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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/cm2 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 (~10 15 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
'f*

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

-1-



Chapter 1 Introduction

(>1023 ions/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

-2-



Chapter 1 Introduction

o

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/cm2 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/cm2 level. Finally, we have seen the introduction of chirped pulse amplification 

(CPA) [25], which is pushing laser powers into the terawatt/cm2 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 (TEMoo) beam. Any additional modes in the Gaussian beam or phase

-3-



Chapter 1 Introduction

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 = 1.22/# A where/* is the f-number of the focusing lens and A 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 NeodymiumiGlass laser.

10 15

12
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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 cm2) beam. The theoretical limit is slightly 

over Id21 W/cm2. (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 AGO 

to be capable of producing a transform limited pulse length of AT ~ l/Aco. 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 Fsat =tiG)/a (where

n is Planck's constant, COQ is the laser frequency, and a is the emission cross section). 

The saturation fluence in most solid state laser materials is between 1 J/cm2 (TiiSapphire) 

and 6 J/cm2 (Nd:Glass) and is 2xlO' 3 J/cm2 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=tiQ +n^I} 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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divergence is not degraded, especially when using 248 nm light. A fuller description of 

the Sprite laser CPA system can be found in section 4.1.2.

The Vulcan 1053 nm Nd:Glass laser system at the Rutherford Appleton Laboratory has 

also been converted to CPA mode [27] and typically delivers about 15 - 20 J on target in 

0.8 - 1.0 ps and at intensities up to 1019 W/cm2. At these intensities the electron motion 

in the laser field is highly relativistic. Figure 1.2.2 gives a brief summary of some of the 

physical phenomena that occur at different focused laser intensities. The upper limit to 

focused intensities that are currently being produced are of the order of 10 19 W/cm2.
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Figure 1.2.2. Schematic diagram of the electron quiver energy and accessible 

phenomena as a function of laser irradiance for a wavelength of 1053 nm. QED is 

quantum electrodynamics, e+e' is positron-electron production. (Taken from Ref. 

[19]).
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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/cm2 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 10 16 

W/cm2 to be a high intensity; whereas in the field of optical ionisation 100 ps is a long 

pulse, and 1016 W/cm2 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/cm2 . We can arbitrarily use the following approximate definitions:

Long pulse: 10 ps or longer. Low intensity: less than 1016 W/cm2.

Short pulse: 100 fs - 1 ps. High intensity: 1016 - 1018 W/cm2.

Ultra-short pulse: less than 100 fs. Ultra-high intensity: 1018 W/cm2 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 laser 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 (flm).

Intensity - W/cm2.

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 10 16 - 

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 cnr3 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 WJ. 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 WJ. 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 B ohm-Gross fits in Helium and the Gaussian fits in Neon) were 

originally presented in the thesis of Dr WJ. 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
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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.
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Chapter Two

Production and Evolution of an 
Underdense Plasma

The purpose of the work described in this thesis is to 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).
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Chapter 2 Production and Evolution of an Underdense Plasma

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'
/ 9 , a/2 

frequency: the plasma frequency, cope = I Ne /£om) » where N is the electron density,

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

(2.1.1)

where G)Q 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

n-
CO 2

(2.1.2)

where in the limit 6)0 » cope the refractive index approaches unity. If COQ < cope 

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,

(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

(2.1.4)
m

where k refers to the wavevector of the electron plasma wave, Te is the electron 

temperature, K is Boltzmann's constant, and (DBG is referred to as the Bohm-Gross
v

frequency of the electron plasma wave. The second term in equation (2.1.4) is a
1/9

temperature correction to the electron plasma frequency, (xTe /ra) = v^ - 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 

approaches V3vr/j. 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 ion-acoustic wave 

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

_ V2 ~

where (Did is the ion-acoustic frequency, kj is the ion-acoustic wavevector, m/ is the ion

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

increases the ion-acoustic frequency approaches a fixed value of (Dpi = \ZNe^
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Chapter 2 Production and Evolution of an Underdense Plasma

Like electromagnetic waves, plasma waves can be expressed in terms of either classical 

waves or in terms of particles. The plasmon is the quantised 'particle1 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.

The term An = (2.1.6)

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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(b)
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Figure 2.1.1. Dispersion curves for (a) electromagnetic waves, (b) electron- 

plasma waves and (c) ion-acoustic waves in a plasma of He2 + with 

N = 1021 cm'3, Te = 200 eV, Te/Ti = 100.
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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/cm2 interacting with gas 

densities of 10 16-1020 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. However, 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 G)Q an£* a

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

field - see section 2.3.1) of Up = e E^/4mo)Q (where e is the charge on an electron, EQ

is the magnitude of the laser electric field, and in is the mass of an electron) interacting 

with an atom with an ionisation potential of £//. As the laser field increases in intensity, 

optical ionisation passes through three regimes [30] :

(i). Uj > na>Q » 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.

(ii). Uj > Up > hcoQ, 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.
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(iii). Up > Uj » H(OQ, the regime of classical tunnelling, or 'over the top 1 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 ionisation we may equate the 

ionisation potential, £//, 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 1 ionisation will not occur, given by

Tj2

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

corresponds to a critical optical intensity of

(2-2.2)
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For the case of Hydrogen, lc = 1.4 x 1014 W/cm2.

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

= 1.52xlOJ .11/2

x 7.47 exp -2.49xl06
t/f

(2.2.3)

Where / and mi are the quantum numbers for the initial state, /?* = 3.69Z(t//) is the 

effective principle quantum number, £// is the ionisation potential (in eV) of the atom or
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ion concerned, / is the laser intensity (in W/cm2), 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 equal to the inverse of the laser pulse length. This 

shows that Helium is fully ionised in a 380 fs pulse at intensities greater than 

7 x 10 15 W/cm2 and that the maximum ionisation stage reached in Neon is Ne8+ for 

intensities up to 1018 W/cm2.
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Figure 2.2.2. lonisation rates in (a) Helium and (b) Neon calculated from the 

Ammosov formula. The labels refer to the ionisation state of the residual ion.

Optical ionisation is a sequential process at laser pulse lengths and intensities currently 

available, but it should be noted that the Ammosov model will break down if the laser 

intensity rises quickly enough that lower ionisation stages cannot fully ionise. In the case 

of Neon , for example, if the laser is instantaneously switched on at an intensity of 

IO18 W/cm2, figure 2.2.2.b predicts that the first ionisation stage we meet will be Ne7+. 

This is obviously incorrect. For such a rapid onset of intensity we would expect the 

ionisation to become non-sequential. This extreme example emphasises that the 

Ammosov equation is only valid in the tunnelling regime.
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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 = £bsinfflry has a time dependent velocity, v(t ) = -VQ cos 0)Qt 

where VQ = eEQ/m&Q (the quiver velocity). This gives an instantaneous kinetic energy 

of (e EQ/4mG)Q](l + cos2a)Qt). Hence the time averaged kinetic energy, or 

ponderomotive energy, is Up = e EQ /4mo)Q. 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

(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).
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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
-f

bound) state with a characteristic frequency flfc in a laser of frequency OQ will be reduced 

from that of a free electron by CQQ/CQC. 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 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 HCDQ,

V 'electron = tnHcOQ-UI (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

V electron = mho)0 ~ UI (2-3.4)
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where t// 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
•i "^

Coulomb potential, it appears (classically) as a point particle with some 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 - EQ sin 0)Qt . An electron

tunnels out of the atom into the field at time tQ, with initial velocity v/. It can be shown 

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

v(t) = -e£o/wfi)(cos cotf - cosfi)Qfo) + vi (2.3.5)

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

continuous range

U=Up+\ J2Up coscoQtQ + ^vf (2.3.6)
2

which, if we neglect the initial velocity (v/), has a maximum of £/max = 3C//>. This 

maximum ATI energy corresponds to the electron being ionised 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 

= ± n/2 , and the time averaged kinetic energy of the electron will be Up + mv^/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

2 /mv/ /2. If the electron is emitted at some other time, to, 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 + wv; /2.

The experiments presented in this thesis use a laser with a wavelength of 248 nm and 

intensities up to 8 x 10 17 W/cm2, 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 
stage

Ne+

Ne2+

Ne3+

Ne4*

Ne5+

Ne6*

Ne7+

Ne8+

Ionisation potential 
(eV)

21.56

41.07

63.5

97.02

126.3

157.91

207.21

239

Critical intensity 
(W/cm2)

8.7 x 1014

2.9 x 1015

7.2 x 1015

2.2 x 1016

4.1 x 10*6

6.9 x 1016

1.5 x 1017

2.0 x 1017

Maximum ATI 
energy (eV)

14.9

49.8

123.7

377.9

704.3

1185.4

2576.9

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 1 , is the 

emission of radiation by an electron as it decelerates. This deceleration is caused when 

the electron interacts with an atom or ion 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 = 2UPveiN (2.4.1)

where Up is the ponderomotive energy, N is the electron density, and vei 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]

ZNe4 iaA
3

1 A'**

2 <Wg_

1/2
 2,,3 m v^

(2.4.2)

where Z is the average ionisation state, N and NI are the electron and ion density 

respectively. A is the ratio of bmax/bmini the maximum and minimum distance 

respectively of the electron from the ion in a scattering event. The maximum distance is 

given approximately by the Debye length, KD. The minimum distance is given by the 

larger of the classical distance of closest approach, or the de Broglie wavelength of the 

electron, &min = max (Ze /4neQjnvte \(h/mvte ) . This leads to an expression for the IB 

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

7 = 1
3

— ~2
1/2

1- 0>pe
1/2

J s- 1 m-3 (2.4.3)

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 10 17 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 cnr3 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]

vee = 2.2x10
5 NlnA

(2.4.4)

The electron-electron collision frequencies are also included in table 2.4. Even at an 

electron density of lO2^ 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 (cm-3)

1017

1018

1019

1 020

1021

(Ope (S' 1 )

1.78 x 10 13

5.63 x 10 13

1.78 x IQl 4

5.63 x 10 14

1.78 x IQl 5

Vei (s'l)

5.73 x 10 10

4.66xlOH

3.61 x lOl2

2.57 x 1013

1.55 x 10 14

Vee (s- 1 )

7.39 x 109

6.02 x 101°

4.66 x 1011

3.30 x 1012

1.94 x 10 13

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

2 22proposed. Here we shall consider just two. The first is to simply replace vfa by vt^ + VQ

[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, VM at high intensities.
•i

Such a correction to the electron-ion collision frequency at a laser intensity of 

3 x 1017 W/cm2 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
o

account of modifications to the InA term by the laser field by replacing In A / v^ by

1+ ln vo exPhr

1 \ni 2 2\3/2
~\ — V0 +Vth\ 
aA^o V u m )

InA

(2.4.5)

This equation is a special case of a more rigorous calculation presented by GJ. 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 Ne^+ (a) with intensity at a constant 

temperature of 40 eV and density of 1020 cm'3 ; (b) with temperature at a constant 

intensity of 10 17 W/cm2 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/cm2, 40 eV, 

and 1020 cm'3 respectively. The three lines correspond to the standard formula
9 2(solid), the vt^ + VQ form (dashed), and the Polishchukform (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/cm2 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.

104

1000

1 100
!—<

ex

10 =-

e 
§

0.1 r

10 17 10 18 10 19 1020 1021 1022 
Electron density (cm"3 )

Figure 2.4.2. MEDUSA simulation of the variation of inverse breinsstrahlung 

and ATI heating with electron density in an optically-ionised Neon plasma. The 

peak laser intensity is 3 x 10^ 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
•i

(SBS) is an equivalent process, but this time the plasma wave is an ion-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 frequency 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.

(2.5.1)

and k0 =k1 +k2 . (2.5.2)

where 0) is a frequency and k is a wavevector, and the subscripts 0, 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 ft>i, 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 0)2 = O>Q - a>i and at 0)3 = O)Q + a>i . If 6)2 is 

a scattered electromagnetic wave, it will beat with O)Q at C0i = O)Q - w^ and at
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0)4 = G)Q + fi>2 . The beating electromagnetic waves will generate a ponderomotive force

that drives oscillations of the charged particles in the plasma and enhances the mode at 

o?l, which will beat more strongly with COQ to give a stronger o>i 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 COQ for the instability to grow, which is set by the damping constants F\ and 

r2, and by the strengths of coupling of the pump wave to the driven modes, c\ and ci- 

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

plasma.

