ion and electron terms

depend on the value of 7,/T;. Now we have x; ~ 1 and x, << 1, so Re{W(x;)} ~ 1 and

Re{W(x,)} is non-vanishing. Also exp(—xg) = 1 and so the competing terms are

2
2 ZT,
[1 + —fi—Re {W(xpl- )}] (electron term) (4.4.16)
T 1/2
and Z( sze) ot exp(-xlz)i) (ion term) (4.4.17)
mi;

with xp; evaluated at the ion-acoustic frequency @p;. The condition for the electron term

to dominate the ion term can be approximately written as

m

3/2 1/2
z[zéj > (@_) . (4.4.18)

which will be satisfied for Hydrogen with Te/T; > 10, and for Ne8+ with Te/T; > 7. If

this condition is satisfied, there can be a strong resonance signal at low frequencies due to
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reviewed the theory of Thomson scattering. This is in anticipation of the next two

chapters (chapters five and six), where we will describe the measurements taken using

the diagnostics we have described here.
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Electron Temperature
Measurements

5.1. Plasma simulations.

In this chapter we shall review the data obtained from our plasma diagnostics described in
chapter four. These will include analysis of Thomson and stimulated Raman scattered
optical signals, and an analysis of Faraday cup and X-ray spectrometer data. The
justification for this investigation of electron temperatures of OFI plasmas is to determine
whether the conditions required for the OFI recombination laser scheme described in
section 3.2.3 are attainable. These conditions were set out by Eder [44] assuming a
160 fs laser pulse at a wavelength of 248 nm. The short pulse length is required to
minimise the total inverse bremsstrahlung heating. The short wavelength is required to
minimise SRS which has a growth rate which is proportional to @, 172 (equation 2.5.6)

2

and the inverse bremsstrahlung heating rate which 1s proportional to @g“ in the standard

high frequency, low intensity regime (equation 2.4.3).

We do not have a 100 fs, 248 nm laser available for our experiments, the Sprite laser in
CPA mode has a pulse length of around 380 fs. However, it is possible to determine the
viability of the recombination XUV laser scheme by taking measurements at 380 fs and
scaling to a shorter pulse length. Before looking at the experimental data we shall attempt

to simulate our experimental conditions using the MEDUSA one dimensional plasma

simulation code [41].
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S.1.1. The MEDUSA code.

The MEDUSA code was originally developed to simulate conditions for inertial
confinement fusion [6]. It has now been developed over many years to model many
aspects of laser-plasma interactions, including optically-ionised plasmas [35,138]. The
simulations presented in this chapter are modelled using MEDUSA version 104 [139]
which includes ATT heating and the modified high intensity inverse bremsstrahlung rate

[39].

MEDUSA is a one dimensional Lagrangian code, which means that the planar region of
the laser-plasma interaction is divided up into cells of equal mass using either cylindrical
or spherical geometry. In our simulations we will use cylindrical geometry with the laser
incident axially down the cylinder. The cells therefore characterise the radial profile of
the laser and plasma. A schematic of this geometry is shown in figure 5.1.1. The initial
cell configuration for these simulations is a 10 um core divided into 30 cells, followed by
a 100 pum ring of 20 cells, and then a 1000 wm outer ring of 10 cells, but these cells will
expand or contract during the laser pulse as they follow the movement of plasma mass in
the system. The code includes IB and ATI heating, but does not include SRS. At high
electron densities (N > 1019 cm-3), Landau damping of plasma waves generated by SRS
is a major cause of heating. This means that the simulations presented here will only set a
lower bound on the electron temperature produced by a given set of parameters.
Ponderomotive effects can also be included approximately in MEDUSA with
ponderomotive expulsion of electrons and ions from the laser focus causing a significant
reduction in density along the axis of the laser for certain conditions [29,45]. However,
for the sub-picosecond laser pulses used in these experiments ponderomotive expulsion
does not significantly alter the plasma density during the laser pulse. MEDUSA
simulations can only model ponderomotive expulsion qualitatively, because the code

demands charge neutrality within each cell. This approximation is good for the longer
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time scales associated with the 10 ps Raman amplified mode of the Sprite laser, but is not

necessarily valid for the shorter 380 fs CPA mode.

Much debate has been generated recently over the correct form of heat conduction to use
in simulations of sub-picosecond lasers. The usual form is the Spitzer and Harm heat
diffusion [36,140], Qf = fNkT,v, where f is the flux-limiter to prevent heat flow
reaching non-physical values. The flux-limiter is typically set to a value of around 0.1.
This formulation assumes that the electron mean free path is much smaller than the scale
length of the temperature gradient and that the electron temperature distribution is
Maxwellian. However, recent comparisons to experiment [35] indicate that a more
realistic heat conduction is achieved if we use a flux-limiter of close to unity, or if we use
a convolution integral formula [141-143]. Such a formulation is computationally simpler
than solving the Boltzmann equation and also accounts for non-local effects. In the
simulations performed in this thesis we shall use non-local heat conduction of the same
form as in a recent paper by Djaoui and Offenberger [35]. This convolution (or non-
local) form of the heat conduction is more suited to situations where the electron mean
free path is larger than the scale length of the temperature gradient. It gives flux
inhibition under sharp temperature gradients and allows for preheat ahead of the main

heat front. In the diffusive limit it leads to the classical Spitzer and Hirm result.

To summarise, the MEDUSA parameters used in simulations presented in this chapter

are:

Geometry : Cylindrical, laser on axis.

Cell configuration : 30 cells to a radius of 10 pm,
20 cells to a radius of 100 pum,
10 cells to a radius of 1000 pum.

Heat Flow : Non-local.
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temperature achieved by lessening the IB heating is offset by the increase in ATI heating.
The ATI energy increases from just below 13 eV for 10 ps to almost 30 eV at 30 fs. The
increase in the ATI energy is because of the higher intensity required to completely ionise
an atom or ion in the shorter laser pulse. This can be seen in the plots of the Ammosov
equations (figure 2.2.2). To completely ionise Neon to Net in a 10 ps laser pulse
requires an ionisation rate of about 10! s-1 and an intensity of approximately 2 x
1014 W/cm2. However, complete ionisation of the same atom in 30 fs requires an
ionisation rate of over 3 x 10'13 s'l and an intensity of about 6 x 1014 W/cm2. This
creates a fundamental problem for producing gain in the Neon-like scheme, because once
the IB heating is brought down to a low enough level then ATI starts to dominate the total
electron temperature. However, it does seem that, at pulse lengths of about 100 fs or
below, it will be possible to generate conditions that are favourable for the Neon OFI

recombination laser scheme to work.

This requirement for such a short pulse length causes an additional problem for our laser
pumping scheme. The bandwidth of the KrF laser transition is approximately 5 nm,
which imposes minimum pulse length of 80 fs [115]. Therefore, we will have to operate
very close to the theoretical bandwidth of the laser to produce a pulse of the appropriate
length. This is a difficult task, as the higher the gain in KrF, the more gain narrowing
occurs. This effect is exacerbated by the presence of an absorption dip in the KrF gain
spectrum which is attributed to internal absorption to an excited molecular state which
dissociates to Kr*(3P1) and F(2P3/2) [116]. The result of this gain narrowing and
absorption is a reduction in the bandwidth of the amplified pulse and a consequent
increase in the laser pulse length after recompression. These effects can be overcome by
introducing appropriate spectral filters into the laser amplifier train, but this leads to a

reduction in overall efficiency of the laser.
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provide the low temperatures we require without also reducing the intensity, density, or

pulse length..

5.2. Fitting Thomson spectra to theory.

Having determined some of the expected levels of electron heating in the above section
and having briefly discussed the physics of Thomson scattering in section 4.4, we must
now consider how accurate Thomson scattering will be at actually determining the

electron temperature and density in the laser focus.

5.2.1. Validity of the Thomson scattering data.

Thomson scattering can be a very powerful plasma diagnostic. However, there are some
problems in using this technique with very short laser pulses when the thermalisation of
the plasma occurs on a time scale longer than the laser pulse. The theory of Thomson
scattering assumes a Maxwellian distribution of electron and ion temperatures, but our
data comes from light scattered from a rapidly evolving plasma which has not yet reached
thermal equilibrium. When imaging the laser focal spot we have no choice but to
integrate light scattered at all times during the 380 fs laser pulse. We will also have to
image a finite region of the focus, the size of which is determined by the width of our
spectrometer slits. For our experiments the 90° Thomson scattering channel had a typical
magnification of 10x and the slits were typically 100 um. This means that we will be
imaging a radial section of the plasma that is at least 10 tm wide and integrated along the
line of sight of the lens, with a reduction in light levels collected away from the centre of
the focus governed by the depth of field of the lens (i.e. the light is defocused on the
spectrometer slits). Figure 5.2.1 shows a simplified schematic diagram of the integration

of Thomson scattered light from the laser focus onto the spectrometer slits.
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electron density and temperature at the centre of the laser focus will be twice the error on
a. However, interpretation of the experimental results will still give us a rough measure
of the electron temperature and will certainly give an indication of how the electron

temperature scales with electron density and laser intensity.

5.2.2. Determination of the electron temperature and density from

Thomson scattering data.

The equations governing the form and scale of Thomson scattered light from a plasma
were discussed in section 4.4. The important conclusions were that the form of the
Thomson scattered spectrum at a given angle is determined solely by the o parameter and
the scaling of the signal with frequency is determined by the electron temperature (and, to

a lesser extent, the ion temperature).