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, 7^, 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

r r•iei^ (2.5.3)
e J

where 0)pe is the electron plasma frequency, O)Q is the laser frequency, Fp is the plasma 

wave damping rate (Landau damping for example), and F. is the damping rate on the

electromagnetic wave caused by collisional absorption which is given by
n 

F_ = (vei/2)(a)pe /0)Q\ (where vei 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

7 =
2 99fi% i Z Z 

\JJ r\0 K \)c\-J*——*_JSL_ r r
8 (2.5.4)

where fifc is the plasmon frequency, k is the plasmon wavevector, VQ = eEQ/mo)Q is the

quiver velocity of an electron in the laser field of frequency COQ and electric field strength
*•) 

EO. This shows that the growth rate is directly proportional to the intensity ( VQ x I ).

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

intensity

pe (2.5.5)
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In our experiment the collisional damping rate for the electromagnetic wave, F., will not 

rise above about 1012 s' 1 (the value for an electron density of 1021 W/cm2 and an electron 

temperature of 40 eV) which gives a threshold intensity of about 3 x 1012 W/cm2 for the 

onset of SRS. Hence, for our experimental intensities of 8 x 10 17 W/cm2, 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 0)^ = 0)pe, 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 

~ 2kQ. The above growth rate (equation 2.5.5) then becomes

V2 l-Q)pe /0)Q
VQ_ ———1~/ u (2 5 6)

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

2V2c
(257)( }

where (Dpi 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 (l/^) 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 Y = V2/3 /. 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

(2.5.7)

where i 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 is 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].

c o

CX5
•T-H

TD
£>

• i^

8

G

g 
8

Electrons damp 
wave P Electrons pump 

wave

electron velocity

Figure 2.6.1. Schematic diagram of Landau damping of a plasma wave. Vp 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.

-39-



Chapter 2 Production and Evolution of an Underdense Plasma

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 XQ being X(XQ). 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

Ne —
£0

(2.6.1)
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The equation governing electron motion is

m
d2X

d

Ne2X ._(2.6.2)

which gives the normal oscillatory motion at the plasma frequency

tope = (2.6.3)

This is valid provided that the change in X due to AXQ is greater than (-

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

X = Asm(kxQ)cos((Qt) (2.6.4)

Soattimef = 0: X = Asin(&x0), £ = (Ate/£0)Asin(for0), and x =

and A, X = e^E/Ne and sin(&xo) =

. In terms of E

Writing NeA/£Q = EQ , and E/EQ = y , so that -1 < y < 1 we derive the function

(2.6.5)

Figure 2.6.3 shows y as a function of kx. If kA > 1, y becomes double-valued near 

kx = (2n + l)n, which is physically impossible, i.e. the wave has broken. Thus the 

limiting value of EQ is Emax =

Hence
inco

(2 . 6 .6)
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2 
i.e. vn = —— « v n provided that co ~ co np . So, the wave breaks if VQ > VD .u r K " r
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Figure 2.6.3. Breaking of a longitudinal plasma wave occurs when its 

amplitude becomes larger than its wavelength.

2.6.3. SRS as a plasma heating mechanism.

The damping mechanisms described above both have the ultimate effect of converting the 

ordered energy of the plasma wave into thermal energy of the plasma. Hence, SRS will 

always result in an increase in the electron and (eventually) the ion temperature. Some 

electrons accelerated by Landau damping will gain enough energy to escape the plasma. 

These electrons will either be dragged back at some later time by the electrostatic potential 

of the positively charged plasma they leave behind or they will drag some ions from the 

plasma which can be detected by a charged particle detector such as a Faraday cup (see 

section 5.5.1). However, most of the energy will be distributed among the electrons in 

the plasma at the laser focus, and so we can make an estimate of the level of heating by
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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 ha>k =Ho)Q-hQ)s , where a>k is the plasmon

frequency, OJQ is the laser frequency, and a>s is the frequency of the scattered light. The

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

relation k = k$ +ks .

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, vp = co^/k.

The increase in electron temperature due to SRS is given by

t (eV) = -——^£- (2.6.7) 
V ' eNVa>s

where R is the reflectivity, Vis 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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so it is 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/cm2 and a plasma 

density of 1021 cm'3 in a focal region of approximately 10 urn radius by 100 |im 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 scattered power to equal 

the incident laser power. Obviously, the instability will saturate before this happens, and 

so 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

= -VUP (r) (2.7.1)

where UP (r) = -- — - (2.7.2)
4/776)0
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o>o 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

(2.7.3)
2ma)Q

where ro 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 Jim 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 time. In 

experiments conducted at 10 ps (and ~3 ptm 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, Fs, this creates can be calculated by applying Gauss's law to 

give

Ne2
—— r (2.7.4)
2e0

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 healing.

Electron sheath

Laser
Space charge force

Ponderomotive force

Figure 2.7.7. 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.

eEn .0 sn
m

(2.7.5)

where C0p is the resonant frequency of oscillation of the plasma determined by Fs (not the 

electron plasma frequency, although the simple treatment above gives cop = Cdp 

then the velocity of an electron created at rest at a time tQ is given by
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x = ——. 0 —^l O)0 cos corf + cos CO n t( COo cos Onto cos 0) nto + CO n sin 0)nto sin 
ml

- sin 0)«*(o>o cos 0)o*o sm ̂ prO "~ ^D s^n ^0^0 cos 0) «*o )J
X \ /^ f f /

(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 

'= 7i/2, where ris 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 = (l — N/Ncr )' . The phase change for light travelling through this plasma 

compared to a vacuum over a length, /, is approximately Aq> = (nl/A,)(N/Ncr ). A phase 

change of n/2 corresponds to doubling the diffraction limited beam divergence [47]. The 

corresponding 'defocusing length 1 is given by lD = (h/2)(Ncr /N). When the 

defocusing length is shorter than the confocal parameter, //) < b, we expect defocusing to 

be dominant. (The confocal parameter is defined as b = TtWQ/A, where VVQ 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 pulse the electron density profile may 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 Jim and 

a maximum intensity of 3 x 1017 W/cm2 is shown in figure 2.8.1. Note how the electron 

density is uniform to a radius of about 4 |im, after which the fall-off in density is roughly 

constant except for a step which starts at about 6.5 }im. 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

(281)
dz 2nNrr dcr

where dO 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 Ncr 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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Figure 2.8.1. The radial variation of the electron density produced by optical 

ionisation in a Gaussian focus.

Direction of 
propagation

Figure 2.8.2. Refraction of a laser beam in a homogeneous plasma. The rays 

trace the beam profile in a vacuum (A), and in a homogeneous plasma (B).

2.8.2. Self-focusing.

If the laser profile is not a Gaussian, but exhibits some modulation in its intensity profile 

that is greater than the difference in the critical intensity for two ionisation stages, it is 

possible that the electron profile will follow the laser profile and the 'hot spots' in the
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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 - (l - N/Ncr )' , so 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 

Ncr = coQ£Q)n/e . 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

Pcr =1.62xl010 —^ (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 

plasma is given by n = (l- N/Ncr )' , the rate of change of the refractive index is 

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

(2.8.3)
dt 2nNcr dt

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

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

dt A dt

where d(p/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 Ncr - (sQincoQ/e 1, we find that the 

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

(2.8.5)
8;r

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 

(~10 17 crn'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/cm2) 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.
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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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shorter wavelengths [59-62]. This eventually brings us to a region in the spectrum of 

great importance to biological microscopy: the water window.

The water window is a region of the electromagnetic spectrum between 43.7 A and 

23.2 A, it is a window above the Oxygen K-edge, but below the Carbon K-edge where 

the radiation is transmitted by water, but is strongly absorbed by the Carbon-rich 

structures of a cell. This is shown in figure 3.1.1 which plots the wavelength 

dependence of the transmission of Carbon and Oxygen for a common areal density of 

90 (ig/cm2. A transmission micrograph of a cell would then show good contrast 

between the cell structures and the aqueous solution in which it is bathed. Such radiation 

sources are available in the form of synchrotron radiation [63]. With the levels of 

brightness currently available from synchrotrons, however, a typical exposure can last 

for several hours [15,64]. This requires that the cell should not move over such a time 

period, i.e. we need the cell to be dead.
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Figure 3.LI. The water window.
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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

Cul ~
AVu,T
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whereas the spontaneous emission rate coefficient goes as

(3.2.2)

where fui is the oscillator strength of the transition, AUui 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 2p6) with laser transitions between the 

2p53p and 2p53s 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 (l/2,l/2)o and the (l/2,3/2)o levels of the 2p5 3p configuration to the 2p5 3s 

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.

2s22p53d

2s22p53p

d/2,l/2)0 
d/2,3/2)2

(3/2,3/2)0
(3/2,3/2)2 
(3/2,3/2)!
(3/2,l/2)2

(3/2,1/2)!

(1/2,3/2)! 
(1/2,5/2)! 
(3/2,3/2)i

(0,0)o

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 |im in diameter. The highest gain reported to date is a time and space 

integrated gain of 12.5 cnr 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/cm2), 

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 3d5/2 excited level and 2p3/2 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 Is-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 ml focused to an intensity of 3 x 10 17 W/cm2. A maximum 

gain of over 100 cm' 1 is predicted to occur about 300 fs after the peak of the ionising 

laser pulse on the 98 A (3d5/2-2p3/2) 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 Te and N. The variation of Gjmx and GtmxLsat with electron temperature at an 

electron density of 5 x 1020 cm'3 is shown graphically in figure 3.2.4. (Lsat is the length 

over which the laser will reach saturation).
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Scaling
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-2.6 +0.5 +3.1 +0.6 -0.1 -2.6

+ 1.5 -0.1 -1.6 +1.7 -0.6 +2.7

Table 3.2. Scaling of XUV laser parameters as powers of Te and N. A plasma 

radius of 5 fjun was used to calculate Lsat and 77. For the Te scaling, we take 

N = 5 x 1020 cm-3 and for the N scaling, we take Te - 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' 1 . 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 

refractive index takes the form n = (l-N/Ncr }' , where Ncr is the critical plasma 

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/2Ncr , 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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an electron density of5x 1020 cm'3.

with the electron temperature at

Claims have already been made of observation of gain in the OFI recombination scheme. 

For example, claims have been made of gain in Hydrogen-like Lithium [83,84] , but 

there is some dispute as to the validity of the interpretation of the data. The main criticism 

of the papers is that the authors choose to compare the intensity ratios of two lines from 

different species of Lithium (Helium-like and Hydrogen-like). Another claim of possible 

gain has been made [22, 23], but this time in the 5f-3d transition of Lithium-like Nitrogen 

(at 512 A) and in the 2s2p2-2s2p3d transition in N2+ (at 472 A). These are obviously 

much easier transitions in which to create a population inversion, as they do not involve a 

transition to the ground state. However, this considerably reduces the quantum 

efficiency of the laser.

It is the possibility of this type of OFI recombination scheme that has stimulated much of 

the research in this thesis. Measurements of the density dependence of the electron
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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 

TiiSapphire laser pulse with an energy of -70 ml 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' 1 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 - 10 11 W/cm2. 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/cm2. The 

critical intensity for the optical-ionisation of Hydrogen is about 1.4 x 1014 W/cm2, 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 ionisation 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 is 

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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of an atom in a laser field which has been shifted away from its equilibrium position 

about the nucleus of charge Ze.

E=ELsincot 
Electron charge = -Ze

Figure 3.3.1. Schematic diagram showing the movement of the electron 

distribution of an atom away from its equilibrium position in the presence of an 

electric field.

The restoring force for small displacements (produced by small electric fields) can be 

considered to be purely linear, and we represent the Coulomb force on the electrons as 

that of a simple harmonic oscillator potential. This displacement induces a net 

polarisation of the medium in which the atom is sited. For small electric fields the 

polarisation is given by the linear relationship

(3-3.1)

where /O) is the complex linear susceptibility, given by
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y 
a

(3.3.2)

where NO is the number density of atoms or molecules in the medium, nag is the dipole 

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

~ l* ag (3.3.3)

is the complex transition frequency containing the damping frequency Fag . The linear 

susceptibility defines the refractive index n according to 1 + x = £r - n where n' is 

the complex refractive index, n' = n + in

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, £7, at 

-OQ is lowered by approximately ELOQ (where EI is the external electric field applied to 

the atom, and «o *s tne Bohr radius) and the potential at +QQ is raised by the same amount, 

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

given by

= (r)r v 'r=<

(Auy
3!