To model the spectra observed in the experiments we have developed a simple program
that computes the Thomson scattering form factor as a function of o, T, and T}, and
convolves it with a known instrument function to simulate the experimental spectra [137].
In the case of Thomson scattering from static fills of gas, we know the atomic density
exactly. Given that we also know the laser intensity and the ionisation rates of the atom,
we can easily calculate the electron density of the plasma. In our experiments performed
to date the observed frequency spread of the 'ion response’ close to the laser wavelength
is dominated by the instrument width of our spectrometer and imaging system and so we
cannot resolve the ion resonance. The ‘electron response’ shifted from the laser
frequency by the Bohm-Gross frequency is also instrument broadened, but this
resonance is over a large enough frequency range that it can be resolved. The ion and
electron resonance terms are shown graphically in figure 4.4.4. As a first measure we
can determine o from the ratio of the energy scattered into the central ion feature

compared to the energy scaitered into the whole Thomson spectrum. In the limit of
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Te >> Tj this ratio is a2/(1+a2) and so the ratio of scattering into the ion feature to the
scattering into the electron feature goes as a2. Hence as we move to higher ¢ the ion

response dominates over the electron response.

From this initial estimate of o0 we may obtain a good fit to the form of the spectrum by
varying o about this value in the simulation program. Once this has been done the
frequency scale of the spectrum can be found by altering T, until the simulated spectrum .
matches experiment. Once o and T, have been fitted we may calculate N which we can
check against the known electron density in the case of a static gas fill. When we use a
gas jet we must trust that our inferred electron density is correct. If we take Thomson
spectra at two different scattering angles we may compare the inferred electron density
from each to check for consistency. A difference in electron temperature may be inferred
from the two scattering directions. This does not necessarily mean that the fitting of the
Thomson spectrum is inaccurate, it could point to an anisotropic electron temperature
distribution caused by the optical-ionisation process or by Landau damping of plasma

waves produced by SRS.

The method of analysing the Thomson scattered spectra described above is good for a
simple gas, such as Helium, which is fully ionised at relatively low intensities. For a gas
such as Neon, however, which has multiple ionisation stages that exist over a wide range
of intensities and which produce electrons which greatly different ATI temperatures, the
Thomson scattered spectrum becomes more complicated. The observed spectrum
consists of a central ion feature like the simple Thomson spectrum, but the electron wings
are replaced by shoulders created from a superposition of several Thomson spectra with
several different values of o [29]. For a spectrum like this we can determine an upper

bound on the electron temperature by fitting an o = 0 (Gaussian) spectrum to the electron

wings.
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We have already shown in section 5.2.1 that, if we integrate Thomson scattered light
from the entire focus, the electron temperature and density we infer will have an error of
the order of 50%. This uncertainty is compounded by the form of the Thomson scattered
spectrum that we see experimentally. Figure 5.2.4 shows lineouts of Thomson scattering
data taken at 150° from static fills of Helium at 5 and 100 torr. In both spectra the red
shifted wing is enhanced relative to the blue shifted wing. (The effect is more
pronounced in the 100 torr data). There are several possible reasons for this

phenomenon, including:

1. The detector response may fall off on the short wavelength side of the laser
wavelength. This is unlikely, as the enhancement of the 5 torr spectrum occurs within
two or three nanometres of the 248 nm laser wavelength and the enhancement of the

100 torr signal is only at a 6 nm shift.

2. Thomson scattering can be viewed as the decay of a photon into a photon and a
plasmon to cause red shifting (loss of energy from the radiation field), and the absorption
of a plasmon by a photon to cause blue shifting (gain in energy by the radiation field).
We have already mentioned that the plasma is still equilibrating during the entire laser
pulse, so there is perhaps a net increase in the number of plasmons during this time, i.e.
there 1s more red shifted scattering. This would be a modification to the Thomson

scattering form factor from that we derived in section 4.4.
3. This could be a sign of the onset of SRS.
This asymmetry to the Thomson spectra causes a problem when we try to fit a theoretical

spectrum (which 1s symmetric) to our experimental data. Do we fit to the red wing or the

blue wing? If the red wing is enhanced by SRS then the value of o we infer will be much

too large, which will lead to a consequent error in the electron density and temperature.
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by W.J. Blyth in his thesis [29] and some of that data will be reproduced in this chapter.
We will then use the three methods to set limits on the possible temperature scaling with

electron density.

5.2.3. Determination of the electron temperature and density in the

absence of Thomson scattering data.

At low electron densities, analysis of the Thomson scattered spectrum gives us a value
for the oo parameter for the plasma from which we can determine N and T, or,
alternatively, we may deduce a temperature from the Bohm-Gross frequency of a plasma
with a known density. At higher electron densities produced from the solenoid-valve
high pressure gas jet we find that the Thomson scattered signal is swamped by plasma
emission. At the lower end of this density range there is no scattered signal visible above
the plasma emission. However, a very strong SRS signal is seen at both 90° and 150° at

higher densities.

In this situation we do not know the absolute electron density from which the laser
scatters, because the gas profile created by the gas jet is non-uniform and we do not
know where in this profile the SRS will be strongest. We cannot model the SRS
spectrum in the same manner as the Thomson scattered signal, as its form and magnitude
are very sensitive to the history of the laser propagation through the plasma. This
sensitivity comes from the fact that the SRS signal grows exponentially in time and/or
space. However, the dispersion relation for the plasmons produced by SRS is the same

as for Thomson scattering and is given by the Bohm-Gross formula

0% = @, + 3k2(’—‘—T—€-) (5.2.2)

m
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where @pe is the plasma frequency, @ and k are the frequency and wavevector for the
electrostatic plasma wave. If we assume that stimulated scattering in both directions

comes from the same region of the plasma, we can calculate the temperature from the

frequency shifts as follows :

90° : o} = 02, + 3(52)(1(,2” +k3o) (5.2.3)
m

150°: 0}=ok+ 3(1‘-&)(1:,%1 + ks + 2kipky 50 c0530°) (5.2.4)
m

where k;, is the incident wavevector and kgp, kj5¢ are the scattered light wavevectors.
The geometric relations that give these are shown in figure 5.2.5. Subtracting equation

5.2.4 from equation 5.2.3 gives us the relation

KT‘ , R
of - 03 = 3( = )(’@20 ~ kfso -ﬁkinklso) (5.2.5)
Ky
™ 4
: Kin
ko
e
kg

k150

Figure 5.2.5. Addition of wavevectors to show conservation of momentum in

the decay of a light wave into a light wave and an electron plasma wave.
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This gives us an expression for the thermal energy of the scattering electrons

m(w12 - a)%)

kT, =
)
3(k90 —kiso - ﬁkmklso)

(5.2.6)

We can then substitute the thermal energy back into equations 5.2.3 or 5.2.4 to derive the

plasma frequency and hence the electron density in the plasma.

N="20 (a)z - 3(5T—e)k2) (5.2.7)
€

m

This technique will give us a measure of the electron temperature and density of the
plasma, provided that our assumption that both scattering signals come from the same
region (and time) in the plasma is correct. A consideration of the SRS spectra at both 90°
and 150°, discussed in section 5.4.1, indicates that the 150° SRS signal has a very large
bandwidth which is probably caused by filamentation of the laser beam and its
subsequent propagation through different parts of the plasma. This introduces large
errors in determining values for the electron density and temperature determined by this
method. However, we can verify the magnitudes of these electron temperatures by
considering levels of SRS scattering (section 5.4.2), Faraday cup measurements and X-

ray spectra recorded on an X-ray mini-spectrometer (section 5.5).
5.3. Thomson scattering measurements.

Thomson scattering was collected at both 90° and 150° to the direction of propagation of
the laser. A description of the lens set up and the detector configuration used for this is
given in chapter four. Scattering was detected from static fills down to 5 torr of Helium
on the 150° channel. Levels of scattering on the 90° channel were below the threshold of

the streak camera detector until pressures reached about 200 torr (of Helium). For this
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5.3.1.3. Electron temperatures in Helium.

We now collate the inferred temperatures from the three methods of determining the
electron temperature described above, and present (in figure 5.3.4) the variation of
electron temperature with the electron density for static fill Helium. In the figure we have
assumed that the electron density is given by twice the static fill density. We can see the
electron temperature rise from a level of a few eV (determined essentially by ATI) to

almost 100 eV as IB (and SRS) becomes dominant.

100 —&— Red wing
—&— Blue wing
—&— Bohm-Gross

llllll { T T T TTTT
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Electron temperature (V)
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10" 1018 10" 10%
Electron density (cm™)
Figure 5.3.4. Variation of the electron temperature with electron density in

Helium.

Taking the most conservative estimate of the electron temperature given by fitting the
Bohm-Gross frequency to the difference of the red and blue shifted sides of the spectra
we see that the electron temperature at 2 x 1019 cm-3 is already above 40 eV. However,
the laser intensity used in the experiment is about 8 x 1017 W/cm? which is higher than
the optimum intensity for the Neon VIII recombination laser scheme (3 x 1017 W/cm?2).

The measured electron temperatures are consistently higher than those predicted at the
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Figure 5.3.7 shows the variation in electron temperature with electron density (assuming
eight times ionised Neon). Again we see that the measured temperatures rise more
quickly with density than the MEDUSA simulation (solid line) predicts. This again can
be attributed to either SRS or ponderomotive heating. Interestingly, the Neon electron
temperatures at a given electron density are of the same order as the Helium temperatures

of figure 5.3.4.
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Figure 5.3.7. Variation of the electron temperature with electron density in

Helium. The solid line shows the temperature predicted by MEDUSA.

5.4. SRS measurements.

Determining how the electron temperature varies with density in a plasma created from a
gas at a known density is relatively simple. (Although we have seen that even this can
present problems). However, to study higher densities we cannot continue to use a static
gas fill, as the presence of the gas will severely affect both the focusing and the pulse

length of the CPA laser pulse. To study plasmas with electron densities above about
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1019 cm-3 we must use a gas jet to create a finite region of gas into which we focus the
laser. This creates an additional problem for determining the variation of the electron
temperature with density, as we do not know the initial gas density from which the
plasma is created. Even if we characterise the profile of the gas jet by interferometry we
cannot be certain where in this profile the laser will focus, especially at densities where

the laser filaments [144].