\ 2!

d*r
dU3

(AU)n
n

dl) 1

dnr 
dUn

(3.3.4)

-70-



Chapter 3 Methods of Producing Coherent XUV Radiation

if we substitute a hydrogenic potential into this we derive

-1 + AU
eaQEiat

... +(-1)n+l(
eaOEat

AU V

(3.3.5)

where Eat = and AU = ±

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

position is given by x = r(aQEi) - r(-OQEi) which gives

eEat )
(3.3.6)

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/£QEL , we can 

define a series of non-linear susceptibilities which are given approximately by 

%n =(2NeaQ/£QEat )(EL/Eat )n~ . Hence we see that the non-linear susceptibilities 

scale as E^ , where q is the harmonic order, and the ratio of one susceptibility to the 

next varies as %n+2/Zn = (EL /eEat )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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Figure 3.3.2. The movement of the centre of charge of the electron distribution 

in a Hydrogen potential modified by the electric field of a laser.

These non-linear susceptibilities obviously lead to a non-linear polarisation of the medium 

which can be introduced by including a non-linear polarisation term

pNL _ y p(n) 

n=2
(3.3.7)

A more rigorous definition of the nth order non-linear susceptibility is given by

(3.3.8)

-72-



Chapter 3 Methods of Producing Coherent XUV Radiation

where a\ 9 <X2...as &*& Cartesian subscripts (x, y or z). This shows that the non-linear 

susceptibility yW is a (n+l)-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 NdrYAG 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 %V-\ 

^4)... 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

(3.3.9)

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

only the special case of wl = Q)2 - 0)3 = a>s /3 i.e. third harmonic generation. If we

expose a non-linear medium to an incident wave of angular frequency CD we have to 

consider the following three non-linear susceptibilities (only the dominant terms of 

interest are shown):
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specifies a polarisation at 36) which gives rise to the desired third harmonic 

signal.

X(3\-co;w - coco] =

V eaaebbecce (3.3.11)

causes a polarisation at ft) 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.

-3ft))

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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CO S =

0)3

C02

CO!

Figure 3.3.3. Energy level representation of the general four wave mixing 

process. We are interested in the case (0^ — 0)2 = <^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

Ina L"nk '
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where (ocJa \\n^flJb ) is the reduced matrix element. Aw^ inside the 3j-symbol is equal to

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

polarisation. Using the selection rule —ms + Amk +mb =Q we immediately obtain

Ams + Am! + Aw2 + Aw3 =0 (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 \a> and \c> have opposite parity with respect to states 

and \b>.

For enhancing %T 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 %T and %$A-

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 

EQ (see equation 3.3.6). However, the qth order non-linear polarisation diminishes 

rapidly with increasing q. 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 Em dependence, 

where m is somewhere between 6 or 8. We are now seeing a different mechanism of
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harmonic generation. Figure 3.3.4 shows schematically the progression of the harmonic 

spectrum from the weak field to the high field regime.

C/5
C

o
•T-H

Co

CTJ

ffi

Harmonic number

Figure 3.3.4. The development of a harmonic spectrum with increasing 

fundamental laser intensity, 1 ~ 4. 1 and 2 are in the weak field regime, whereas 3 

and 4 show the response in the strong-field case. Note the perturbative tail at the 

root of the cut-off in 3 and 4.

3.3.2.1. The classical equations of motion and the cut-off energy.

In the strong-field regime, i.e. at laser intensities when the laser electric field is of the 

same order as the atomic electric field, we may consider harmonic generation using a 

semi-classical approach [89]. In this approximation, the electron is optically-ionised (the 

rate of which we may determine by the Ammosov equation [33] discussed in section 

2.2.2). This ionisation may occur at any time during the laser cycle, but is most probable 

at the cycle peak. If the laser field varies as E = EQCosa)Qt then the peak laser intensity 

will occur at o)Qt = pn where p is an integer. The electron is then driven away from the 

atom by the electric field of the laser. At a later time the laser field reverses and the 

electron is accelerated back towards the atomic core. If the electron is re-incident on the
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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 a z qEQ cos (tint^ = ——m—— (3 ' 3J5)

(33 . 16) dt

fn n ^x (3.3.17)

Alt =(Q (the time of ionisation) let z = 0, v = 0 then

J (3.3.18)

z = ——-coso)Qt + 0)Qtsmo)QtQ-coscoQtQ-Q)QtQsmQ)QtQ (3.3.19)

We must then solve for v when the electron returns to the core (z = 0). The energy at 

impact will be rav2/2. 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=Ui+3.2UP. (3.3.20)

which corresponds to G)Qt = 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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Figure 3.3.5. Energies of returning electron trajectories at the nucleus (solid 

line, left axis) and the approximate Hydrogen tunnelling rate (dotted line, right 

axis) as a function of the phase of the oscillating laser field (in degrees) at a laser 

intensity of lO1^ W/crn^. The electron energies are expressed in units of Up, the 

ponderoinotive energy.

At this point it should be noted that high harmonic generation in the high-field regime is 

still governed by electric dipole transitions, but in this case most of the dipole operators 

will be between continuum states, i.e. the excitation transitions shown in figure 3.3.3 

will continue well beyond the ionisation limit of the atom. The final recombination 

transition is then between a state in which the electron is essentially free from the atomic 

Coulomb potential (quivering in the laser field with its ponderomotive energy, Up) and 

the atomic ground state. It is for this reason that the semi-classical approach may be 

used. In a real situation (as will be seen in chapter six) the harmonic plateau is not 

completely flat. The individual harmonic intensities may vary by up to an order of 

magnitude from one harmonic to the next. This is an indication that resonances in the
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electric dipole transitions as the atom is pumped to a continuum state can greatly enhance 

the conversion of q photons at frequency co to one photon at frequency qa>. 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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electron will appear outside the atomic core with a small (random) velocity which will 

have a finite component perpendicular to the laser field [94]. Such a situation is depicted 

in figure 3.3.6. This has the effect of reducing the overlap between the free electron 

wavefunction and the ground state wavefunction, reducing the probability of 

recombination. Obviously, the time during which the wavefunction can spread is 

determined by the wavelength of the laser. The area of the wavefunction as it returns to 

the atom is then proportional to the square of the laser wavelength which means that the 

probability of recombination is inversely proportional to the square of the fundamental 

laser wavelength. This simple result indicates that a short wavelength fundamental laser 

should produce a much higher harmonic response than a longer wavelength laser.
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Figure 3.3.6. Three dimensional plot of the Hydrogen potential modified by an 

external electric field. The spread of the arrows indicate the diffusion of the 

electron wavejunction transversely to the electric field (y-axis).

Most harmonic generation research to date has been performed using 1053 nm Nd:YAG 

or 800 nm TiiSapphire lasers [19,20,95-104]. This is partly because these are the most 

commonly available laser systems, but also because it was considered that the best way to
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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; // = l;y = 0; p = 0)

V-E = 0 (3.3.21) 

V-B = 0 (3.3.22)

— (3.3.23) 
dt

(3-3.24) 
cl dt
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We obtain the well known wave equation

2 2c dt £0c

Putting P = PL + P^L in equation 3.3.25 we obtain

/"iQo^ (3.3.25)

-V^Hr -i—-^ = % % (3.3.26) 
c^ <9r eft) dr £0c dr

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,6)) = E(z,Q)) and 

assume that the electric field amplitudes change slowly within times of the order of or1
^ *.

., dEj * oEj *
and over a length of typically Jc l (—^ « Q)Ei; -—^ « kEj). Note that we denote here

at dz* i \ *~ the Fourier component of the electric field by £"( r, ct)j J = Ej(r).

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

h
(3.3.27)

dz 2ecn J 2

where —- = —- 4- ——^ and zi/: = jIcQ - kj 
dz dz c dt

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

in a non-linear medium is given by

= E Qxp(ikjz) (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 (<&s) m me 

generated beam is given by the equation :

2 <DZ
(3.3.29)

ns ens COIT

where n is the refractive index at the fundamental frequency, ns is the refractive index at 

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

phase matching factor given by

F(AkL, T& ,

(3.3.30)

where Ak = kqa) -qk^ and T; = Tj + T2 + 73 + ... is the total optical depth for all the

incident waves. T<B and Tqco are the optical depths for the fundamental and harmonic 

waves respectively (r = ncoL/c = fL, where f is the 1/e length for the electromagnetic

wave).

F depends on three variables: AkL, T^, and Tqo} 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

(3.3.31)
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(ii) For an optically thick system with T^, Tq® »1, the minima of the Sine function fill 

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

F(AkL, T<y » 1, TqQ) « l) = F(AkL, TV « 1, tq(0 » l)

1 (3.3.32)

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 TCO = 0, and if we assume optimum phase matching (AkL = 0), we find that 

(for large rq(0) the factor F in equation 3.3.29 (and defined by equation 3.3.30) is 

proportional to r^o) (anc* 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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< 1, increasing the interaction length will lead to enhancement of harmonic 

generation.

Of course, for a given optical depth we must ensure that phase matching is optimised 

(AkL close to zero). This can sometimes be achieved by using two gases in the 

generation cell: one to convert the pump beam to the higher frequency signal; the other to 

satisfy the phase matching condition. Efficient phase matching requires very good 

homogeneity in the generating medium.

0.1 -•

0.01 -

0.001
-6 -4 -2 0

AkL/TT

Figure 3.3.7. Variation of the phase matching function, F, with TqQ). Note the 

transition from a Sine function to a Lorentzian.
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Figure 3.3.8. The variation of transmission with wavelength for 1 mm thicknesses 

of Helium and Neon. The neutral gas density is 1018 atoms/cm3 in both cases.

3. 3.3. 3. Phase matching for a focused Gaussian beam.

The above treatment is for the special case of a plane wave. If we assume that the 

medium is optically thin for both the fundamental and the harmonic and that the medium 

is dispersionless, we immediately see that (for the case of negligible absorption) for any 

harmonic, q, Ak = kq - qk$ =0. This implies that the two waves will remain in phase 

for the entire length of the non-linear medium and that phase matching is not a problem. 

In practice, however, the fundamental light wave will be a focused Gaussian laser beam. 

The amplitude of a Gaussian (TEMoo) beam is given by

E(r,z) = —^rexp 
z — ib

-
o

(3.3.33)
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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(p(z) = (l-q)tan~l (z/b) [98]. The coherence length is 

defined as the distance the two waves must propagate before they become dephased by n 

and interfere destructively. Hence we arrive at the expression for the coherence length, 

LCOh, in a dispersionless medium: L^ = btan(n/(q - 1)). For large q this becomes

Lcoh =bnl(q-\] (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 + Lco//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 Lcojj/2.
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A real non-linear medium will not usually be homogeneous, and the laser intensity will 

vary across the focus. In this situation, the harmonic wave will not exactly cancel after a 

coherence length. Indeed, at high laser intensities we would expect to see several fringes 

of non-linear polarisation in the medium, the fringe separation being Lcoh- The harmonic 

field will not exactly cancel after each fringe, and the net harmonic amplitude exiting the 

medium will saturate at close to the maximum amplitude generated in a single coherence 

length. It has been shown by L'Huillier et al. that scanning the laser focus though a non­ 

linear medium produces a fringe structure in the recorded harmonic intensity that emerges 

from the medium [96-98], This structure is caused by the scanning of the polarisation 

fringes through the medium. A maximum in the recorded intensity corresponds to a 

fringe maximum moving to the output edge of the medium.

rt 

O
• *«H

C

ti_i 
O
<L> •§

Constructive interference 
over first half of 
coherence length

Destructive interference 
between wave generated 

in first and second halves 
of the coherence length

L/Lcoh

Figure 3.3.9. Schematic diagram of the growth and decay of a harmonic wave 

in a homogeneous non-linear medium at a constant laser intensity.
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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
1 is\

n • = (l - N/Ncr ) , where Ncr is the critical density of the plasma (which is wavelength 

dependent). Hence the phase mismatch is A(p = qnL/k (N/Ncr ), 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

/N). (3.3.35)

To summarise, for efficient harmonic generation we require :

1. XT to 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 1O8 [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 is 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 Is2p!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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Chapter Four 

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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then laser action will occur. A simplified schematic energy level diagram of the KrF 

excimer molecule is shown in figure 4.1.1. This shows the general principle of how 

population inversion can be achieved, but does not include the full electronic structure of 

the molecule, in which some levels compete with the upper laser level and can reduce the 

laser gain. The interaction of electrons from the e-beam with the Krypton and Fluorine 

atoms either produces excited states of the atoms or causes ionisation. The dominant 

method of production of KrF molecules is the three body recombination reaction

Kr+ + F- + X = (KrF)* + X 

(where X is a third body, such as Argon), although reactions such as

Kr* + F2 = (KrF)* + F 

also play a part in the excitation process [111].

DO
(Dc

i
Formation from 

Kr+ + F- or Kr* + F2

7(KrF)

Laser transition 
(248 nm)

Dissociation to 
Kr + F

Internuclear distance of molecule

Figure 4.1.1. Simplified schematic energy level diagram of the KrF molecule.
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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.

Wavelength

Pulse duration

Pulse energy

Focused spot diameter

Raman Beam

268 nm

12 ps

3-5J

~3nm

CPA Beam

248 nm

300-400 fs

150 - 250 ml

~8 Jim

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 WJ. 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*(3Pi) and F(2P3/2) 

[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 1 10 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 TirSapphire amplifier. (These amplifiers are all pumped 

by a Q-s witched frequency doubled NdrYAG 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 
oscillator

Pulse 
compressor

— ̂ - 746 nm 
amplifiers

Sprite e-beam 
KrF amplifier

— ̂ ~ 

-^ —

3co 
crystals

Goblin e-beam 
KrF amplifier

— ̂ ~ Pulse 
stretcher

1
KrF discharge 
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 mirror,
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which reflects the beam back to the grating. The 2° biprism ensures that the input and 

output beams are separated horizontally. This configuration produces a longer path 

length through the stretcher for higher frequencies than for lower frequencies. We have 

now produced a pulse in which the low frequency components lead the high frequency 

components. The duration of the stretched pulse is given analytically by

_—
ccos

(4.1)

where / is the focal length of the lens, / is the lens-grating spacing, m is the grating 

diffraction order, a is grating line density, A A is the input pulse bandwidth, Qd is the 

angle of diffraction of the input beam at the grating, and c is the speed of light. The 

stretcher parameters are adjusted to produce an output pulse length of around 10 - 14 ps 

which is then pre-amplified to an energy of about 300 juJ in a Lambda-Physik EMG103- 

MSC KrF discharge laser which is pulsed at a frequency of 8 Hz. The beam is then 

expanded and can be passed through the Goblin and Sprite e-beam pumped amplifiers 

without problems from high intensity effects. After the Sprite amplifier the pulse 

bandwidth has reduced to around 70 cm' 1 .

Biprism

Mirror

Grating

Figure 4.1.3. The configuration of the pulse stretcher.

The output beam of the Sprite laser is compressed by passing it through two parallel 

gratings, shown in figure 4.1.4. The gratings have 3600 g/mm and are blazed at first
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order for 248 nm. One grating is placed in an extension tube linked to the target 

chamber, while the other is mounted in the chamber itself. This eliminates problems 

associated with transmitting the compressed pulse through a chamber window or through 

air.

Grating 2

Grating 1

Figure 4.1.4. Pulse compression using parallel gratings showing the different 

paths travelled by differing frequencies in the input beam.

The gratings are at a working angle of 26°, and must be parallel to within 100 

microradians for the residual dispersion to have a negligible effect on the pulse length. 

Figure 4.1.4 illustrates that higher frequencies travel a shorter distance through the 

compressor and so will catch up with the front end of the pulse. That the output beam 

emerges parallel to the input beam can be shown using the grating equation,

(4.2)

From geometry we see that a2 - j8t , hence

Asin^2 = — - sin a2 = sm ai 
d
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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 ^im2 and intensities up to 1018 W/cm2 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 ml (reduced to 2.5 ml after the compressor gratings). This is 

focused in the target chamber to an intensity 1010 W/cm2, which gives a contrast of 108 

between the ASE and the main pulse intensities [1 17].

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 ml 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 
area

Laser 
room

Pellicle

20m lens 
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 CaF2 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 cm2 . 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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gives a measure of the beam quality, but does not allow for gain saturation effects in the 

Sprite amplifier. A typical oscillator focal spot is shown in figure 4.1.6. It is plain to see 

that the beam exhibits much structure. Some of this will be removed in a full shot when 

gain saturation occurs, but data from the far-field monitor (figure 4.1.7) shows that much 

structure still remains. The FWHM seen at the far-field monitor will increase when the 

beam has passed through the compression gratings. Note that the grey scales used in 

figures 4.1.6 and 4.1.7 are different and have been chosen to highlight the structure in 

each image.

Figure 4.1.6. Image of the Sprite oscillator focused by the 33 cm OAP. The 

solid line indicates the FWHM of the image which is 10 ]Mn or 30 microradians. 

This is about 10 times the diffraction limit.

The CPA oscillator focal spot size has been measured for the 33 cm and 100 cm OAPs 

used in our experiments. The 33 cm (f/3) OAP produces an approximately 10 times 

diffraction limit spot, the 100 cm (f/10) OAP produces a 6 times diffraction limited spot. 

All of these contain fine structure down to the diffraction limit. This beam structure is 

undesirable as it leads to increased ponderomotive heating; it can seed SRS growth; and it 

can reduce the coherence length for harmonic generation.
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Figure 4.1.7. Image of full shot (SN16144) on the Sprite far field monitor. 

The horizontal line indicates the FWHM of the bright central lobe. Its length 

corresponds to 10.2 microradians (or 3.4 fim if focused by anf/3 OAP).

4.2. The Target area.

The Sprite target area houses a 45 cm radius spherical vacuum chamber. A schematic of 

a typical experimental set-up is shown in figure 4.2.1. The laser enters the chamber 

through a Calcium Fluoride anti-reflection coated window and passes through the 

compression gratings. These gratings must be aligned in air and an offset included to 

allow for the slight movement of the extension tube holding the second grating when the 

chamber is pumped down. The beam path through the gratings is ah'gned using near- and 

far- field monitors and a small sliding mirror housed at the interface between the chamber 

and the extension tube. This mirror is aligned to be normal to the beam and can be 

moved into the beam path to reflect the beam before and after it passes through the 

gratings. The gratings are moved until the far-fields from both positions are coincident, 

which indicates that they are parallel.
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From the second grating, the beam is directed onto an off-axis parabolic mirror. The 

33 cm GAP 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 f/5 10 cm focal 

length lenses and focused (with approximately lOx magnification) onto the entrance slits 

of two Czerny-Turner monochromators (a Spex 270 mm for the 90° channel and a 

Bentham 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 KG5 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 (T1AP) 

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 fim 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/cm 3 could be achieved 

with the laser focused into the gas jet at a height of 100 p,m 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 GAP so 

that when the GAPs 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 Jim) 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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Science Darkstar intensified CCD camera incorporating a 4:1 fibre-optic reducer. The 

CCD output was then passed to a computer controlled image acquisition system.

CCD
camera

XUV grating

CPA Grating

Off-axis 
parabola

CPA Grating

Gold-coated 
focusing mirror

Laser

Figure 4.3.1. Schematic diagram of the harmonic generation experiment. The 

Thomson channels are omitted for clarity.
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Figure 4.3.2. Top and side schematic views of the focusing XUV spectrometer. 

The angles and distances are not to scale.

A single toroidal gold-coated mirror was positioned before the grating to focus the 

chamber centre, and nominal laser focus, onto the detector. The mirror and grating were 

oriented to produce focusing in perpendicular directions resulting in a series of spectrally 

dispersed images of the focus at the detector. The total acceptance solid angle of the
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spectrometer and focusing mirror was 1.5 x 10'5 steradians, i.e. l/40th of the #10 laser 

beam or l/460th of the f/3 beam.

Filters were placed before and after the grating to protect both the grating and the detector 

from focused stray light. 20 - 200 ng/cm2 Carbon filters were used when studying short 

wavelength harmonics (<170 A), and 27 - 108 ^ig/cm2 Aluminium filters were used for 

longer wavelength harmonics. The wavelength dependence of both the Aluminium and 

Carbon filter transmission [121] is shown in figure 4.3.3. The dispersion of the XUV 

spectrometer was approximately 0.4 A/pixel and the instrument width varied between 10 

pixels FWHM at 350 A and 4 pixels FWHM at 70 A. The variation in instrumental width 

was due to the wide wavelength range covered by the spectrometer being too large for the 

Hitachi grating to produce a focus at the detector for all wavelengths.
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Figure 4.3.3. Transmission of 70 tig/cm2 Carbon and 108 p.g/cm2 Aluminium. 

The data points indicate harmonic wavelengths of 248 nm starting with 7th 

harmonic at 355 A.
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The MCP detector was typically operated with a voltage of 3 kV between its phosphor 

and the rear microchannel plate. The voltage between the front and rear plates was varied 

between 0.9 and 1.8 kV. The combined response of the MCP and DarkStar CCD camera 

was determined in a separate experiment [122] to be 0.014 photons per pixel count at a 

voltage of 1.5 kV which was essentially independent of wavelength. The gain of the 

MCP increases by a factor of two for an increase of 50 eV in the voltage between the two 

microchannel plates. The wavelength dependent reflectivity of the grating in first order 

was taken from data collected by Edelstein et al. [123] and was combined with a 

calculation of the focusing mirror reflectivity [124]. The focusing mirror was made from 

a 300 nm gold coating on a fused silica substrate. It had a surface roughness of 1 nm and 

the glancing angle at its centre was 4°. No allowance was made for either the grating 

being positioned at 3.77° rather than the 3.2° angle for which the reflectivities were 

determined, or for possible contaminants on the grating surface. The combined 

reflectivity of these two components is shown in figure 4.3.4.
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Figure 4.3.4. The combined absolute reflectivity of the Hitachi grating and 

gold-coated, toroidal focusing mirror. Each data point represents a harmonic 

wavelength of 248 nm starting with 7th harmonic at 355 A.
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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, cope . In the experiments discussed in this 

thesis, the maximum electron density is of the order of 1021 cm' 3 (i.e. Q)pe = 

1.8 x 10 15 s' 1 ), which is approximately the critical density for an NdiGlass laser 

(1053;Dnm). 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, CDQ. The cross section for this process is 

given by the Thomson scattering cross section GJ =(8it/3)(e /4aeQjnc } which is 

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 COQ 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, k^, 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
/ / 9 \l/2 

is the Debye length, A/> = ( icTe£Q/Ne I . 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 COQ 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

'D6 ' ~"l '"" \^'^'*-Jme

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 is Thomson 

scattered into a frequency range dcoand a solid angle dQis given by
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(4.4.2)

where N is the number of electrons, /o is the incident laser intensity, and CFT is the 

Thomson scattering cross section, given by

crT =\ — i l 3 sin (4.4.3)

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,(o) which for an arbitrary one- 

dimensional electron (ion) velocity distribution function/^o (f/o) is given by

2n_ 
k

2nZ
k

Ge
£ //ol -r

/V

(4.4.4)

where Ge and G/ are the 'screening integrals' which make up the longitudinal dielectric 

function

(4.4.5)

The first term in equation 4.4.4 containing feQ is called the 'electron term', and the second 

term containing fiQ 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,/^ and^-Q. 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

Aa> Aa) (4A6)

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

parameter

e0 Te(e
(4.4.7)

The Thomson scattering form factor for a Maxwellian distribution functions is

(4.4.8)

where Af is the electron term and A, is the ion term
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/2

(4.4.9)

(4.4.10)

where -a (4.4.11)

The plasma dispersion function, W(x), is given by

W(x) =
2 ^ 2l-2;te~* \&~p dp

j
(4.4.12)

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

approximated by [136]

= l-2x 1- —— + ... I for*« 1 (4.4.13)

and RQ{W(X)} = ——y 1—^+ ...}forx (4.4.14)

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

-118-



Chapter 4 Experiments and Diagnostics

electron and ion features to be treated separately. In the Salpeter approximation the ratio 

of energy in the central 'ion' feature to the rest of the spectrum is given by

#7 =
Za

In the experiments presented in this thesis, the Salpeter approximation does not hold, as 

the electron temperature is much higher than the ion temperature. In this case the fraction 

of energy scattered into the ion feature compared to the energy in the total Thomson

scattering spectrum is given by /?/ = a /(1 + a ], and the ratio of energy scattered into
fj 

the ion feature compared to the electron feature is R = a , which can be used to estimate

the value of a from a Thomson scattered spectrum. Figure 4.4.2. shows RI as a function 

of Te/Ti for both the full Thomson scattering form and the Salpeter approximation for 

oc = 1 in Helium. The fraction for the full solution approaches the expected value of 0.5 

at high Te/Ti, whereas the Salpeter approximation approaches zero.
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Figure 4.4.2. The fraction of energy Thomson scattered into the ion feature as a 

function ofTe/Tifor a fully ionised Helium plasma with a= 1.
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There are two regimes of Thomson scattering corresponding to uncorrelated and 

correlated electron behaviour (as mentioned previously), which we will now describe.