At electron densities from about 5 x 1019 cm-3 to about 2 x 1020 cm-3 we cannot see
Thomson scattering as it is masked by very strong plasma emission. This plasma
emission is broadened out into a continuum by the Stark effect [145]. Therefore we
cannot use scattering of the laser light to diagnose the plasma. Above these densities,
however, SRS reaches such a level that it is brighter than the plasma emission. We can

then use this SRS to probe the plasma once more.

In section 2.5 we discussed the physics of parametric instabilities in the laser-plasma
system with particular reference to SRS and SBS. In this section we shall review
experimental data, which consists of SRS spectra at 90°; SRS spectra at 150°; and the
calibrated measurement of the amount of energy SRS backscattered through 180° (the
SRS reflectivity). For the 380 fs Sprite laser pulse we do not expect significant SBS to
develop, as the typical growth time for the instability is much longer than the laser pulse

length. As we will see, this is not the case for SRS.

5.4.1. SRS spectra.

Let us consider the case of the KrF laser focused 100 um above a 1 mm circular aperture
nozzle of the high pressure solenoid-valve gas jet with a backing pressure of 1000 psig
(67 bar gauge) Neon. Figure 5.4.1 shows the 150° scattered spectra from two shots with

nominally the same conditions (SN16042 and SN16045). The only quantifiable
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the Bohm-Gross frequency which can include a large temperature correction. The Bohm-
Gross frequency shift is in the range 1.71 - 2.06 x 1015 s-1 for SN16042 and 1.56 -
2.14x 1015 571 for SN16042. The peak electron density at this gas jet backing pressure
is of the order of 1021 cm3. At this density our MEDUSA simulation (figure 5.1.3) tells
us that the electron temperature should be of the order of 1000 eV. This gives a thermal
correction (v/3kvy,) to the electron-plasma frequency (@pe) of 10 - 9.7 x 1014 s°1 for both
SN16042 and SN16045. If we assume this temperature and consider the maximum and
minimum wavelength shifts in figure 5.4.1 to be solely due to variatioh in the electron
density then equation 5.2.4 gives us a density range of 0.6 - 1.2 x 1021 c¢m-3 for
SN16042 and 0.4 - 1.0 x 1021 ¢cm-3 for SN16045. Hence, the wavelength spread of the
scattered signal can be explained by the laser beam scattering from electron densities that
vary by a factor of only two if we assume that the electron temperature is constant. This
variation will be less if the electron temperature is less in regions of lower electron

density.

Figure 5.4.2 shows the scattering signal at 90° for the same two laser shots as in figure
5.4.1. Unfortunately the scattered signal is so strong that it has saturated our detector,
but we can see the wavelength shift of the scattered light. SN16042 has limiting slits in
the vertical (space and time) plane. The light to the left of the image is at the laser
wavelength, the signal on the right is the SRS scattered light shifted by the Bohm-Gross
frequency. Note that the SRS signal of SN16042 exhibits structure in a similar manner
to the 150° spectrum. Any structure in SN16045 is blurred out by saturation and by the
instrument response. The high background signal across the lower half of the images is
caused by plasma emission. At electron densities (of the order of 1020 - 1021 ¢m-3)
present in these optically-ionised plasmas we would expect any spectral emission in the
optical region to be Stark broadened into a continuum [145]. This was confirmed by
scanning the 150° spectrometer over a wide wavelength range (~200 - 400 nm) over. a

series of laser shots where a continuous background was observed.
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We shall now calculate both the electron temperature and density by the method described
in section 5.2.3 to compare with the simple calculation presented above. If we compare
the shorter wavelength 90° signal with the shorter wavelength 150° signal we derive an
electron temperature of 540 eV at an electron density of 6.7 - 7.5 x 1020 cm-3 . The
longer wavelength signals combine to give an electron temperature of 1340 eV at a
density of 0.9 - 1.1 x 1021 cm-3. For SN16045 the shorter wavelength end of the 150°
signal gives unphysical negative temperatures when combined with the peak of the 90°
signal. The longer wavelength end of the signal gives an electron tempefature of 1830 eV

at an electron density of 5.3 - 7.8 x 1020 cm-3.

Figure 5.4.3. shows a plot of the electron temperatures inferred from several laser shots
using this method. In this case, all the peaks in the 90° and 150° spectra were used to
calculate electron temperatures. The temperature was then used to calculate a density for
the 90° and 150° peak. The data shown on the graph corresponds to the peaks that
produce the smallest spread in density between the two channels for each shot. The data
covers an electron density range from about 3 x 1020 cm-3 to 1021 cm-3. The calculated
temperature covers a range from about 500 eV to 2500 eV. This spread in temperature is
partly due to the relative inaccuracy of this technique, giving an accuracy no better than
about 50%. However, it is also because the variable focal spot structure of the beam
combined with filamentation of the beam in the plasma can result in greatly differing
conditions for each shot. This shot-to-shot variation is much greater than the error on

any particular point. We can say with certainty that electron temperatures at these electron -

densities are of the order of 1000 eV.

Landau damping of the electron-plasma waves produced by SRS will cause a hot tail to
the electron temperature distribution. If we assume that electrons drawing energy from
the plasma wave are accelerated to the phase velocity of the plasma wave, then the hot

electron temperature, Ty, is given by Ty =(m/2)(a)/k)2 [146]. The hot electron
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temperatures at 150° range from 3000 to 5000 eV for SN16042 and from 2900 to
4600 eV for SN16045. The corresponding hot electron temperatures at 90° are 7300 to
11600 eV and 9700 eV respectively. These hot electrons can cause significant ionisation
in the plasma resulting in production of 9 and 10 times ionised Neon: states which cannot
be produced by optical-ionisation at our laser intensity. This will be shown by the X-ray

spectrum discussed in section 5.5.2.
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Figure 5.4.3. Electron temperatures and densities calculated from 90° and 150°

SRS scattering.

We now combine the electron temperatures deduced from Thomson scattering at low
densities (section 5.3) with electron temperatures deduced from SRS spectra at higher
densities. Figure 5.4.4 shows the variation in electron temperature with electron density
for both Helium and Neon at electron densities ranging from about 3 x 1017 cm-3 to just
over 1021 ¢cm-3. Data for Helium is shown as filled symbols, and data for Neon is

shown as unfilled symbols. Triangles represent temperatures inferred from Thomson
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scattered data and diamonds represent temperatures inferred from SRS. The temperatures
from the SRS data are all calculated by comparing SRS spectra at 90° and 150°. The
spread in the data gives an indication of the error in fittting the electron temperature For
the Thomson scattered Neon data, temperatures are inferred from fitting a Gaussian to the
blue shifted electron wing. The upper and lower temperatures plotted at each density for
the Helium Thomson scattered data inferred from fitting the blue shifted wing and the
Bohm-Gross frequency respectively. The solid lines represent MEDUSA calculations of
the electron temperature at the centre of the laser focus and at the peak of the laser pulse.
We expect the experimental data to be weighted towards the peak of the pulse, as this is

when the laser intensity is highest and most scattering occurs.
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Figure 5.4.4. The variation of electron temperature with density in Helium
(filled symbols) and Neon (unfilled symbols). Triangles represent temperatures
inferred from Thomson scattered data and diamonds represent temperatures

inferred from SRS. The solid lines depict temperatures calculated from MEDUSA

simulations.
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We see that the experimentally inferred temperatures, for both Helium and Neon,
generally rise more quickly than predicted by MEDUSA. This is due to a combination of
ponderomotive heating by the poor quality of the Sprite focal spot and heating by Landau
damping of plasma waves created by SRS, with SRS causing the greatest additional
heating. It will be shown in the next section that, at the higher electron densities
(>1020 cm-3), SRS alone can cause heating of several keV. However, we showed in
figure 5.1.6 that reducing the laser pulse length from 380 fs to 100 fs (at an intensity of
3 x 1017 W/cm? and an electron density of 5 x 1020 cm-3) will reduce the contribution of
IB to the total electron temperature from just over 100 €V to about 25 eV, i.e. IB scales
linearly with the laser pulse length. We also showed in figure 5.1.4 that a reduction in
laser intensity from that used in our experiment (8 x 1017 W/cm2) to the threshold
required for production of Ne8+ (3 x 1017 W/cm?2) will cause a further decrease in the
electron temperature. We therefore predict that, if SRS can be eliminated, the conditions
required by Eder et al. [44] can be met. Hence, we must now determine the scaling of

SRS with laser intensity.
5.4.2. SRS reflectivities.

The form of the SRS spectrum gives us an indication of the plasma density and
temperature at the peak of the laser pulse, but the energy in the electron-plasma waves
created by this process will be converted to thermal energy by Landau damping at some
later time. To determine the magnitude of this additional heating we must consider how
much energy is absorbed from the laser by this process. We expect the strongest SRS fo
occur at 180° where the instability has the longest length over which to grow and the
wavevector matching requirements are most easily achieved. A series of laser shots at a
range of energies were taken with the laser focused 100 um above the gas jet nozzle with

a gas jet backing pressure of 500 psig (33 bar gauge). Such a backing pressure should
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produce an electron density of around 5 x 1020 cm-3 at the focus. Figure 5.4.5 shows
the variation of the SRS reflectivity with laser energy. The scatter in the data is due to the
variable focal spot of Sprite which leads to differences in the focused intensity at the same

energy.