4.4.2. Incoherent Scattering (a « 1).

Since both Ge and G; are proportional to a2, in the limit that a goes to zero the 

expression for S(k,oj) becomes

co) = (
\ K

for (4.4.15)

Thus the expression is reduced to a measure of the velocity distribution of the electrons. 

This corresponds to the incoherent limit where the spectral width of the scattered light 

comes from the Doppler shift due to the electron motion. Figure 4.4.3 shows a Thomson 

scattered spectrum for a = 0, generated by a program written by J.S. Wark [137] and 

modified by WJ. Blyth [29] which computes the Thomson scattering form factor using 

the full plasma dispersion function described in section 4.4.1. The data has been 

arbitrarily normalised to a peak value of 10. 
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Figure 4.4.3. Simulated 90° Thomson scattering spectrum for He2 + with 

a=0, Te = 20eV, Te/Ti = 100.
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4.4.3. Coherent Scattering (a > 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, o^; and the ion-acoustic wave frequency, copi. We will now 

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

At high frequencies (0) » (Dpi and jc/» 1), the second term in equation 4.4.8 (the ion 

feature) is negligible. In this case, S(k,o)) is dominated by the electron term which 

contains the electron distribution function,/^.

At low frequencies (a) ~ fi)p/)» the relative contribution of the ion and electron terms 

depend on the value of Te/Ti. Now we have jc/ ~ 1 and xe « 1, so Re{ W(xj)} ~ 1 and 

Re{ W(xe)} is non-vanishing. Also expf-jc^ J«1 and so the competing terms are

(electron term) (4.4.16)

T
and Z|M a4 exp(-j&) (ion term) (4.4.17)

with Xpi evaluated at the ion-acoustic frequency a>pi. The condition for the electron term 

to dominate the ion term can be approximately written as

Z\le_) > . (4.4.18)rj U

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

this condition is satisfied, there can be a strong resonance signal at low frequencies due to
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the electron response to an ion-acoustic resonance. This is typically true for values of 

Te/Ti greater than 10 to 50 depending the value of a. This condition corresponds 

physically to an ion-acoustic mode in the plasma which is only weakly attenuated by 

Landau damping. A typical Thomson scattering spectrum from Helium for a = 2 and 

Te/Ti = 100 is shown in figure 4.4.4. Note the very intense, narrow, central feature 

caused by the electron response which peaks at a value of 10. In our experiments this 

energy is broadened out by the instrument function and so the form of the ion-acoustic 

mode cannot be determined.
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Figure 4.4.4. Simulated 90° Thomson scattering spectrum for He2+ with a - 

2,Te = 50eV,

4.5. Summary.

In this chapter we have reviewed the Sprite laser system, paying particular attention to its 

CPA mode of operation. We have also described in detail the experimental diagnostics 

used for electron temperature and for harmonic generation measurements, and we have
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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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Chapter Five

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 OFT recombination laser scheme described in 

section 3.2.3 are attainable. These conditions were set out by Eder [44] assuming a 

100 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
—1/2 minimise SRS which has a growth rate which is proportional to WQ ' (equation 2.5.6)

__2 and the inverse bremsstrahlung heating rate which is proportional to G)Q 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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5.1.1. 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 ATI 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 \im core divided into 30 cells, followed by 

a 100 p,m ring of 20 cells, and then a 1000 jiim 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 cnr3), 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 = fNKTevth, where/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 Harm 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 Jim,

20 cells to a radius of 100 ^im,

10 cells to a radius of 1000 |im. 

Heat Flow : Non-local.
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Ponderomotive effects : Not used.

IB heating: 

Laser intensity: 

Laser pulse profile:

Form of Polishchuk et al. [39].

Variable (1015 - 1019 W/cm2), default = 3 x 101 ? W/cm2.

Gaussian; FWHM variable (30 fs - 10 ps), default = 380 fs. 

Laser focal spot profile: Gaussian; FWHM variable (1.8-10 |im), default = 10 (im. 

Gas at laser focus: Neon (and Helium). 

Initial electron temperature: 0.1 eV. 

Initial ion temperature : 0.1 e V. 

Time step: lOfs fora 380 fs pulse. 

Simulation start time: 4 pulse lengths before peak of pulse.

Medusa cell

Direction of 
laser

Figure 5.1.1. Schematic diagram of the MEDUSA code simulation geometry. 

5.1.2. Predictions of inverse bremsstrahlung and ATI heating.

The simulations of Eder et al. [44,78,80] predict that gains of over 100 cnr 1 can be 

produced on the 98 A 3d5/2-2d3/2 transition during the recombination of Neon from its 

Helium-like ion to its Lithium like ion at an electron density of 5 x 1020 cnr3 and an 

electron temperature of 40 eV. If the temperature increases to 100 eV then the gain will
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drop to about 10 cm' 1 . We must determine whether such conditions can possibly be met 

by the Sprite laser CPA system, or by any other laser system. In figure 5.1.2 we show a 

simulation for Neon at a gas density of 6.25 x 10 19 atoms/cm3 (producing an electron 

density of 5 x 1020 cm'3 when eight times ionised) at the centre of the focus of a 248 nm 

laser with a Gaussian temporal profile with a FWHM of 380 fs and a Gaussian radial 

focal profile with a FWHM of 10 ^m. The peak laser intensity is 3 x 1017 W/cm2. In 

the simulations described in this section, the laser parameters are the same as these unless 

stated otherwise. The electron density for all simulations except this one should be taken 

to be 1020 cm-3 unless stated otherwise. Time' refers to the time relative to the peak of 

the laser pulse in all plots of the variation of a plasma parameter during the laser pulse.
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Figure 5.1.2. Variation of electron temperature throughout a 380 fs laser pulse. 

Components of the temperature shown are ATI (squares), inverse bremsstrahlung 

(diamonds), and the total temperature including heat diffusion (circles).

The total electron temperature shown is the sum of ATI and IB heating allowing for heat 

diffusion out from the centre of the focus. The ATI and IB components in the absence of
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diffusion are also shown. The electron temperature peaks at over 600 eV about 200 - 

300 fs after the peak of the laser pulse, the time when peak gain is predicted to occur. 

Obviously the electron temperature is much too large for the Neon recombination scheme 

at these densities. To lower this temperature we may vary one or more of the density, the 

laser intensity, the laser spot size, or the laser pulse length. Reducing the density will 

reduce the electron temperature (by reducing IB), but will lead to reduced gain. The time 

dependence of the total electron temperature is plotted in figure 5.1.3 for a range of 

densities from 1017 cnr3 to 1021 cm'3 . Note that the electron density quoted is the 

maximum density that is produced by the laser pulse and corresponds to eight times 

ionisation of Neon at these laser intensities. Figure 5.1.3 indicates that, to achieve an 

electron temperature of the order of 40 eV with a 380 fs laser pulse, we must reduce the 

electron density to about 10 19 cnr3 . This will reduce gain in the Neon system to a 

negligible level.

1000 F^

Figure 5.1.3. Variation of the total electron temperature on axis with time for 

differing electron densities. The data correspond to electron densities oflO17 cm3 

(triangles), 1018 cm,'3 (inverted triangles), 1019 cm3 (diamonds), 1020 cm.- 3 

(squares), 1021 cm'3 (circles). The peak laser intensity is 3 x 1017 W/cm2.
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Another way of reducing the electron temperature is to lower the laser intensity. Figure 

5.1.4 shows the variation of the total electron temperature throughout the laser pulse for a 

range of intensities from 1015 W/cm2 to 1019 W/cm2. The figure implies that we can 

achieve any electron temperature we require just by lowering the laser intensity.

-0.5 0 0.5 1 
Time (ps)

1.5

Figure 5.1.4, Variation of total heating rate with time for differing laser 

intensities. The data correspond to intensities of 1015 (inverted triangles), lO16 

(triangles), 1017 (diamonds), 1018 (squares), 1019 (circles) W/cm2. The Neon gas 

density is fixed at 1.25 x 1019 atoms/cm3.

Once we go below a certain threshold intensity, however, we will no longer be able to 

optically-ionise to our required ionisation stage. Figure 5.1.5 shows the effective 

ionisation state of the plasma at the same intensities shown in figure 5.1.4. This 

confirms the conclusions in section 2.2 which indicates a threshold intensity of about 

3 x 10 17 W/cm2 for the production of Helium-like Neon (Ne VIII). However, this 

intensity scaling may work if we iso-electronically scale to a longer XUV laser 

wavelength by moving to a lower atomic number. Nitrogen, for example, has a
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threshold intensity of just over 10 16 W/cm2 for optical-ionisation to a Helium-like ion 

(N V). The same transition as for Neon would then produce radiation at 247.6 A. 

Figure 5.1.4 shows that the electron temperature produced in Neon at the appropriate 

intensity is about 40 eV. In fact, the Nitrogen scheme would not require such a high 

electron density, and is predicted to show a gain of around 30 cm- 1 at an electron density 

of about 1019 cm~3. This lower density would lessen the IB heating and hopefully reduce 

the electron temperature to the required level of approximately 10 eV.
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Figure 5.1.5. Variation of the effective ionisation state, Z*, with time for 

different laser intensities. The data correspond to intensities of lO1^ (inverted 

triangles), 1016 (triangles), 1017 (diamonds), 1018 (squares), 1019 (circles) 

W/cm2.

The simulation conditions presented so far indicate that the dominant heating mechanism 

is inverse bremsstrahlung. This is not surprising as many of the lower ionisation stages 

of Neon are reached very quickly during the rise of the pulse. The electrons then oscillate 

in the laser field during the remainder of the pulse and will undergo small angle collisions
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with the Neon ions. To reduce the amount of IB heating we must reduce the time these 

free electrons have to scatter and convert their quiver energy into thermal energy. This 

can be achieved by shortening the laser pulse length so that Neon is optically-ionised to 

its Helium-like stage as quickly as possible and then ending the laser pulse before 

significant electron-ion collisions can occur. Figure 5.1.6 shows how the ATI 

temperature, the IB temperature, and the total electron temperature vary with the laser 

pulse length from 30 fs to 10 ps.
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Figure 5.1.6. The dependence of the ATI, IB and total temperatures on the 

laser pulse length. The temperatures shown are those at the peak of the laser pulse. 

The neutral Neon density is 1.25 x lO1 ^ atoms/cm3 and the peak laser intensity is 

3x 1017 W/cm2.

As expected, the inverse bremsstrahlung heating is greatly reduced if we shorten the laser 

pulse. We also see that the effect of cooling on the total temperature reduces to a 

negligible level as we approach 100 fs and below. This is simply because the electrons 

do not have time to move through the plasma. Unfortunately, some of the reduction in
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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 Ne+ in a 10 ps laser pulse 

requires an ionisation rate of about 1011 s" 1 and an intensity of approximately 2 x 

10 14 W/cm2 . However, complete ionisation of the same atom in 30 fs requires an 

ionisation rate of over 3 x 10 13 S' 1 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*(3Pi) 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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A final laser parameter that can be altered in an attempt to lower the electron temperature 

is the focal spot diameter. As shown in the previous figures the electron temperatures can 

be significantly reduced from the sum of the ATI and IB temperatures by cooling via heat 

conduction. Obviously a smaller focal spot will create a much larger radial temperature 

gradient and so a much higher cooling rate. The simulations presented so far have used a 

spot size that models as closely as possible that of our experimentally measured focus. 

The FWHM of our focus is 10 M.m, but the diffraction limit for f/3 focusing of 248 nm 

light produces a width (first minimum to first minimum) of 1.8 nm. In figure 5.1.7 we 

set our FWHM to this value to compare with the non-diffraction limited simulation 

shown in figure 5.1.2.
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Figure 5.1.7. The variation of the total electron temperature over the laser pulse

for a focal spot with a FWHM of 1.8 fim and an electron density of 5 x 1020 cm' 

3

A comparison of figure 5.1.2 and 5.1.7 shows that, because of the reduced focal spot 

size, the electron temperature 500 fs after the peak of the laser pulse is reduced from 

550 eV to 350 eV. This increased cooling, although significant, is not high enough to
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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 lOx and the slits were typically 100 Jim. This means that we will be 

imaging a radial section of the plasma that is at least 10 |LLm 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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Let us now take the worst case scenario and assume that our spectrometer samples 

Thomson scattered light from the whole focal volume. Figure 5.2.2 shows a MEDUSA 

simulation of the variation of the a parameter across the laser focus at the peak of the 

laser pulse. The 1/e width of the focus is 6 \im (FWHM = 10 pun), the laser pulse length 

is 380 fs, and the gas is Neon at an atomic density of 1.25 x 1019 cm'3 . Also shown as a 

dotted line in the same graph is the product of the laser intensity, the electron density and 

the cell area (given by 1mAr where r is the radial position of the cell and Ar is the cell 

width). This gives us a product of the number of scatterers and intensity in a given areal 

element (the N.I product) expressed as W/cm3 . Multiplying this by the Thomson 

scattering cross section and by the length over which the laser interacts gives us the total 

power Thomson scattered into 4/r steradians, P - aNVI where V is the volume of the 

laser focus.