The SRS reflectivity shows a remarkable fall off as we reduce the laser energy.
Assuming a Gaussian intensity distribution at the laser focus with a 10 um FWHM, we
calculate that 250 mJ laser energy vx;ould correspond to a peak iﬁtensity of 6 x
1017 W/cm? (in the absence of defocusing effects) at which intensity the SRS reflectivity
reaches 3%. If we assume a similar spectral shift as that seen at 150° (figure 5.4.1) then
the frequency of the plasmon created from each scattered photon is of the order of 1.6 -
2.1 x 1015 51 and 1.2 - 1.3 x 1016 photons are scattered. If all this energy is uniformly
absorbed within a cylinder of radius 5 pm (the width of our laser focus) and length
100 um (approximately twice the confocal parameter of our laser focus) with an electron
density of 5 x 1020 ¢cm-3, then the electron temperature due to SRS will be 2100 -
3100 eV. If we reduce the laser intensity by just a factor of two (to 3 x 1017 W/cm?2),
the SRS reflectivity plummets to about 0.002%. The electron temperature due to SRS is

now just 1.5 - 2.0 eV.

Before considering the implications of this SRS heating to the OFI recombination laser
scheme we should consider a few factors that may affect the levels of SRS heating.
Firstly, we should note that the Sprite CPA focal profile exhibits considerable structure
(see figure 4.1.6) and is a long way from that of a Gaussian (TEM(y) beam. This non-
uniformity can act as a seed for SRS growth and can greatly enhance the scattering levels.
Secondly, we should consider that, at such high electron densities, a uniform beam
would be greatly defocused [34,47] with a consequent reduction in laser intensity. Since
our beam exhibits considerable structure it is likely to split into many filaments, each of

which creates a channel through the plasma [144]. These filaments slightly counter the
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defocusing effects by creating regions of high and low intensity in the laser profile. We
have assumed that the peak intensity in these filaments is at the same level as that

calculated for a clean Gaussian beam in a vacuum.
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Figure 5.4.5. SRS reflectivity as a function of laser energy on target. The laser
was focused 100 um above a 1 mm circular aperture gas jet nozzle with a backing

pressure of 500 psig Neon.

The calculations of Eder et al [44] were performed for a pulse length of 100 fs and an
intensity of 3 x 1017 W/cm2. We have already shown in the discussion of figure 5.4.5
that reducing the vacuum focused intensity to this level brings SRS heating down to a
negligible level. Since the SRS gain scales as I1/2, where ¢ is the time over which SRS
is allowed to grow, a reduction in pulse length will further decrease the SRS levels.

Hence, we can say with some certainty that for the conditions of Eder et al. the instability

will be suppressed.

It also follows that increasing the atomic number, Z, will also require an increase in laser

intensity. Equation 2.2.2 shows that the critical intensity, I, required to optically ionise
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a given energy level, Uy, is proportional to U}1 / Z%. Since the binding energy, Uy, in a
hydrogenic potential scales roughly as Z2, it is trivial to see that scaling to shorter
wavelengths by moving to higher atomic numbers will cause a scaling of the laser
intensity approximately proportional to Z6. This intensity scaling, together with an
increase in the required electron density for fast three body recombination, implies that
the SRS instability will rapidly recur for higher Z. The pulse length cannot be lowered
significantly for a KrF system because of the practical limitation of about 80 fs set by the
bandwidth of the KrF laser transition. OFI recombination lasers based on Lithium-like
schemes will therefore be restricted to atomic numbers less than 12, and so to

wavelengths longer than about 60 A.

S5.5. Verification of SRS measurements by other diagnostics.

Having used SRS spectra as a diagnostic for determining the electron density at the peak .
of the laser pulse, and the SRS reflectivities for determining the levels of additional
heating caused by Landau damping of the strong electron-plasma waves created by the

instability, we now turn to other diagnostics to verify our interpretation of the data so far.

5.5.1. Faraday cup measurements.

Our first alternative diagnostic is the Faraday cup. This was placed 11 cm from the laser
focus and in the horizontal plane between the 90° and 150° optical channels (i.e.
somewhere near 120°). The signal from the Faraday cup recorded on a fast storage
oscilloscope was extremely weak, in fact the signal on another Faraday cup positioned
22 ¢cm away was too weak to measure. Figure 5.5.1 shows a typical trace which has
been smoothed to remove some of the electrical noise from the firing of the laser. The

Faraday cup measures the time dependence of the arrival of charged ions ejected from the
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llvﬁaser focus. These ions are dragged out of the laser focus by the electrostatic charge
created when electrons heated by SRS escape the laser focus. By converting the time of

flight signal to an ion energy distribution we can estimate the temperature of electrons that

initially left the focus.
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Figure 5.5.1. Faraday cup signal of ion emission from 400 psig Neon with a
cup bias of 6V (SN16437). The laser was focused 100 pum above the gas jet

nozzle.

We make the simple assumptions that eight electrons will drag one Ne8+ ion from the
laser focus, and that, by the time the electrons reach the Faraday cup, the electrostatic
force between electrons and ions will have equilibrated their velocities. Since the ion
mass is so much greater than the electron mass it is simple to show that the kinetic energy
of eight electrons at the laser focus is essentially converted to the kinetic energy of one
ion at the Faraday cup. The distribution of the ion kinetic energy peaks somewhere
between 3000 and 6000 eV. If we assume that the electron energy is directed motion

from the electron-plasma waves (i.e. it is a one dimensional energy distribution) we have
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the relation 4xT, =~ Uion, Where Uijoy, is the ion energy measured by the Faraday cup.
This implies an electron temperature of 750 - 1500 eV. This approximation is very
simplistic, but the order of magnitude of the inferred electron temperature supports the

conclusions of our analysis of the SRS spectra and reflectivities.

The signal from the Faraday cup showed some interesting variation over different laser
shots. It was noticed that any laser shot that produced a strong SRS signal on the 90°
optical channel also produced a Faraday cup signal similar to that in figure 5.5.1.
However, some laser shots did not produce any SRS signal at all. The reason for this is
not known, but it is probably due to variations in the laser focal spot. These 'blank’' SRS
shots produced no Faraday cup signal (except for the characteristic noise signal from the
laser firing, which was also seen for vacuum shots). This phenomenon supports our

belief that the ejection of ions is caused by the SRS heated electrons.

5.5.2. X-ray spectrometer measurements.

A TIAP crystal X-ray mini-spectrometer placed approximately 6 cm from the focus of the
Sprite CPA laser was used to record the X-ray spectrum from a Neon gas jet target (with
densities of the order of 1021 atoms/cm3) in the region of 5 - 15 A emitted from the
focus. The X-rays passed through a 10 pm Beryllium filter placed over the spectrometer
entrance slit and were recorded on Kodak X-ray double emulsion film (DEF). Twenty

laser shots were integrated onto the film.

The raw data (on film) was densitometered on a Joyce-Loebl densitometer using a x10
objective with a numerical aperture of 0.25. The slit was 50 pm in the spectral direction
(1000 steps) by 100 um in the other direction (40 steps). A C1232 (0.06 D per cm)

wedge was used for the densitometry. Once the spectral lines in the spectrum were
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oD = aln(1+bpI) (5.5.1)
in which B = [1 - exp(~pd)]exp(~pt/sin 6) (5.5.2)
and a=p'/(sin@+u'dy) (5.5.3)
where 1= 1o — (1/d)In{1- V{1 - exp[~(u1y - po)d]}) (5.5.4)

and 6 is the angle of incidence of the photons on film, calculated from the Bragg
condition, {iy, are the linear absorption coefficients of gelatin (m = 0), AgBr (m= 1), d is
the effective AgBr grain thickness (1.6 pum), dg is the effective emulsion-surface-layer
thickness, which we assume to be negligible, ¢ is the thickness of the gelatin-like overcoat
(1.0 um), V is the volume fraction of AgBr, and a (= 0.680pum-1) and b (= 1.69um?2) are

fitting parameters, experimentally determined for the DEF.

The values shown for the above parameters are taken from an experimental study of the
Kodak DEF [147]. The background fogging level was removed by converting raw
densities to intensities and plotting intensity against density. The offset from the origin
gives the background fogging level which must be subtracted from the raw density on
film. This gives us the intensity on film in terms of photons/pum2. Next we remove the
response of the spectrometer and crystal using the spectrometer dispersion and sensitivity

functions (given by ref. [121]). To do this we must determine whether the resolution is

crystal rocking curve or source limited.

We determine the distance, L, of the film from the source for all wavelengths, using

_ 2dcos@sin ¢

5.5.5
dA/dz ( :

L
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where 6 is now the angle of incidence of X-rays on the crystal, ¢ = 6+22.5° is the

angle of incidence of X-rays on the film.

Taking dz = 50 pm, and performing a linear line fit to find a smoothly varying dA, we
find that L varies from 5.6 to 9 cm. If we assume that the source width is about 10 pm,
then the resolution of the spectrometer is crystal rocking curve limited for all lines except
for the continuum recombination and perhaps the K-a: line. This gives us a spectrometer

sensitivity function, S, of

_R.sin¢

S
¢ I’AB

(5.5.6)

where R, is the crystal reflectivity, and Af is the rocking curve FWHM. Dividing the
intensity (in photons/im?2) by S, gives us the emission of the source in terms of

photons/steradian.

Finally we must correct for the X-rays having passed through 10 pm of Beryllium foil.
This is done by multiplying by a factor of exp(ipgetg.), Where [, is the linear
absorption coefficient, and 7p, is the thickness of the Beryllium foil. Multiplying the

result of this by 47 gives us the total number of photons emitted by the source.

In the crystal limited case, the convolution of the spectral line with the rocking curve has
already integrated the line. To obtain the number of photons in a particular line we must
read off the value at its peak. The source emission for an integration of 20 shots is
shown in figure 5.5.3. It is surprising that we see Helium- and Hydrogen- like X-ray
emission from our Neon plasma. At the intensities we expect in the laser focus there 1s
no chance of any optical ionisation of the 1s shell electrons of Neon. The Ammosov

equation (section 2.2.2) shows that significant optical ionisation of these levels would
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temperature of almost 2000 eV. These yields were compared to those with just IB
heating. The SRS and IB heating is predicted to cause transient ionisation to Ne+ and to
produce X-ray photon yields that are more than five times higher than for just IB heating.
These yields are consistent with those measured experimentally. We therefore attribute

the presence of Ned+ to collisional ionisation and associate the X-ray yield with the

additional heating caused by SRS.

5.6. Summary.

In this chapter we have presented Thomson scattered and SRS spectra for Helium and
Neon and discussed the electron temperatures and densities inferred from these.
Thomson scattering is used to determine electron temperatures for electron densities up to
about 2 x 1019 cm-3, above which plasma emission masks the signal until the onset of
strong SRS. We support our analysis of SRS spectra and reflectivities with Faraday cup
data and an X-ray spectrum showing line emission from Helium- and Hydrogen- like
Neon. All three of these diagnostics indicate electron temperatures of the order of 1 keV
in Neon at an electron density of 5 x 1020 cm-3 created by a laser with an intensity of
6 x 1017 W/cm2 and a pulse length of 380 fs. The conclusions of this investigation are
that the plasma conditions required by the Ne VIII scheme proposed by Eder et al. [44]
should be possible for a laser pulse length of 100 fs and a focused intensity of 3 x 1017
W/cm?2 provided the laser beam quality is good. However, the onset of SRS and the
increase in IB with electron density will limit the system to elements with Z < 12. This
limits the shortest wavelength that can be produced by this scheme to about 60 A, which
will unfortunately prevent such a scheme from generating wavelengths in the water
window. It also means that the OFI recombination scheme will be in direct competition

with harmonic generation, which is discussed in the next chapter.
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Harmonic Generation

In this chapter we shall consider the production of coherent XUV radiation by the process
of harmonic generation in Helium and Neon plasmas. We shall present experimental and
theoretical results that show that, contrary to commonly held beliefs, a short wavelength
fundamentél laser can generete harmonics with both shorter wavelengths and with higher
efﬁcieneies than a long Wavelength laser. (The advantages of using a short wavelength

laser were discussed in section 3.3.2.3).

We shall introduce the work by presenting, in section 6.1, simulations of the expected
form of the harmonic spectrum which predict that a short wavelength KrF laser is better
suited for generating both higher efficiencies and shorter wavelengths than longer
wavelength systems such as Nd:YAG or Ti:Sapphire. In section 6.2 we shall review
experimental results and discuss the dependence of harmonic generation on laser focusing
and gas densities for both Helium and .Neon. We will then compare the Helium and

Neon data with each other and with the simulations.
6.1. Computer simulations of harmonic spectra.

When making a full simulation of the harmonic experimental data one should consider not
only the eingle atom response but also all the issues of beam propagation which may
introduce effects such as: blue-shifting of the fundamental laser frequency; filamentation
of the laser resulting in large intensity variations over a small radial scale in the focus;

ponderomotive expulsion of electrons and ions from the focus which can significantly
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change the plasma density; and phase matching effects which can greatly enhance the
harmonic generation efficiencies, especially of the lower harmonics. The simulations
presented here do not consider beam propagation, they model the single atom/ion
response to the laser field. However, these numerical simulations of the individual
atoms/ions can be made to match experimental data remarkably well by combining the

response of the neutral single atom response with that of their ions for a full pulse [93].

In this section we will review the simulation code used to model the experimental data
and try to predict the form of the harmonic spectrum for both Helium and Neon. We will
compare simulations using one- and three- dimensional models of the atomic potential,
and we will show that the single atom/ion harmonic response is higher for shorter
wavelength driver lasers. It should be noted that the single atom/ion simulations were

performed (at the request of the author) by Dr A. Sanpera of the Clarendon Laboratory.

6.1.1. The single atom computer simulation.

Our simulations are performed for a number of laser intensities in the range of 1015 -
1017 W/cm?2 at a fundamental wavelength of 248 nm for Helium and its ion and for the
Neon atom and its charge states up to Ne3+. The simulated laser pulse length has a sine-
squared temporal profile with a FWHM of 350 fs. These intensities range from just
below to well above the saturation intensity of the neutral and it is therefore necessary to

study the contributions both from neutral atoms and from ions.

Our approach is based on a step procedure where, as a first step, the time-dependent
ionisation rate Pjon(f) and harmonic generation from the atom in its ground state is
calculated from the time-dependent Schrédinger equation (TDSE) in the single active

electron (SAE) approximation [90,149]. The Hamiltonian in the TDSE is of the form
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h2
H(’)=—5’;V2+V(r)+eE(t)-rsina)r (6.1.1)

where all symbols have their usual meaning. E(?) contains the time dependence of the

laser pulse.

The wavefunction ¥(r.f) is expanded as

Imax

¥(r,t) = % (/) x(r.)Y2(8) (6.1.2)

where for simplicity we consider only spherical harmonics, Y], with m = 0. (1/r)y; is

the radial part of the wavefunction. This approximation is valid if the atom is initially in
an s-state. Using this angular basis we obtain a set of ;45 coupled one-dimensional
partial differential equations. As the norm of ¥(r,t) reduces with time (because of
ionisation) the ion population at time ¢ is given by P;,,(t)=1—(¥(r,t)| ¥(x,7)). The

harmonic spectrum is calculated as

. 2
[d(t)e " dt
0

P(w)= (6.1.3)

where T is the duration of the laser pulse and d(t) is the acceleration of the electric dipole

moment

d(t) = — (¥(r.1)|o| ¥(r.1)) (6.1.4)

The acceleration is calculated using Ehrenfest's theorem
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() = 'P(r,t)laiz[V(r) + Hin | P(r.1)). (6.1.5)

Once the ionisation and harmonic generation for the neutral is calculated, we solve the
TDSE for the ion, and then the ion's wavefunction is weighted by the time-dependent ion
population function Pjou(?) previously calculated. In this step the double ionisation
function Pj,, (¢) and the harmonic generation from the ion is obtained. The procedure is
repeated for each charge state of the atom we want to consider. In this way, the problem
of solving the time propagation of an N-electron atom is reduced to solving N one-
electron wavefunctions, where each wavefunction includes the ionisation of the previous

charge states along the pulse [93].

The experimental Helium data was modelled using this approach with V(r) set to an
effective potential using the SAE approximation for the neutral and set to a hydrogenic
potential for the ion. However, due to the extreme demands on computation, we have
also used a 1D soft core model of the form V(x)=Z,4 / (a2 +x? )1/2 (where a is chosen
to correctly match the ionisation potential of the atom) to calculate the response of Neon
and its ions. We have also used this potential to model Helium and its ion to compare the
form of the one- and three- dimensional simulations and to compare the Helium response

to short and long wavelength lasers.

The saturation intensities of Neon, Ne+, Ne2+ and Ne3+ are well below 1017 W/cm?2 and
therefore they are mostly ionised before the experimental peak laser intensity. Although
higher ionised states of the atom, i.. Ne#+ and above, have higher saturation intensities
and could therefore experience larger intensities before being completely ionised, their

contribution to the harmonic generation is negligible [57]. Since they are so tightly

bound they require a high intensity to ionise. At such intensities the classical velocity that
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the freed electron experiences is so high that the recollision cross section with the nucleus

is extremely low.
6.1.2. Predictions of the harmonic responses of Helium and Neon.

The simulations include temporal variations in the laser intensity, but ignore spatial
variations in the laser intensity and phase. In a real laser focus, not all atoms experience a
single, uniform intensity, the laser inteﬁsity will vary along and radially outwards from
the centre of the focus. To simulate the laser focus more realistically we can make a
superposition of the atom/ion response for varying laser intensities, weighted for the
relative volume in the focus at which these intensities occur (assuming a Gaussian,
TEMgg, beam profile). The result of such a superposition is to enhance the generation
efficiency for the lower harmonics with respect to the higher harmonics, as they will be
produced over a much larger volume. To allow for phase matching effects, we can also
weight the response by a g2 factor (where ¢ is the harmonic order). This factor is due to
the dependence of the intensity of the qth harmonic on the square of the length of the non-
linear medium (equation 3.3.29). This length, however, is determined by the coherence
length, which (when phase matching is dominated by free electrons) is proportional to
1/q (equation 3.3.35). A full propagation code that includes a simple one-dimensional
calculation of the harmonic response has been developed [102], but in its present form it
can only predict harmonic response from atoms. This means that it cannot be used to

simulate our experiments in which the ion response dominates for most of the harmonic

spectrum.

In figure 6.1.1 we present a comparison of the uniform intensity and the weighted
harmonic response for both Helium and Neon. Even this simple weighting significantly
alters the predicted harmonic response. The higher harmonic efficiencies are reduced by

almost two orders of magnitude with respect to the low harmonics when compared to a
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uniform intensity response. This effect can, of course, be achieved by selecting a single
fundamental intensity that gives the correct response, but this chosen intensity is
completely arbitrary in relation to the real intensities experienced by atoms in the focus.
The match of the form of this simple Gaussian beam fit to the experimental data
(discussed in section 6.2.4) is quite remarkable. The weighted responses of Helium,
figure (b), and Neon, figure (d), have been normalised at the 7th harmonic to the single
intensity responses (a) and (c). Although the figure seems to indicate a higher harmonic
response from Helium, it should be remembered that the Helium response has been
calculated using a three-dimensional atomic potential, compared to the one-dimensional
potential used for Neon. However, we do expect the general shape and cut off of the

harmonic plateau to be reasonably well modelled by both simulations.
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Figure 6.1.1. Comparison of simulations of Helium (a) at a single intensity of
1016 W/cm? and (b) with volume and q-2 weighting. The same comparison is
made for Neon in (c) and (d), but with the single intensity being
1.2 x 1016 W/cm?2. In both cases the weighted response is normalised to the

single intensity response.