Direction of laser is into page

_
Figure 5.2.1. Spatial integration of scattered light from the laser focus. The 

concentric rings represent the cells of the MEDUSA simulation. The solid lines 

indicate the best case imaging when the slits cover 10 \\m of the focus, the dotted 

lines indicate the worst case when the whole focus is imaged.
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Most of the power scattered instantaneously at the peak of the laser pulse comes from a 

radius of 5 - 6 jum from the laser centre. Even with finite slits our experiment would 

have preferentially measured this region, because the effective slit width at the source was 

10 jitm. Since the electron density and temperature profiles are relatively flat from the 

axis to this radius, the mean a parameter we would deduce from our Thomson scattered 

signal is close to that on axis. In this case a = 3.5 on axis and 3.84 at a radius of 5

a difference of only 10% which is small compared the error in fitting a theoretical 

Thomson scattered spectrum to the experimental data.
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Figure 5.2.2. Plot of the variation of a with radius (solid line). Also shown is 

the product of the electron number and the laser intensity (dotted line). The 

simulation is for a peak laser intensity ofBxlO17 W/cm2 with a 1/e width of 6 fjjn 

and an atomic density of 1.25 x 1019 cm3 of Neon.

Now let us consider the effect of the time integration of the Thomson scattered signal. 

Figure 5.2.3 shows how a varies on axis with time during the laser pulse. We see that 

this time the N.I product is largest at the laser peak, but in a 500 fs time about the peak a
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varies from 5.8 to 2.7 with a value of 3.5 at the peak. This is a variation of 66% above 

and 23% below the most favoured value.
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Figure 5.2.3. Variation of a with time (solid line) through the laser pulse. The 

N.I product is shown as a dotted line. Data points are depicted by symbols.

We now combine the radial and temporal variations in a by taking a weighted mean 

defined as

(5.2.1)

r,t

where N is the electron density, 7 is the laser intensity, and A4 is the area of the cell at 

radius r and time t. The value of a integrated over all time and space in the focus is 4.4 

compared to a value of 3.5 at the peak of the pulse and in the centre of the focus, a 

difference of 26%. Since a is proportional to (N/Te) 1/2 the error in determining the

-138-



Chapter 5 Electron Temperature Measurements

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 a 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 a, Te and 7f, 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 a from the ratio of the energy scattered into the central ion feature 

compared to the energy scattered into the whole Thomson spectrum. In the limit of
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Te » TI this ratio is oc2/(l+oc2) 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 a the ion 

response dominates over the electron response.

From this initial estimate of a we may obtain a good fit to the form of the spectrum by 

varying a about this value in the simulation program. Once this has been done the 

frequency scale of the spectrum can be found by altering Te until the simulated spectrum 

matches experiment. Once a and Te 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 a [29]. For a spectrum like this we can determine an upper 

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

wings.

- 140-



Chapter 5 Electron Temperature Measurements

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 is 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 is 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 a we infer will be much 

too large, which will lead to a consequent error in the electron density and temperature.
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If the blue wing is suppressed due to lack of plasmons then this will lead us to a value of 
a that is too low.
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Figure 5.2.4. Comparison of Thomson scattering at 150° from Helium at 5 torr 

and 100 torr. Note the enhanced red shifted wings in the 100 torr spectrum.

As Helium only has two ionisation stages, and since ponderomotive expulsion of 

electrons from the focus is negligible in our experiments, we can assume that the electron 

density of the plasma is twice the neutral density of the static gas fill in the vacuum 

chamber. If our Thomson scattering data gives us an electron density that differs greatly 

from this density then we know that it is not valid. We will analyse the static fill data in 

the following ways. We will fit a theoretical spectrum to the red shifted and to the blue 

shifted electron wings which will give us values for a, N, and Te. We will also subtract 

the blue shifted wing from the red shifted wing, which will reveal the peak of the 

enhancement. If we compare this shift to the Bohm-Gross frequency with an electron 

plasma frequency, Q)pe , calculated from the known static fill density, we can deduce an 

electron temperature. This latter method was used in a preliminary analysis of this data
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by WJ. 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 a parameter for the plasma from which we can determine N and Te , 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

(5.2.2) 
m
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where G)pe is the plasma frequency, co 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°:

150°: 2 _2 + 31 —*- || *£ + Aftn + 
V m

2^*150 cos 30°)

(5.2.3)

(5.2.4)

where &/n is the incident wavevector and kgo* kl50 are me 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

2 2 0)1-0)2= 3
m

Lm

(5.2.5)

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

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.

(5.2.7) e \ \ 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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reason, we will not review the Thomson scattered spectrum at 90°. However, we will 

consider scattering in this direction when we consider SRS in section 5.4.

5.3.1. Helium.

Figure 53.1 shows images of Thomson scattering at 150° from various densities of 

Helium. We can clearly see the progression from an incoherent scattering spectrum (a 

« 1) at 5 torr to a coherent scattering (a > 1) spectrum above 100 torr. In all the images 

the red shifted wing is to the right and is obviously enhanced over the blue shifted wing. 

The contrast of the 50 and 100 torr images has been enhanced to make the electron wings 

visible, which causes the central 'ion' feature to appear saturated.

SN 15843-5 torr SN15842-10torr

SN 15840-50 torr SN 15782-100 torr

Figure 5.3.1. Thomson scattering at 150° from Helium at static fill pressures of 

5, 10, 50 and 100 torr. Note the progression from a Gaussian distribution at low 

pressure to a coherent scattering spectrum at higher pressures.

5.3.1.1. Fitting the blue and red shifted electron wings.

Let us first of all attempt to fit the form of the Thomson scattering spectrum on the blue 

and red side of the spectrum. In figure 5.3.2 we show lineouts of Thomson scattered
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spectra from Helium at densities of 5, 10, 20, 50, 100, 200 and 400 torr. The red and 

blue side of each spectrum is fitted independently. The parameters of each fit are shown 

in the figures, with the parameters for the blue wing on the left and those for the red wing 

on the right. The actual density produced by doubly-ionised Helium at the known static 

fill pressures is given in the title of each graph.

It should be noted that, due to the structure of the Sprite focal spot, it is possible that 

some regions of the focus may experience incomplete ionisation for some gas targets 

(such as Neon, for example). However, the intensity required for complete ionisation of 

Helium is 100 times less than the peak intensity of our laser focus. This, combined with 

the fact that the levels of Thomson scattering are proportional to the laser intensity, leads 

us to ignore such wing effects when determining the electron density from which 

scattering occurs.
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Figure 5.3.2. Lineouts of 150° Thomson scattering from static fill Helium at 

pressures of 5, 10, 20, 50, 100, 200 and 400 torr. Independent fits to the red and 

blue side of each spectrum are shown and their parameters listed. The density of 

doubly-ionised Helium at these pressures is also shown.
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5.3.1.2. Fitting the Bohm-Gross frequency.

The densities inferred from both the red shifted and blue shifted wings of each of the 

Thomson scattered spectra in the figure above gives an acceptable match to the known 

electron density, given the errors caused by time and space integration. It is not 

surprising that the temperature from red and blue fits are similar, since the wavelength 

scale of any Thomson scattered spectrum is determined by the electron temperature. 

Enhancement of the red wing (by SRS or otherwise) would then lead to an increase in the 

fitted a, and so to an increase in the inferred electron density.

We will now subtract the blue shifted side of each of the above spectra from the red 

shifted side to determine the frequency at which the enhancement in the red shifted wing 

occurs. This should tell us the Bohm-Gross frequency, from which we may infer an 

electron temperature. Figure 5.3.3 shows the results of this subtraction. The electron 

plasma frequency is labelled by a solid vertical line in each lineout. A cubic spline has 

been fitted to the experimental lineouts to smooth the noise in the data.
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Figure 5.3.3. Overlaid red and blue shifted wings from 150° Thomson 

scattering in Helium. The difference between the two is shown as a dotted line. 

The electron plasma frequency is shown as a sol id vertical line.
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5.3.L3. 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

I

10

-•— Red wing
-•— Blue wing
-•— B ohm-Gross
------ Medusa

I \ I I 1

10 17 10 18 10 19 

Electron density (cm"3 )
10,20

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 cnr3 is already above 40 eV. However, 

the laser intensity used in the experiment is about 8 x 10 17 W/cm2 which is higher than 

the optimum intensity for the Neon VIII recombination laser scheme (3 x 10 17 W/cm2). 

The measured electron temperatures are consistently higher than those predicted at the
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peak of the pulse by the MEDUSA code (dotted line). This supports the theory that the 

enhancement of the red shifted wing is caused by SRS. An alternative explanation is that 

the poor quality of the Sprite focal spot leads to additional ponderomotive heating which 

is not modelled by the TEMoo focus used in the MEDUSA simulations.

5.3.2. Neon.

As we have previously discussed, analysis of the Thomson scattering spectrum of Neon 

is complicated by its many ionisation stages. We cannot make the assumption, as we did 

for Helium, that the ionisation profile is uniform throughout the focus. Therefore we do 

not know the electron density, and so we cannot use the Bohm-Gross frequency to 

determine a plasma temperature. For the same reason we cannot easily fit a single 

Thomson scattering spectrum. Figure 5.3.5 shows the spectrum of Thomson scattering 

from Neon at static fill pressures of 10 torr, 60 torr, and 100 torr. Again we see 

enhancement of the red shifted wing.

SN15896- 10 torr SN1 5893 -60 torr

SN 15890- 100 torr

Figure 5.3.5. Images of Thomson scattering at 150° from Neon at static fill 

pressures of 10, 60 and 100 torr. The central 'ion'feature of both SN 15890 and 

SN15893 is slightly saturated.
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5.3.2.1. Fitting a Gaussian curve to the electron wings.

To estimate an upper bound to the electron temperature we assume that the scattering in 

the electron wings is purely incoherent. In this way we can fit an a = 0 (Gaussian) 

spectrum to the blue shifted electron feature. We cannot infer an electron density using 

this method, but we do know that the maximum ionisation stage that can be reached at 

these laser wavelengths is Ne8+. We will therefore assume that the electron density is 

eight times the static fill density, a = 0 fits to Thomson scattering at 150° from Neon at 

static fill pressures of 10, 60, and 100 torr are shown in figure 5.3.6.
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Figure 5.3.6. Lineouts of Thomson scattering at 150° from Neon at static fill 

pressures of 10, 60 and 100 torr. Temperatures have been estimated by fitting an 

a - 0 spectrum to the blue shifted electron feature.
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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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-3Electron density (cm )

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

-159-



Chapter 5 Electron Temperature Measurements

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 cnr3 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 ^m 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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difference between the two is the laser energy on target which was 220 and 200 mJ 
respectively.

SN16042

SN16045

3 
d

200 -

150 -

100

50 -

0
300 310 320 330 340 350

Wavelength (nm)

Figure 5.4.1. Images and lineouts of 150° stimulated Raman scattering spectra. 

Note that the images are not aligned to the same wavelength position.