To indicate the difference between one- and three- dimensional potentials, we show in
figure 6.1.2 a one-dimensional calculation for Helium at 1016 W/cm2. Note the much
sharper cut off of the neutral response in the one-dimensional case. In fact the response
of the neutral drops to a negligible level after the 11th harmonic. If we compare this
result with the Neon simulation, we see that the comparable simulations now predict that
Helium exhibits a higher single atom/ion conversion efficiency. This is an interesting
result, as many experiments have indicated that Neon should be the more efficient, but
with the Helium response reaching to higher harmonics [97,105]. An explanation of this

discrepancy is that the intensities used in these simulations are above the optimum for
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Neon. We have optimised our fundamental laser intensity to produce the highest energy

harmonics, not the highest efficiencies.
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Figure 6.1.2. One-dimensional simulation of Helium and He* at an intensity of

1016 W/cm?2.

Note how the one-dimensional neutral Helium and Neon responses both fall off very
rapidly with increasing harmonic order. If the differences seen between the one and
| three-dimensional Helium simulations can be applied to the case of Neon, then we might
expect that the neutral harmonic response will not give way to the ion response as the
dominant generator quite as quickly as expected. However, in analogy with the case of

Helium, it is reasonable to expect this changeover to occur at nearly the same harmonic.

Another difference between the one- and three- dimensional Helium simulations is the
relative magnitudes of the neutral and ion responses. Although it shows a much sharper
cut off, the one-dimensional result indicates that the neutral response at the 9th harmonic

is much higher than the ion response, whereas the full simulation shows the two to be
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much closer. It is this factor which causes the two Helium simulations to show a
changeover from neutral to ion response at the same harmonic: the larger difference
between the two responses counters the faster fall off. When comparing this aspect of
the simulation with experiment, interpretation is somewhat complicated by the possibility
that phase matching may be dominated by the laser focusing conditions for the neutral,
and by free electrons for the ion. We also note the considerable difference in the plateau
cut off harmonic between the two simulations. The one-dimensional simulation cuts off
sharply at about the 31st harmonic compared to the three-dimensional case, which shows

a slower fall off starting at the 47th harmonic.

Before we move on to the interpretation of experimental results we present in figure 6.1.3
a one-dimensional Helium simulation conducted at a wavelength of 1000 nm (rather than
248 nm used in the above calculations). The most striking feature in the figure is the
almost complete disappearance of the ion response. This confirms our simple argument
in section 3.3.2.3 that shorter wavelengths are more efficient than long wavelengths for
the generation of high harmonics from ions. All parameters in the simulation are the
same as for the simulation shown in figure 6.1.2. (It should be noted here that, for an
equivalent harmonic number, the 248 nm harmonic will have a wavelength which is a
factor of four shorter than the 1000 nm harmonic). The atomic harmonic response for a
laser wavelength of 1000 nm is much lower than that predicted for the ionic response for
248 nm. This is mainly due to the intensity of 1016 W/cm? being well above the
saturation intensity for neutral Helium (as opposed to the saturation intensity for He*).
To optimise the atomic response would require an intensity of the order of 1014 W/cm?2.
A fairer comparison of the neutral response would have to be carried out at the saturation
intensity of the neutral for each wavelength. Figures 6.1.2 and 6.1.3 show that short

wavelengths must be used for the generation of harmonics from ions.
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Figure 6.1.3. One dimensional simulation of Helium and He* at a fundamental
laser wavelength of 1000 nm and an intensity of 1016 W/cm2. All other conditions

in the simulation are as for figure 6.1.2.
6.2. Harmonic generation measurements.

We will now present results of the harmonic generation experiments performed on the
Sprite KrF CPA laser system using {/10 and /3 OAP focusing. The configuration of the
experiment is described in section 4.2. The /10 and {/3 experiment were conducted over
a ten week period from October to December, 1994. This was a combined Thomson
scattering and harmonic generation experiment, with most emphasis being placed on
harmonic generation. The Thomson scattering diagnostic allows us to infer an electron
density of the plasma produced during the harmonic generation. A preliminary analysis

of the results that follow has been sent to Physical Review A for publication [21].
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enough for high harmonic generation to occur. At the lower densities, this longer
confocal parameter may also extend the effective coherence length over which harmonic
generation occurs. For the conditions in our experiment, we expect that the coherence
length will be determined by the free electron refractive index (equation 3.3.35). This
means that the coherence length will not increase with increasing confocal parameter.
However, the area of our focused is determined by our focused spot size, which we
measure to have a FWHM of ~9 um for /3 focusing and ~18 um for /10 focusing (see
section 4.1.3). This should cause efficiencies produced from /10 focusing to be about
four times those with /3 focusing. This is consistent with the difference seen in figure
6.2.6. The second reason for the higher efficiencies with f/10 focusing is that the longer
focal length OAP, in producing a larger focal spot size, also creates a lower intensity at
focus. This means that the ionisation rate of Helium and Het+ will be somewhat lower
than for the £/3 OAP. This will cause harmonic generation to occur over a longer fraction
of the laser pulse before all the Helium gas is fully ionised to He2+ (which obviously

does not generate harmonics).
6.2.1.3. Intensity dependence of the 7th to 13th harmonics.

The wavelength coverage of the spectrometer and MCP is such that the spectrometer can
cover any harmonic above the 7th, but the active area of the MCP only covers about
200 A. So, in order to study the lower harmonics (7th to 13th) the MCP has to be
moved. This means that conversion efficiencies for these lower harmonics are from a
different sequence of shots than the higher harmonics. Figure 6.2.7 shows the
dependence of the 7th to 13th harmonics to a focal scan where the gas jet is driven along
the direction of the laser (which is focused using the £f/10 OAP). Figure 6.2.7.(a) shows
the intensity dependence on gas jet position where positive numbers indicate that the gas
jet was upstream of the focus (i.e. the laser focuses beyond the gas jet). Figure 6.2.7.(b)

shows the focal scan as an intensity variation seen at the centre of the gas jet where the
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It is interesting to see from figure 6.2.7 that a simple calculation of the laser intensity
from geometric optics indicates that (apart from one laser shot which may have had a very
poor focal spot) the highest efficiency harmonic generation from neutral Helium is at an
intensity of approximately 1015 W/cm2. Neutral Helium is the dominant generator of the
7th, 9th and possibly 11th harmonics and our ionisation rate plot in figure 2.2.2 shows
that the threshold intensity for the complete ionisation of Helium to He+ in a 380 fs pulse
is at about 2 x 1015 W/cm?2. This highlights the fact that harmonic generation in the
strong field limit is a consequence of optical ionisation. The electron tunnels out of the
atomic potential, and then emits a harmonic photon when it is later re-incident on the
atomic core and has some probability of recombining with it. If recombination does not
occur then the atom has been optically-ionised. Hence, the optimum intensity for
harmonic generation is the threshold intensity for optical ionisation. An alternative
argument is that we are seeing some sort of fringe structure in the non-linear polarisation
of the Helium target [96,98]. However, the large scale of this variation compared to the

laser confocal parameter (~300 1m) makes this very improbable.

Using the f/10 OAP we generate over 30 nJ at 355 A (7th harmonic), i.e. a conversion
efficiency of 10-7. If we assume that this energy is generated over the entire length of the
laser pulse (380 fs) this corresponds to a power of over 80 kW. In reality He* is fully
ionised long before the peak of the pulse which implies that harmonic powers are much
higher than this and that the pulse length of the harmonic is less than the laser pulse
length. It is interesting to compare these efficiencies with the highest reported elsewhere
(by Ditmire et al. [107]) which were obtained using 526 nm light. Our efficiency at
355 A is approximately the same as that at 251 A from 526 nm, and at approximately the
same XUV wavelength our efficiencies are about a factor of two lower than Ditmire et
al's results. It remains to be explored whether further increases in efficiency with the
KrF laser would be possible with a larger tocal spot and longer confocal parameter (f/70

focusing) as used in the 526 nm work. The present results certainly suggest that the

- 197 -



Chapter 6 Harmonic Generation

trend towards better conversion efficiency at a given harmonic wavelength using a shorter

primary laser wavelength may continue beyond 526 nm.

6.2.2. High harmonic generation in Neon.

6.2.2.1. Harmonic spectra.

The harmonic response in Neon was found to be much more dependent on focusing than
that of Helium. Unfortunately, we only have data taken with 20 bar backing pressure
with the /3 OAP, and so we cannot comment on the density scaling at the shorter focal
length. A typical image and lineout of such a spectrum is shown in figure 6.2.8. This
data was taken with the laser focused 1 mm above a 1 mm circular aperture gas jet nozzle

and with a gas jet backing pressure of 20 bar gauge.

A problem that arises with Neon is that the many ionisation stages that can be produced
with a focused intensity of >1017 W/cm?2 emit numerous spectral lines in the wavelength
region we are studying. These spectral lines form a fairly uniform background to the
harmonic spectrum, as can be seen in figures 6.2.8 t0 6.2.10. This causes problems
when calculating the absolute efficiency of each harmonic, as great care must be taken
when determining the level of this background radiation. Background radiation also
increases the detection threshold of our spectrometer, preventing us from detecting

harmonics that may be present if their intensity is less than that of the spectral line

emission.
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This scan appears to indicate a maximum for generation of the 7th and 9th harmonics at
around 1014 W/cm2 (8 mm upstream). The 11th and 13th harmonics are brightest at the
highest intensity in the scan. However, it is possible that the data points at 4.5 x
1014 W/cm? are from a shot with a particularly unusual focal spot. The plot of Neon
ionisation rates in figure 2.2.2 shows that the threshold intensity for the complete
ionisation of Neon to Ne+ in a 380 fs pulse is 3 x 1014 W/cm2. The threshold intensity
for ionisation Ne+ to Ne2+ in the same time is intensity of 2 x 1015 W/cm2 which
approximately corresponds to the highest generation efficiencies of the 11th and 13th
harmonics. Figure 6.1.1 indicates that the 11th and 13th harmonics are the first to be
generated by Net. This again highlights that, in the strong field limit; optimum harmonic

generation occurs at the same intensity as the threshold for optical ionisation.
6.2.3. Comparisons of Helium and Neon harmonic responses.

Having reviewed harmonic generation of the 248 nm Sprite CPA laser system from both
Helium and Neon we must now compare these results with each other and with the single
atom computer simulations described in section 6.1. This will enable us to draw a
conclusion as to which gas is the better choice for the production of the highest harmonic

and the highest efficiency and it will enable us to determine how accurate the predictions

of our simple simulations are.

6.2.3.1. f/3 focusing.

First let us compare the Helium and Neon data using the /3 OAP. Figure 6.2.13 shows
a selection of data, some of which were presented previously, others of which are shown
for the first time. The Neon spectrum cuts off much sooner than the Helium spectrum.
In fact, all the Neon harmonics shown here could be attributed to neutral Neon and Ne+

without having to invoke generation from Ne2+. The generation efficiencies are divided
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shown the same results [97,105]. The laser energies for the 20 bar Neon data are similar
to those for Helium, so there is perhaps some beam propagation effect that favours phase

matching for Neon over Helium in this configuration.

Shot number Gas Backi% pressure (bar) | Laser energy (mJ)

19943 Neon 20 121
19944 Neon 20 155
19965 Helium 20 177
19966 Helium 20 144
19970 Helium 2 180
19971 Helium 2 67

19972 Helium 2 104

Table 6.2. Summary of the conditions for the data presented in figure 6.2.12.

6.2.3.2. f/10 focusing.

Figure 6.2.14 shows the generation efficiencies for Helium and Neon with {/10 focusing.
Filled symbols denote data from Helium, open symbols denote data from Neon. Squares
denote high gas jet backing pressures and circles denote lower backing pressures. These
backing pressures were 0.3, 20.7, 0.3 and 26 bar gauge for SN20315, SN20343,
SN20317 and SN20329 respectively. All laser energies were similar (200 to 230 mJ)
except SN20317 which was 98 mJ. In this case the energy fluctuations do not appear to
affect the generation efficiencies. From this figure we see that the harmonic response of
Helium and Neon is essentially the same from the 13th to the 35th harmonic regardless of
gas density (given that we see shot-to-shot variation that is at least as large as the spread
of data here). It is also obvious that the response is unaffected by a change in density of

approximately a factor of 20. The highest efficiencies with £/10 focusing for the 13th to
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6.2.4. Comparisons of experiment and theory.

All that remains now is to compare our simulations with the experimental data. Our
simulations only predict the harmonic response of a single, isolated atom. They do not
include any beam propagation or profile effects at all. This type of simulation is
commonly used to model experimental harmonic responses. The usual method of
obtaining a good fit between the real data and the simulation is to vary the laser intensity
in the simulation until the cut off of the experimental harmonic plateau is matched. When
this procedure is followed, the modelled intensity bears absolutely no relationship to the

actual intensity experienced by the atoms in the laser focus.

To try to make the simulations a more accurate representation of the conditions in our
experiments, we have run a number of simulations at laser intensities that atoms in the
focus actually experience and produced a weighted sum of these intensities. The
weighting takes account of the volume of a Gaussian (TEMqq) focus that actually
experiences each intensity and introduces a q-2 phase matching dependence, where q is
the harmonic order. This is because the harmonic intensity is proportional to the square
of the coherence length which is inversely proportional to the harmonic order in the free
electron phase matching case (see section 3.3.3). The simulations are compared with a

selection of experimental data for (a) Helium, and (b) Neon in figure 6.2.16.

We see in the figures that both the full Helium and the one-dimensional Neon simulations
provide an excellent fit to the experimental data. The experimental data shown represents
a range of gas densities and gas jet nozzle configurations. The neutral Helium simulation
models the form of the data very well, but appears to be about an order of magnitude t00
low. This can be explained by the increased phase matching during generation from a
neutral when the coherence length is dominated by Gaussian focusing and by dispersion

in the gas compared to free electrons for the ions. If we were to multply the neutral
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Helium simulation by a factor of about ten, then the changeover from neutral to ionic
response would occur near the 15th to 17th harmonic rather than the 9th or 11th which is

currently predicted.
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Figure 6.2.16. A comparison of experimental data with the weighted simulated
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The one-dimensional Neon simulation provides a remarkably good fit to the experimental
data. Not only does it exactly predict the cut off at the 35th harmonic, but it models the
changes in the slope of the response at the 9th, 17th, 21st and 27th harmonics. This
good match implies that the harmonic signal we are seeing is truly from Neon and its
ions up to the doubly ionised stage. This means that harmonics above the 9th are
primarily due to Ne*, and harmonics above the 19th are primarily due to NeZ+.
Harmonic efficiencies above the 27th do appear to be approximately a factor of two or
three higher than the simulation predicts. This is not surprising given the shot-to-shot
variation in signal. However, it is interesting that above about the 31st harmonic the
response of Ne3+ becomes approximately the same as Ne2+ until the 35th harmonic when
the Ne2+ response falls off. The results as they stand can all be explained without having
to invoke response from a third ionisation stage of Neon, but had any harmonic been.

detected above the 35th we would have had a very strong case for attributing it to Ne3+.

6.2.5. Harmonics higher than 37th in Helium.

Considering the Helium data in figure 6.2.16.(a) we see that the ion response matches the
form of the experimental data very well, although the predicted cut off doesn't occur until
the 47th harmonic compared to the 37th which was the highest harmonic seen in the
experimental first order diffraction signal. However, in section 6.2.1 we commented on
the high levels of the second order diffracted signal for wavelengths below about 100 A.
The spatial resolution of the MCP detector is rather poor and introduces an instrument
function with a FWHM of about 4.5 pixels (which corresponds to a wavelength spread
of over 1 A). This poor resolution causes the second order signal to merge with the
wings of the brighter first order signal. However, several images do show signs of
wings on the first order diffracted image which, if real, indicate a harmonic response that
could reach as high as the 53rd harmonic. To verify this we will attempt to deconvolve

the MCP instrument response from some lineouts which show these wings. The data
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will be presented as an indication that these high harmonics exist, no attempt will be made

to calculate their generation efficiencies.

Figure 6.2.17 shows a deconvolution of SN19965, which was a laser shot using /3
focusing with a vacuum focused intensity of around 6 x 1017 W/cm2. The deconvolution
removes the MCP instrument function which is a Gaussian with a FWHM of 4.5 pixels.
We are still left with a considerable spectrometer instrument function caused by the
grating not focusing the wide wavelength range exactly on the detector plane. The
instrument width of the spectrometer varies along the detector and is different for the first
and second order. For this reason we cannot fully deconvolve the instrument width. The
raw data is first smoothed with a first order Butterworth low pass filter function with a
cut off frequency of a quarter of the sample frequency, and the deconvolution is
performed using a fast Fourier transform method. Despite this rather crude
deconvolution, we can see indications of second order signal up to the 53rd harmonic
(47 A). These are labelled in the figure. Several other harmonic spectra also exhibit the
same (second order) features, but are not shown here. This indicates that the signal is not
due to random noise. Figure 6.2.18 shows another deconvolved harmonic spectrum
(deconvolved with a Gaussian with a FWHM of 4 pixels) taken with /10 focusing. The
first order spectrum only extended out to the 27th harmonic for this laser shot, and so we
would not expect the harmonic response to extend as far as for figure 6.2.17 which
extended to 33rd harmonic in first order. This is a further indication that the second order
spectrum (when it appears) is real. The deconvolution routine used on this data is very
basic and has not been optimised. More work must be done to analyse this signal, or
another experiment must be performed using a grating with a higher first order reflectivity

in the 40 - 70 A region in order to verify this result.
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6.3. Summary.

Ih. the experiments presented in this chapter we have demonstrated and quantitatively
analysed the production of up to 35th harmonic (71 A) in Neon and up to 37th harmonic
(67 A) in Helium. These are some of the shortest harmonic wavelengths generated to
date, corresponding to the 148th and 157th harmonics respectively of a 1053 nm
Nd:Glass laser, or 113th and 119th of 800 nm Ti:Sapphire laser. There are indications
that harmonics as high as the 53rd (47 A) are present in the second order diffracted
spectrum for some conditions . This is tantalisingly close to the harmonic order required
to produce XUV radiation in the water window (57th harmonic). The highest harmonics
reported from long wavelength systems to date are 141st of 1053 nm from Helium [19]
and 109th of 800 nm from Neon [20]. Recent work with an ultra-short pulse (25 fs)
Ti:Sapphire laser by Murnane and co-workers [152] shows indications of the generation
of harmonic wavelengths as short as 60 A (~133rd harmonic) in Neon. However, using
such a short laser pulse produces harmonics with a very large bandwidth. We have
therefore shown that a short wavelength KrF laser at moderate powers (~0.6 TW) can
generate harmonics from ions at shorter wavelengths than can be generated from atoms

using a long wavelength laser.