Both spectra exhibit considerable structure and are spread in wavelength over a range of 

over 30 nm. This structure is due to the filamentation of the laser beam as it passes 

through the plasma. Each filament travels through a region of plasma with a different 

density and temperature and so the criteria for conservation of energy and momentum 

result in a different frequency shift of the scattered light. This frequency shift is given by
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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 - 

2.14 x 1015 s' 1 for SN16042. The peak electron density at this gas jet backing pressure 

is of the order of 1021 cm'3 . 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 (V3fcvr/j) to the electron-plasma frequency (o)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 variation in the electron 

density then equation 5.2.4 gives us a density range of 0.6 - 1.2 x 1021 cm'3 for 

SN16042 and 0.4 - 1.0 x 1021 cnr3 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. SN 16042 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 SN 16042 exhibits structure in a similar manner 

to the 150° spectrum. Any structure in SN 16045 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 cm'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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Figure 5,4.2. Images and lineouts of stimulated Raman scattering spectra at 
90°

If we assume that the 90° SRS comes from the same region of the plasma as the 150° 

SRS then we would (again) expect an electron density of the order of 1021 cm'3 and an 

electron temperature of about 1000 eV. This electron temperature then gives thermal 

corrections (to the Bohm-Gross frequencies corresponding to the peaks in the scattered 

signal of 1.63 x 10 15 s' 1 and 2.02 x 10 15 s' 1 for SN16042 and 1.84 x 10 15 s' 1 for 

SN16045) of 7.39 x 10 14 S' 1 , 7.20 x 10 14 s^and 7.29 x 10 14 s- 1 respectively. This 

gives us electron densities of 6.7 x 1020 cnr3 , 1.1 x 1021 cm-3 and 9.0 x 1020 cnr 3 

which are consistent with those calculated from the 150° signals.
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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 cnr3 . The 

longer wavelength signals combine to give an electron temperature of 1340 eV at a 

density of 0.9 - 1.1 x 1021 cnr3 . 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 temperature of 1830 eV 

at an electron density of 5.3 - 7.8 x 1020 cnr3 .

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 cnr3 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, 7#, is given by TH = (m/2)(co/k) [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 cnr3 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.

10,21

Electron density (cur )

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 cnr3), 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/cm2 and an electron density of 5 x 1020 cnr3) will reduce the contribution of 

IB to the total electron temperature from just over 100 eV 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 10 17 W/cm2) to the threshold 

required for production of Ne8+ (3 x 10 17 W/cm2) 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 to 

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 |im 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 cnr3 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 ^im FWHM, we 

calculate that 250 ml laser energy would correspond to a peak intensity of 6 x 

1017 W/cm2 (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 10 15 s* 1 and 1.2 - 1.3 x 10 16 photons are scattered. If all this energy is uniformly 

absorbed within a cylinder of radius 5 Jim (the width of our laser focus) and length 

100 p,m (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 10 17 W/cm2), 

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 (TEMoo) 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 pm 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 71/2f, where t 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, 7C , required to optically ionise
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a given energy level, £//, is proportional to J7/ /Z2 . Since the binding energy, t//, 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.

5.5. 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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laser focus. These ions are dragged put 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 ]J.m 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 4xTe « Uionj where Uion 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 T1AP 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/cm 3) in the region of 5 - 15 A emitted from the 

focus. The X-rays passed through a 10 |im Beryllium filter placed over the spectrometer 

entrance slit and were recorded on Kodak X-ray double emulsion film (DBF). Twenty 

laser shots were integrated onto the film.

The raw data (on film) was densitometered on a Joyce-Loebl densitometer using a xlO 

objective with a numerical aperture of 0.25. The slit was 50 Jim in the spectral direction 

(1000 steps) by 100 |im 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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identified the distance on film was converted into a wavelength scale. An image and 

lineout of the densitometered data, including identification of lines from Helium- and 

Hydrogen- like Neon, is shown in figure 5.5.2. The resonance lines and the 

recombination continuum of Helium-like Neon together with the resonance lines of 

Hydrogen-like Neon are clearly visible. The K-a line between 14 and 15 A is from 

neutral Neon. No Hydrogen-like recombination continuum is present.
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Figure 5.5.2. Densitometered image and lineout of the integrated X-ray 

spectrum from a 400psig Neon gas jet with the laser focused 100 fw above the jet 

nozzle.

The intensity spectrum, /, was derived from the density above fog on film, D, using the 

formula for the low energy X-ray response of the DEF [121]
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(5.5.1)

in which /? = [l - exp(-//1rf)]exp(-^0r/sin 6) (5.5.2)

and a=/i'/(sin0 + //'4) ) (5.5.3) 

where M' = Mo ~ (W)ln(l ~ ^{l -exp[-(^ -//0 )^]}) (5.5.4)

and 0 is the angle of incidence of the photons on film, calculated from the Bragg 

condition, fj.m are the linear absorption coefficients of gelatin (m = 0), AgBr (ra = 1), d is 

the effective AgBr grain thickness (1.6 Jim), do is the effective emulsion-surface-layer 

thickness, which we assume to be negligible, t is the thickness of the gelatin-like overcoat 

(1.0 (im), Vis the volume fraction of AgBr, and a (= 0.68011m-1 ) and b (= 1.69|im2) are 

fitting parameters, experimentally determined for the DBF.

The values shown for the above parameters are taken from an experimental study of the 

Kodak DBF [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/fim2. 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

_ 2Jcos0sin<ft ._ _ _. 
dh/dz
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where 9 is now the angle of incidence of X-rays on the crystal, </> = 0 + 22.5° is the 

angle of incidence of X-rays on the film.

Taking dz = 50 Jim, and performing a linear line fit to find a smoothly varying dK, we 

find that L varies from 5.6 to 9 cm. If we assume that the source width is about 10 Jim, 

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, Sc, of

(5 . 5 . 6)

where Rc is the crystal reflectivity, and Aft is the rocking curve FWHM. Dividing the 

intensity (in photons/Jim2) by Sc gives us the emission of the source in terms of 

photons/steradian.

Finally we must correct for the X-rays having passed through 10 (im of Beryllium foil. 

This is done by multiplying by a factor of exp(/! 5<??^), where fJ-Be is the linear 

absorption coefficient, and tpe is the thickness of the Beryllium foil. Multiplying the 

result of this by 4n 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 is 

no chance of any optical ionisation of the Is shell electrons of Neon. The Ammosov 

equation (section 2.2.2) shows that significant optical ionisation of these levels would
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require an intensity of over 4 x 1019 W/cm2. This could only be achieved if the laser 

were to self-focus (relativistically or otherwise) into a channel of less that 1.5 fim 

diameter. MEDUSA modelling [148] predicts that, if this occurs, the X-ray photon yield 

would be less than 1% of that observed, even if the channel were 1 mm in length (the 

diameter of the gas jet).

I I I I I I I I I ! I I I I I I I I I I I I I I I I I I I I I I I I

8 10 11 12 13 14 15 
Wavelength (A)

Figure 5.5.3. X-ray spectrum of 400 psig Neon corrected for film, 

spectrometer and filter response.

The alternative to optical ionisation as a means of production of these ionisation states is 

collisional ionisation. We have determined that electron temperatures of one or two keV 

are produced by a combination of SRS and IB. These electrons are energetic enough to 

collisionally excite and ionise Helium-like Neon, and to collisionally excite Hydrogen- 

like Neon. MEDUSA simulations [148] were performed to calculate the X-ray yield 

where we assumed deposition of energy by SRS and thermalisation of the electron 

energies. The X-ray yield was calculated with IB and SRS heating corresponding to 2% 

reflectivity and a focal volume of length 100 p,m and radius 10 (im, giving an electron
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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 Ne9+ 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 Ne9+ 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 10 19 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 10 17 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/cm2 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 

fundamental laser can generate harmonics with both shorter wavelengths and with higher 

efficiencies 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 TkSapphire. 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 single 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 

10 17 W/cm2 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 Pion(i) and harmonic generation from the atom in its ground state is 

calculated from the time-dependent Schrodinger 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
——V2 + V(r) + eE(t)-rsmo)t (6.1.1)
4*FFl>

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

laser pulse.

The wavefunction f (r,f) is expanded as

/,max n
I (Vr)Zl(r,t)Yf(e) (6.1.2) 
0

where for simplicity we consider only spherical harmonics, F/m , with m = 0. (llr)%i 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 Imax coupled one-dimensional 

partial differential equations. As the norm of *F(r,t) reduces with time (because of 

ionisation) the ion population at time t is given by Pion (t) = 1 - ( f(r,£)| f(r,f)}. The

harmonic spectrum is calculated as

P(co) =
T\d(t)e-l(0tdt
0

(6.1.3)

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

moment

dt

The acceleration is calculated using Ehrenfest's theorem

- 180-



Chapter 6 Harmonic Generation

d(t) = -(V(r, t)\-j-[V(r) + tfint ]| V>( T,t)). (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 Pion(i) previously calculated. In this step the double ionisation 

function P-on (t) 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
// 2 2\V2 also used a ID soft core model of the form V(x) = Zejf 1 1 a + x I (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/cm2 and 

therefore they are mostly ionised before the experimental peak laser intensity. Although 

higher ionised states of the atom, i.e. Ne4+ 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 intensity 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, 

TEMoo, 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 #'2 factor (where q 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.

0.0001

c
-t—>c

io- 5 k

c

^> 1 /v610' k

io- 7 t-

10-8

15 25 35 
Harmonic number

45

- 183 -



Chapter 6 Harmonic Generation

0.0001

io-5

v6
3 
cd

00 

0)

10'° =-

io-7

10' 8

10-9

10-10

15 25 35 
Harmonic number

45

CX3
C 
0)

v710- 7 -

10' 6 -

10,-9

10 15 20 25 
Harmonic number

30 35

- 184-



Chapter 6 Harmonic Generation
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Figure 6.1.1. Comparison of simulations of Helium (a) at a single intensity of 

1016 w/cm2 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/cm2. 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 10 16 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.

P
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c
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Figure 6.1.2. One-dimensional simulation of Helium and He + at an intensity of 
1016 W/cm2.

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

-186-



Chapter 6 Harmonic Generation

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/cm2 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/cm2. 

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 f/10 and f/3 GAP focusing. The configuration of the 
experiment is described in section 4.2. The f/10 and f/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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6.2.1. High harmonic generation in Helium.

6.2.1.1. Harmon ic spectra.

The harmonic response of Helium was found to be remarkably independent of the laser 

focusing and of the gas density. Figure 6.2.1 shows data taken using the f/3 GAP to 

focus the laser 1 mm above a 1 mm circular aperture nozzle solenoid valve gas jet with a 

backing pressure of 20 bar gauge. Figure 6.2.2 shows data for the same laser focusing 

conditions, but with a gas jet backing pressure of 2 bar gauge. Although the backing 

pressure varies by a factor of ten (2 bar to 20 bar), the highest first order harmonic seen 

in both images is the 33rd. However, it should be noted that the high noise level to the 

left of SN 19970 is caused by a hole in the Carbon filter letting stray UV and XUV 

radiation onto the detector which masks the spectrum after the 33rd harmonic.

100 150 200 
Wavelength (A)

- 37

250

Figure 6.2.1. Image and lineout of a typical harmonic spectrum from Helium 

using f/3 focusing (SN 19965). The backing pressure of the 1 mm circular orifice 

gas jet was 20 bar gauge. The harmonics are labelled as triangles (first order 

spectrum) and diamonds (second order spectrum).
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The diffracted images also show very high levels of second order spectrum. The reason 

for this is that the grating blaze angle is optimised for first order diffraction at 

wavelengths between 100 and 300 A. This means that at wavelengths below about 

100 A the grating should be optimised for second order diffraction. As we move to 

higher harmonics in the second order signal, the reduced dispersion combined with the 

relatively poor instrument resolution causes the second order signal to overlap the first 

order signal. It can be seen in the figure that, after the 17th harmonic (first order), the 

second order image appears as wings on the first order (as opposed to separate spots). 

This makes identification and analysis of higher order harmonics in second order (where 

the grating efficiency should be higher) rather difficult. In section 6.2.5 we shall devote 

some time to searching for higher harmonics in this second order signal. In this section 

we shall concentrate on analysing the first order spectrum.

37

100 150 200 
Wavelength (A)

250

Figure 6.2.2. Image and lineout for f/3 focusing (SN19970). The gas jet 

backing pressure is 2 bar gauge. The harmonics are shown as triangles (first order 

spectrum) and diamonds (second order spectrum).
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Figure 6.2.3 and figure 6.2.4. show the images and lineouts for data using the f/10 OAP. 

The laser focusing conditions are described in the figure captions. The Helium backing 

pressures for the two shots are 0.25 and 9.7 bar gauge respectively, giving gas densities 

at the laser focus of 5 x 10 17 and ~5 x 1018 cnr3 .
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Figure 6.2.3. Image and lineout of SN20118 (Helium). The laser was focused 

1 mm above and 0.5 mm beyond the 0.5 mm x 1 mm gas jet nozzle with the 0.5 

mm dimension along the laser focus. The gas jet backing pressure was 0.25 bar 

gauge.