We also show that a KrF laser can produce high harmonic generation efficiencies for the
lower harmonics. The 7th harmonic (355 A) is produced with efficiencies higher than
10-7 at intensities of the order of 1015 W/cmZ2. This is comparable to experiments
performed with a 526 nm frequency doubled Nd:Glass laser [107] which used much
longer confocal lengths produced with /70 focusing. It remains to be seen whether a

similar scaling of the KrF results with focal length will lead to further enhancements in

the generation efficiency of the lower harmonics.
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Comparisons of the experiment with simulations show the need for an appropriate
weighting of the simulated data to produce a reasonable match. This highlights the need

for a code that includes beam propagation effects as well as the single atom/ion response.

Finally, experimental studies of both Helium and Neon show a marked difference in their
harmonic response with {/3 focusing (Neon being higher) and for the lower harmonics at
lower intensities with f/10 focusing (Helium being higher). The response of the two
gases for higher harmonics using f/10 focusing is essentially independent of density

above about 1017 cm-3 (for the 31st harmonic).
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Chapter Seven

Conclusions and Suggestions for
Further Work

In this chapter we will review the main conclusions of this thesis and their implications
for the generation of coherent XUV generation. We will then briefly discuss possibilities
for future extensions to this work: both in the field of OFI X-ray lasers; and in the field of

harmonic generation.
7.1. Conclusions of this thesis.
7.1.1. Plasma temperature measurements.

In chapter five we present Thomson scattered and SRS spectra from Helium and Neon
and discuss the electron temperatures and densities we infer. We support our analysis of
SRS reflectivities with Faraday cup data and an X-ray spectrum showing line emission
from Helium- and Hydrogen- like Neon. The conclusions of this investigation are that
the scheme proposed by Eder et al. [44] should be possible for a laser pulse length of
100 fs and a focused intensity of 3 x 1017 W/cm? provided the laser beam quality is
good. However, the onset of SRS and the increase in IB with electron density will limit
the system to elements with Z < 12. This restricts the shortest wavelength that can be
produced by this scheme to about 60 A. We also note that more recent calculations of
gains in these systems, that take heating by three body recombination into account [81],
suggest a much lower gain than suggested by Eder et al. Experimental evidence also

suggests that the three body recombination rate in a non-thermal OFI plasma is
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considerably reduced from that of a thermal system [82]. Combining these low gains
with the limits placed on the length of any longitudinally pumped system (caused by the
XUV pulse catching up the pump laser pulse in the plasma) will severely restrict the
power of this OFI recombination laser scheme. This will be so even if a method can be
found to guide the pump laser pulse over several centimetres in a plasma channel.
Hence, the OFI recombination laser scheme will be in direct competition with harmonic

generation for 'table top' production of coherent XUV radiation.
7.1.2. Harmonic generation.

Chapter six presents computer simulations of harmonic generation in Helium and Neon
which predict that high harmonic efficiencies can be obtained from ions at a fundamental
laser wavelength of 248 nm. This contrasts with longer wavelength lasers which
produce a negligible ion response. This indicates that, contrary to previous assumptions,
shorter wavelength harmonics can be generated from ions using a short wavelength laser
than from neutrals using a long wavelength laser. The simulations also predict that, in
our experiment (in the absence of phase matching effects), Helium should show a higher

response than Neon.

We present experimental data that reveal that the harmonic responses from Helium and
Neon plasmas are essentially the same, although Helium exhibits a higher response than
Neon for the 7th to 13th harmonic at lower intensities away from the laser focus.
Comparisons of the experiments with simulations show a good match, but indicate the

need to allow for spatial variation of the laser phase and amplitude at the focus rather than

just considering the single atom/ion response.

The highest harmonics which were quantitatively analysed were the 35th (71 A) in Neon

which we attribute to Ne2*, and 37th (67 A) in Helium (attributed to Het). These are the
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shortest wavelength harmonics generated to date by either short or long wavelength
fundamental lasers and confirm the predictions of our simulations that short wavelength
fundamental lasers are better suited to generating high photon energies than long
wavelength lasers. There is some indication of harmonics higher than 37th in the second
order diffracted signal from Helium (up to 53rd harmonic) which suggest that the cut off
of the harmonic plateau in Helium is well matched to that predicted by the simulations.
The cut off of the Neon response exactly matches the simulation and is the first

unambiguous evidence of harmonic generation from doubly-ionised Neon.

Finally, we note that studies of lower (7th to 13th) harmonics from neutral Helium at
lower intensities show a generation efficiency of 10-7 which matches the best seen
elsewhere [107] which used a much longer confocal parameter. This indicates that
shorter wavelength fundamental lasers do lead to a considerably greater harmonic
generation efficiency. It remains to be seen whether this can be further scaled by moving
to a much longer confocal parameter than that produced by the f/10 OAP used in these

experiments.
7.2. Suggestions for future work.

7.2.1. Optically-ionised X-ray lasers.

The temperature measurements described in chapter five are aimed at determining the
feasibility of creating a recombination X-ray laser by optical-ionisation. We conclude that
the specific scheme modelled by Eder et al. [44] is possible, but that severe limits will be
placed on the efficiency of such a system. Observations of gain in non-resonance
transitions in OFI systems have been reported on the 3d-5f transition in N4+ (512 A) and

on the 2s2p2-2s2p3d transition in N2+ (472 A) [153,154] but these are at relatively long

wavelengths. Another claim has been made of gain on the 1s-2p transition in Lj2+
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(135 A), i.e. a hydrogen-like scheme [83,84]. This system uses an initial 20 ns laser
pulse to create a plasma of Li* from a solid target, before Li3* is created by OFI from a
500 fs laser pulse. Both these claims must be treated very carefully, because of the
difficulty in fitting a gain curve to a very small plasma length. The plasma lengths in the

two experiments were claimed to be approximately 800 (m and 2 mm respectively.

To further extend the work in this thesis we must move to shorter (probably less than
100 fs) laser pulses to see if we can produce a working OFI laser scheme in Neon, or we
must work with elements of lower atomic number over longer interaction lengths to look
for gain. This must be combined with research into guiding of the laser over a long
length in the plasma and preventing the laser beam from breaking up and forming
filaments. We will then be able to determine whether the OFI recombination laser is

worth pursuing as a source of coherent XUV radiation.

7.2.1.1. The Titania laser.

The Sprite laser, used for the experiments in this thesis, has now been decommissioned
and is being upgraded by the addition of a new 40 cm aperture, e-beam pumped
amplifier. The new laser will be known as Titania [26]. The output of this laser in CPA
mode is predicted to be of the order of 1 J in 300 fs, although this will depend on the
availability of good quality compression gratings. The laser pulse length is not expected
to be shorter than that of Sprite, but the extra energy (and possibly better beam quality)
will make it possible to optically-ionise materials higher than Neon to the Helium-like
state. It will also be possible to generate much longer confocal parameters at lower

intensities to study the OFI scheme in Neon and lower elements over a much longer

plasma length and with a much larger focal spot.
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7.2.2. Harmonic generation.

7.2.2.1. Improving our results with higher power lasers.

The field of harmonic generation is still in its infancy. The push of research will
inevitably lead in the same two directions as for X-ray lasers. The first will be to increase
efficiencies, and the second will be to produce shorter wavelengths. The advantage of
short wavelength lasers for both of these has been demonstrated in this thesis. When the
Titania laser comes on-line, we will be able to continue our present research by scaling to
higher intensities. More importantly, we will be able to generate the same intensities as
those used in the experiments we have performed to date, but over a much longer
interaction length, and with a much larger focal spot (produced with a much longer focal
length OAP). For example, the work of Ditmire et al. [107] produced efficiencies
comparable to ours using f/70 focusing (as opposed to our {/3 and £/10 focusing). If our
results scale similarly, we should see considerable increases in harmonic generation

efficiency.

7.2.2.2. Harmonic generation from plasmas and excited states.

Using a second laser beam to create a Lithium plasma will enable us to investigate
whether we can scale the cut off of our harmonic plateau to much shorter wavelengths,
by using the higher ionisation potentials of Helium- and Hydrogen- like Lithium. There
is also the possibility of generating lower harmonics with much higher efficiencies from
the excited states of ions or atoms. 1f the ion is in an excited state, it requires a much
lower laser intensity to ionise, but the electron will only recombine to the excited state

when it is re-incident on the atomic core. The plateau cut off will therefore reduce with

the lowered ionisation potential.
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7.2.2.3. Two colour harmonic generation.

The probability that an electron will recombine with the atomic core and emit a harmonic
photon is determined by the collision cross section. This cross section is dependent on
the electron velocity as it is re-incident on the core: the lower the electron velocity, the
higher the probability of harmonic emission. If the electric field driving the electron is
sinusoidal (from a monochromatic laser), then the electron will always return to the
atomic core when its velocity is near to maximum. However, it is possible to combine
two or more colours in the laser pulse (fundamental and third harmonic, for example) to
modify the electron’'s motion so that it re-approaches the atomic core with a much lower
velocity. This leads to much higher harmonic generation efficiencies. Such a system has
been modelled theoretically [155], and a preliminary experiment has been performed

[156] showing an order of magnitude increase in the harmonic response.

7.2.2.4. Harmonic generation from coherent states.

Another proposal for increasing harmonic generation efficiencies is to prepare a
population of atoms in a coherent superposition of the ground state and an excited state.
An electron can then be ionised from the excited state and recombine with the ground
state on its return to the atomic core. This can easily be done for states that can be excited
by a single photon, and just involves irradiating the atoms with laser radiation whose
frequency exactly matches the transition frequency between the ground and excited states.
To make this method useful for harmonic generation, however, we would need to

produce the coherent superposition by exciting a multiphoton resonance.

//
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