SN20118 is slightly blurred, as the fibre-optic coupler from the MCP to the CCD camera 

was not quite in contact with the CCD camera. This shot has been shown, however, 

because it shows most clearly a first order image of the 37th harmonic. Again we see that 

a factor of approximately ten in gas density does not significantly alter the form of the 

harmonic spectrum.
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Figure 6.2.4. Image and lineout 0/SN20341. The laser focusing is the same as 

for SN20118 (figure 6,2.3), but the gas jet was oriented with its 2 mm dimension 

along the laser focus and the backing pressure was 9.7 bar gauge.

6.2.1.2. Harmonic efficiencies.

To analyse the harmonic response more quantitatively we must integrate the total energy 

of each harmonic. In order to compare harmonic spectra produced by different laser 

intensities (caused by unavoidable shot-to-shot variations in the laser energy and focal 

spot profile) we will present here the conversion efficiencies for each harmonic. 

Conversion efficiencies are calculated assuming that the total solid angle of emission of 

the harmonic was equal to that of the laser beam. Further calibration factors came from 

the absolute response of the MCP [122], the grating reflectivity [123], the filter 

transmission, the collection solid angle of the spectrometer, and the focusing mirror 

reflectivity and its collection solid angle. These factors are discussed in section 4.3.2. 

The angular distribution of the harmonics was measured in a separate series of 

experiments using the 33 cm OAP, and without the focusing mirror [150]. The absence
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of the mirror reduced the overall detection sensitivity, so that in these experiments only 

harmonics up to the 19th were observed. However, all the harmonics observed covered 

the full solid angle of the laser beam and showed no reproducible angular structure. 

(This is contrary to the results of experiments using a diffraction limited beam [151] 

which see angular structure and significant narrowing of harmonic emission near the cut­ 

off.) An image of the emission and harmonic spectrum from low pressure Argon is 

shown below in figure 6.2.5, in which the harmonic lines cover the full aperture of the 

detector. For this reason the energy conversion measurements assume harmonic 

emission into the full beam angle. The assumption is validated for harmonics up to the 

19th, but conversion into higher harmonics could be over-estimated if the angular 

distribution of the beam narrows significantly. An upper bound of a factor of 40 on the 

possible error for data recorded with the 100 cm GAP is given by the fact that the 

acceptance solid angle of the spectrometer was l/40th that of the f/10 laser beam. The 

possible error on the f/3 data is a factor of (10/3)2 higher. Another slight error comes 

from the second order harmonic spectrum which, after the 17th harmonic (in first order), 

cannot be separated from the first order spectrum and will contribute slightly to the 

integrated pixel count of each harmonic. Figure 6.2.6 shows the absolute harmonic 

conversion efficiencies for the data presented in figures 6.2.1 to 6.2.4. The harmonic 

conversion efficiency is the ratio of the total energy of a given harmonic (calculated from 

integrating the pixel count above noise) to the laser energy delivered on target.

~ =- *.«

Figure 6.2.5. Harmonic and line emission spectrum from low pressure Argon 

without a focusing mirror.
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The differences between the two focusing configurations now become apparent. The 

efficiencies from the f/10 focusing are between a factor of 3 and 10 higher than for the f/3 

focusing. Gas density appears to have no real effect for the #3 data, whereas there seems 

to be a very slight enhancement of the high pressure f/10 data over the low pressure data. 

If harmonic generation is unsaturated (i.e. is generated over less than a coherence length) 

we would expect the harmonic yield to scale as the square of the density. This would 

give a difference in efficiency of about two orders of magnitude between the low and 

high density data. The actual difference is no more than a factor of three, showing that 

we are in a heavily saturated regime where the coherence length is much smaller than the 

laser confocal parameter.
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Figure 6.2.6. The absolute conversion efficiencies for harmonics generated 

from Helium. The data is for the same laser shots as shown in figures 6.2.1 to 

6.2.4.

The dependence on focusing can be attributed to two primary effects. The first is that 

with a longer confocal parameter a larger volume of gas experiences intensities high
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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 |im for f/3 focusing and -18 ^im for f/10 focusing (see 

section 4.1.3). This should cause efficiencies produced from f710 focusing to be about 

four times those with f73 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 GAP, in producing a larger focal spot size, also creates a lower intensity at 

focus. This means that the ionisation rate of Helium and He+ will be somewhat lower 

than for the f/3 GAP. 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 GAP). 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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intensities when the gas jet is positioned at the focus (0 mm) are calculated assuming a 

Gaussian focus, and the intensities when the gas jet is further than 1 mm away from the 

laser focus have been calculated using geometric optics. The gas jet nozzle used in this 

scan has a 2 mm x 0.5 mm rectangular aperture aligned with the 2 mm dimension along 

the direction of the laser. The gas jet backing pressure is 0.2 bar gauge.
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gas jet position and(b) laser intensity for the 7th to 13th harmonics.
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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/cm2. 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 Jim) makes this very improbable.

Using the f/10 GAP 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 focal spot and longer confocal parameter (1770 

focusing) as used in the 526 nm work. The present results certainly suggest that the
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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 f/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/cm2 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 to 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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60 100 140 180 
Wavelength (A)

220

Figure 6.2.8. Image and lineout of Neon harmonic spectrum using f/3 focusing 

(SN19944).

As can be seen in figure 6.2.8 the harmonic cut off is reduced from that of Helium when 

using the short focal length OAP. Moving to the longer focal length (f/10) GAP we see 

that the harmonic emission greatly increases. Figures 6.2.9 and 6.2.10 show low and 

high pressure data respectively using the f/10 OAP. For the data in figure 6.2.9, the laser 

was focused 1 mm above a 2 mm x 0.5 mm rectangular aperture gas jet nozzle with the 2 

mm dimension in the laser direction and a gas jet backing pressure was 0.3 bar gauge. 

For figure 6.2.10 the laser focusing and gas jet were the same as for figure 6.2.8, but the 

backing pressure was 26 bar gauge. The most noticeable change in the form of these two 

spectra is that the brightness of the plasma emission compared to the harmonic signal 

seems to reduce with increased pressure. This can be attributed to the fact that the plasma 

remains optically thin at the harmonic wavelengths, whereas the plasma becomes 

optically thick to its own emission as the density increases.
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Figure 6.2.9. Image and lineout of low pressure Neon harmonic spectrum 

using f/10 focusing (SN20316).

31

50 90 130 170 
Wavelength (A)

210

Figure 6.2.10. Image and lineout of high pressure Neon harmonic spectrum 

using f/10 focusing (SN20329).
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6.2.2.2. Harmonic efficiencies.

To compare the above data quantitatively we show their absolute conversion efficiencies 

in figure 6.2.11. This figure also includes an extra data set (SN20317) which shows a 

harmonic signal up to the 35th. The conditions for this shot were essentially the same as 

for SN20316 but the gas jet was positioned 0.5 mm upstream of the laser focus. The 

difference is probably due primarily to variation in the focal spot profile. The harmonic 

response is essentially independent of pressure. Apart from the early cut off of the f/3 

spectrum and possibly a higher efficiency for the 13th harmonic, the response is also 

independent of focusing. This is probably due to filamentation of the laser beam as it 

passes through the higher electron density caused by the optical-ionisation of Neon 

compared to Helium. The laser intensity may also be too high to efficiently generate 

harmonics from Neon and Ne+ which have lower ionisation potentials than Helium and 

He+.
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6.2.2.3. Intensity dependence of the 7th to 13th harmonics.

We also moved the MCP detector to study the scaling of generation efficiency with gas jet 

position. The data taken is somewhat limited, and essentially consists of four shots at 

various gas jet positions upstream of the laser focus (figure 6.2.12). The gas jet 

configuration was the same as for the Helium scan (see figure 6.2.7) and the backing 

pressure was 2 bar gauge.
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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 

10 14 W/cm2 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 llth and 13th 

harmonics. Figure 6.1.1 indicates that the llth and 13th harmonics are the first to be 

generated by Ne+. 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 f/3 GAP. 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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into three distinct bands, with high pressure Neon showing the highest efficiencies, 

followed by high pressure Helium and one of the lower pressure Helium shots, and then 

the other lower pressure Helium.
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Figure 6.2.13. Absolute efficiencies of Neon (open symbols) and Helium 

(filled symbols) with f/3 focusing 1 mm above a 1mm circular aperture gas jet 

nozzle with 20 bar (squares and circles) and 2 bar (diamonds and triangles) gauge 

backing pressures.

The large variation in the lower pressure Helium shots is due to the variation in laser 

energy incident on target. This effect may be exacerbated by variation in the focal spot 

quality. The laser energy on target for each shot is tabulated in table 6.2. We can see that 

the two shots with the lowest conversion efficiency also had the lowest laser energy. 

From this we infer that, all else being equal, the Helium response with f/3 focusing is not 

strongly dependent on pressure. The high generation efficiencies in Neon compared to 

Helium are somewhat contrary to our expectations since our simulations predict that 

Helium should exhibit the stronger single atom response, but other experiments have
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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

19943

19944

19965

19966

19970

19971

19972

Gas

Neon

Neon

Helium

Helium

Helium

Helium

Helium

Backing pressure (bar)

20

20

20

20

2

2

2

Laser energy (mJ)

121

155

177

144

180

67

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 f/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 f/10 focusing for the 13th to
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17th harmonic are perhaps slightly lower than those for f/3 focusing, but the difference is 

slight.
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Figure 6.2.14. Absolute efficiencies of Neon (open symbols) and Helium 

(filled symbols) with f/10 focusing showing high (squares) and low (circles) 

backing pressures.

At very low gas densities we do see a pressure dependence of the harmonic response. 

This occurs when the coherence length becomes longer than the confocal parameter 

and/or the gas length. The reason for this is that if the coherence length is less than the 

confocal parameter or the gas length the harmonic signal tends to saturate at a level that is 

approximately that which it would reach after one coherence length. If the coherence 

length is longer than this the harmonic signal will never reach saturation and the 

conversion efficiency reduces. Since the coherence length is determined by the free 

electron density, and optical ionisation is essentially sequential, the electron density 

during harmonic generation from He+ will be somewhere between 1 and 2 times the gas 

density. For Ne2+ the electron density will be somewhere between 2 and 3 times the gas 

density. If we take the electron density to be twice the gas density in both cases we
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calculate that the coherence length of the qth harmonic will become less than the confocal 

parameter (-300 |im for f/10 focusing) at an electron density of Alq cm'3 where 

A = 1.5 x 10 19 cm'3 for a 248 nm fundamental and a confocal parameter of 300 p,m. 

This is consistent with the electron density at which this was seen to occur (e.g. 

~5 x 1017 W/cm2 for the 31st harmonic). Below this density the harmonic intensity is 

expected to vary as the square of the number of atoms/ions for a fixed length of gas.

Next we must compare the generation efficiencies of the lower harmonics (7th to 13th). 

It is here that we see the largest difference between the harmonic responses of Helium 

and Neon. Figure 6.2.15 shows a selection of data shots in both gases. The data covers 

a range of intensities and densities. The Helium generation efficiencies are consistently 

higher than those for Neon. This indicates the potential of Helium for generating high 

powers at the lower harmonic wavelengths when some consideration is given to 

optimising irradiance and density.

10,-6

§ 10-

10-9

10

10

-10

11

20272
20275
20279
20284
20285
20287

6 7 8 9 10 11 12 13 14

Harmonic number

Figure 6.2.15. Absolute efficiencies of Neon (open symbols) and Helium 

(filled symbols) with f/10 focusing 1 mm above a 0.5 mm x 2 mm rectangular 

aperture ga.s jet nozzle with the 2 mm dimension in the laser direction.
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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 (TEMoo) 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 too 

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 multiply the neutral

- 208 -



Chapter 6 Harmonic Generation

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 

response for (a) Helium, and (b) Neon. The simulation has been multiplied by an 

arbitrary constant.
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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 Ne2+ . 

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 f/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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Figure 6.2.17. Deconvolved lineout from SN 19965 showing indications of 

harmonics as high as 53rd (47 A).
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Figure 6.2.18. Deconvolved lineout of SN20122. This time there is no second 

order signal.
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6.3. Summary.

In 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 TiiSapphire 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 10 15 W/cm2 . This is comparable to experiments 

performed with a 526 nm frequency doubled Nd:Glass laser [107] which used much 

longer confocal lengths produced with f/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 f/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 10 17 W/cm2 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 1 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 He+). 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 ls-2p transition in Li2+
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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 f/3 and f/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. If 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 supeiposition by exciting a multiphoton resonance.
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